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緒	 	 	 	 言 
 

歯科再生医療は難治性の疾患に対する治療や生活の質を向上させるための医療技術であると，多く

の人々から期待されています。そこで岩手医科大学歯学部では，先進歯科医療研究センターを中心

にして再生医療をメインテーマとした研究プロジェクト事業を行って参りました。平成13年度か

ら17年度にかけての第一回オープン・リサーチ・プロジェクトでは、「歯周組織および顎骨の再生

を誘導するための生体材料や細胞増殖因子の検索、さらにその誘導メカニズムの解明」を主たる研

究テーマとして、組織再生療法のための基礎研究を行ってきました。さらに，平成17年度から平

成21年度までは高齢者特有の顎口腔機能障害や抗加齢口腔医学をテーマにした研究事業，ハイテ

ク・リサーチ・プロジェクト「長寿科学としての顎口腔系抗加齢医学の追究と生体材料による機能

回復法の新展開」を再生医療研究と連携した形で実施しました。これらの研究成果をふまえ，現況

の歯科再生医療の現状を分析しながら、臨床へのトランスレーションを具現化していくためのプロ

ジェクトとして、平成19年度から文部科学省「私立大学学術研究高度化推進事業」オープン・リ

サーチ・プロジェクト「難治性歯科疾患克服に向けた cell therapy の基盤構築と dentistryの育

成」を立ち上げました。歯科再生医療を実践するためには安全性の検証は必須であり，そのための

技術を開発する必要があります。さらに従来の医療にはない知識や特別な技術を要するため，それ

を学ぶ場も重要となります。この研究事業では，基礎的な再生医療研究に加えて，医療の安全性評

価のための技術開発と歯学部学生、大学院学生や臨床医を対象にした歯科専門医育成教育プログラ

ムの構築を３つの柱としました。プロジェクトメンバーは，上記のテーマを横断的に捉え，将来あ

るべき歯科医師像を想像しながら，より先端的な研究や教育を目指した事業として精力的に取り組

みました。本プロジェクトを通じて臨床と基礎とが連係して研究を進めていくための環境づくりが

より強固となり，さらに歯学研究の枠を越えた医歯薬学の学際的研究や産学連携，国際共同研究を

進めることができました。しかし，一方で臨床への技術移転に関する規制や教育問題など，再生医

療自体が抱えている課題も大きかったことから、事業の成果には大きな偏りが生じたのは反省すべ

きところです。また平成23年3月の未曾有の大災害が，本プロジェクトにも大きな損害を与え，

研究の遂行を大幅に遅滞させました。しかし，本学は矢巾新キャンパスへの移転と，医学部と歯学

部の基礎系講座の統合，さらに全学的な研究体制を構築すべく，医歯薬学研究センターを創設する

など，新しい時代に向けた改革に取り組んでおります。オープン・リサーチ・プロジェクトは終了

しますが，新規体制で益々研究を継続発展させていく所存ですので，今後とも多くの方々のご支援

とご鞭撻を宜しくお願い申し上げます。 

	 	 後に，本プロジェクトの推進に格別のご支援をいただいた大堀 勉 前理事長，小川	 彰 理

事長・学長ならびに岩手医科大学の皆様に心より御礼申し上げます。 

 

	 	 	 	 	 	 	 	 	 	 	 	 	 岩手医科大学	 歯学部長・歯学研究科長	 	 三浦廣行 

	 	 	 	 	 	 	 	 	 	 	 	 	 オープン・リサーチ・プロジェクト代表	 	 原田英光 
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研	 究	 組	 織 
 

本プロジェクトの遂行の研究組織は，歯学部及び歯学研究科と先進歯科医療研究センターである。

その推進の主体は，先進歯科医療研究センター内に組織したオープン・リサーチ・プロジェクト委

員会である。本委員会は，平成１７年度採択のハイテク・リサーチ・プロジェクトの実行委員会と

の連携を図りながら，本プロジェクトを実施した。平成２２年度からは未来医療プロジェクト委員

会(私立大学高度化推進事業平成22年度採択)	 との連携のもとに行っている。先進歯科医療研究セ
ンターの運営委員会が，オープンリサーチとハイテクリサーチ（未来医療プロジェクト）委員会の

2 つのプロジェクトの実施状況について審議をする体制をとっている。両委員会は毎月定例の委員
会を開催し，研究の進捗状況の把握と研究遂行上の管理を行っている。両委員会の委員長は両方の

会議に出席して，お互いのプロジェクトを把握するように努めている。さらに，平成 23 年度から
は，医歯薬学研究センターが設置され，先進歯科医療研究センターは歯学部から独立してその中に

統合された。医歯薬学研究センターは，本学研究プロジェクトの連携と監視を図ると共に，共同研

究機器利用の円滑化や動物研究センター，７テスラMRIセンターの運営管理を担っており，医歯薬
3 学部間のプロジェクト研究の連携がより緊密に取れる体制が整った。研究の倫理上の問題につい
ては，実験対象がヒトである場合は歯学部倫理委員会，動物実験に関しては動物実験員会，組換え

DNA実験を要する場合は組換えDNA実験安全委員会で審査・承認を得た上で実施する体制を取っ
ている。産学連携，共同研究の締結，特許の申請などに関してはリエゾンセンターがサポートする

体制になっている。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
本オープン・リサーチ・プロジェクトの(２１)名の研究者（プロジェクトのスタート以後，退職に
よる辞退者(１０)名と新規の参加者(８)名）は，上記の3つの先端的テーマのサブプロジェクト（SP）
ごとにグループ化され，さらに，それぞれの研究課題を当初の計画に基づき遂行するとともに，ホ

ームページの開設，公開研究成果発表会開催等を分担している。メンバーは SP の研究遂行に責任
を担うとともに，SP内の連携に努めてきた。また，同一メンバーが複数の研究テーマを行うことが
でき，さらにプロジェクト研究者の指導の下に大学院生を参加させ，研究推進とともに研究者の育

成にも貢献した。以下に，研究プロジェクト遂行のための役割と責任を示す。また，プロジェクト

の研究成果はリエゾンセンターの発明委員会を通じて特許化や企業連携が進められるように体制

を整えている。 
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運営組織	 （平成 24年 3月 31日現在） 

先進歯科医療研究センター長	 	 木村	 重信	 （微生物学講座分子微生物学分野） 

（１） 運営委員会委員 
藤村	 朗	 解剖学講座機能形態学分野	 

原田	 英光	 解剖学講座発生生物・再生医学分野	 

佐原	 資謹	 生理学講座病態生理学分野	 

石崎	 明	 生化学講座細胞情報科学分野	 

武田	 泰典	 病理学講座病態解析学分野	 

木村	 重信	 微生物学講座分子微生物学分野	 

加藤	 裕久	 薬理学講座病態制御学分野	 

平	 雅之	 医療工学講座	 

野田	 守	 歯科保存学講座う蝕治療学分野	 

近藤	 尚知	 補綴・インプラント学講座	 

杉山	 芳樹	 口腔顎顔面再建学講座口腔外科学分野	 

水城	 春美	 口腔顎顔面再建学講座口腔外科学分野	 

城	 茂治	 口腔顎顔面再建学講座歯科麻酔学分野	 

小豆嶋	 正典	 口腔顎顔面再建学講座歯科放射線学分野	 

三浦	 廣行	 口腔保健育成学講座歯科矯正学分野	 

田中	 光郎	 口腔保健育成学講座小児歯科学分野	 

久慈	 昭慶	 口腔保健育成学講座障害者歯科学分野	 

中居	 賢司	 口腔医学講座関連医学分野	 

稲葉	 大輔	 口腔医学講座予防歯科学分野	 

	 

（２） オープンリサーチ委員会	 

委員長	 原田英光	 （解剖学講座発生生物・再生医学分野）	 

原田	 英光	 解剖学講座発生生物・再生医学分野	 

木村	 重信	 微生物学講座分子微生物学分野	 

藤原	 尚樹	 解剖学講座発生生物・再生医学分野	 

藤村	 朗	 解剖学講座機能形態学分野	 

佐原	 資謹	 生理学講座病態生理学分野	 

平	 雅之	 医療工学講座	 

武部	 純	 補綴・インプラント学講座	 

近藤	 尚知	 補綴・インプラント学講座	 
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杉山	 芳樹	 口腔顎顔面再建学講座口腔外科学分野	 

小豆嶋	 正典	 口腔顎顔面再建学講座歯科放射線学分野	 

田村	 晴希	 薬理学講座病態制御学分野	 

佐々木	 実	 微生物学講座分子微生物学分野	 

帖佐	 直幸	 生化学講座細胞情報科学分野	 

米満	 正美	 口腔保健育成学講座口腔保健学分野	 

岸	 光男	 口腔医学講座予防歯科学分野	 

間山	 寿代	 口腔保健育成学講座歯科矯正学分野 

若林	 香枝	 口腔保健育成学講座歯科矯正学分野	 

八重柏	 隆	 歯科保存学講座歯周病学分野 

三上	 俊成	 病理学講座病態解析学分野 

成石	 浩司	 口腔機能保存学講座歯内療法学分野	 

大津	 圭史	 ポストドクター	 
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プロジェクトメンバーと研究課題 
 

（１）「再生医療普及のための要素技術の基盤整備」 

 
研究者名 所属・職

名 

プロジェクトでの研究課題 プロジェクトでの役割 

原田	 英光 
歯学部	 

・教授 

in	 vivoイメージングの開発

と再生医療の評価システム

の開発 

本事業の全体的な総括 

 

平	 雅之	 
歯学部	 

・准教授	 

効率的細胞移植治療のため

の徐放性生体吸収性材料改

良による細胞移植担体の開

発	 

SP①	 リーダー	 

顎骨および歯槽骨再生誘導性の

生体吸収性材料の開発と歯周組

織再生療法の確立とグループ内

の連携	 

藤原	 尚樹	 
歯学部	 

・講師	 

歯および歯根再生療法の開

発に向けた基盤技術開発	 

再生医療普及のための基盤技術

の開発と基礎的研究の連携	 

武部	 純	 
歯学部	 

・准教授	 

インプラント表面加工技術

の開発と骨誘導能機能の解

明	 

金属加工技術の統合と応用によ

る口腔再生に適した生体材料の

開発と研究連携	 

木村	 重信	 
歯学部	 

・教授	 

歯周組織再生の定量測定法

の開発と再生誘導に関与す

る局所因子の解析	 

歯周組織再生の局所因子の解析

と歯周組織再生医療の確立.	 

微生物制御による組織再生のた

めの研究連携	 

佐々木	 実	 
歯学部	 

・准教授	 

微生物機能が組織再生を制

御する因子の探索	 

歯周組織の再生誘導メカニズム

に関与する局所環境の解析	 

帖佐	 直幸	 
歯学部・

助教	 

細胞接着に関わる分子機構

と間葉系幹細胞の未分化維

持機構の解明	 

幹細胞を応用した顎骨の再生誘

導メカニズムの解明と組織再生

研究の連携	 

 

 
（２）「再生医療を専修する教育プログラムの構築と実施」 
 

米満	 正美	 
歯学部・	 

教授	 

歯科再生医療普及に向けた

社会的なニーズの探索．再生

医療における患者立脚型治

療評価法の確立と教育プロ

グラムとの連係確立	 

SP②リーダー	 

顎口腔系組織再生療法の評価法

の確立と教育プログラム	 

大学内の研究プロジェクトと教

育連携	 
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（３）「再生医療を専修する教育プログラムの構築と実施」 
 

小豆島	 正

典	 

歯学部・	 

教授	 

顎骨再生と歯科再生医療の

小動物実験イメージング方

法の確立と PET 評価法の確

立	 

SP③リーダー	 

顎骨再生療法の開発および評価

法の確立・評価方法技術の連携

と統合	 

杉山	 芳樹	 
歯学部・

教授	 

細胞移植治療を用いたイン

プラント周囲組織の再生に

関する臨床的研究と教育プ

ログラムの構築	 

顎骨の再生誘導メカニズムの解

明と顎骨再生療法に必要な細胞

移植技術習得プログラムの作製	 

近藤	 尚知	 
歯学部・

准教授	 

顎骨および歯槽骨再生誘導

性と組織再生−インプラント

併用療法の評価	 

インプラント周囲骨再生に関す

る評価方法の確立,インプラン

トと他の再生療法の連携と評価	 
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プロジェクト遂行に関わる活動状況 
 

大学院生の活用状況 

大学院生は本プロジェクト研究員の指導の下で参画している。１〜２年目の大学院生は，主に再

生医療特論の受講を中心とした学習を行い，３〜４年目の大学院生は研究プロジェクトに携わった。 

PD・RAの活用状況 

PDは，学外より 3名採用した。年一回の研究成果発表を義務づけており，着実に成果をあげて

きた。その結果，一人は本学助教に採用され，もう一人は海外学術特別研究員と他のプロジェクト

の PD に移籍した。RA は，学外の歯学部生を採用し，夏休みを利用して研究補助を行ってもらう

などプロジェクトに貢献した。このRAの学生は現在本学大学院生としてプロジェクトに参画した。 

研究生の活用状況 

盛岡市内に開業している歯科医師が研究生として参加した。間葉系幹細胞の培養技術や移植技術

の習得とともにモデル動物による骨再生研究や骨代謝のイメージングを行っている。また，インプ

ラントの専門医は再生医療研究に参加すると共に，セミナーの講師としても活動した。この研究生

は本学臨床教授に採用された。 

研究支援体制 

リエゾンセンターの開設により，産学官連携の研究支援や共同研究契約の締結，他施設からの実

験動物等の搬入や研究材料の供与などのライセンス契約の締結，特許申請の助成，さらに利益相反

マネージメントに関する助言や指導などの研究支援業務が行われている。in vivo イメージング解析

室は本学動物研究センターの支援を受け，動物の愛護や飼育に関する講習会や静脈注射法の技術指

導を行ってもらっている。さらに，MRI や PET の活用については本学サイクロトロンセンター，

超磁場 MRI 研究施設（医学部ハイテクリサーチ研究支援事業）との連携で進められている。平成

23年度からは医歯薬学総合研究センターが創設され，医歯薬間のさらなる連携が図れる体制が構築

できている。 

＜他機関との共同研究の状況＞ 

産学官連携 

SP①—４）物質材料研究機構と極東製薬工業との間で共同研究契約を取り交わして行った。この

共同研究で間葉系幹細胞や歯胚由来上皮細胞や間葉細胞の培養のための動物成分不含の完全合成培

地の作製に成功した（論文45,55）。	 

国内の他機関との共同研究 

１）東北大学大学院工学研究科：再生医療用チタン合金の開発研究やRFマグネトロンスパッタリン

グ法によるチタンおよびチタン合金のリン酸カルシウム被覆に関する研究（論文7）	 

２）東北大学大学院歯学研究科歯科生体材料学分野：交互浸漬とニュートンプレス法によるアパタ

イト/コラーゲンコンポジットの調製と生体反応の評価に関する研究（論文18）	 

３）九州大学歯学研究院口腔機能修復学講座：生体コラーゲン成分と有機物質との相互作用の解明
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研究（論文8）	 

４）広島大学大学院医歯薬学総合研究科：磁性マイクロビーズを用いた間葉系幹細胞の分離回収に

関する研究（論文20）	 

５）物質材料研究機構：アメロゲニンの発現制御機構に関する研究（論文2,15,16,45,55）	 

６）東北大学大学院歯学研究科小児歯科学：歯の発生過程でのアメロブラスチンの役割についての

研究（論文4,38）	 

７）徳島大学歯学研究科：エナメル芽細胞の分化に関する研究（論文13）	 

７）東京医科歯科大学医歯学研究科，中京大学—インプラントにおける歯槽骨再生と歯根の再生に

関する研究（論文41,42,63）	 

８）長崎大学医歯薬学総合研究科:組織再生と微生物制御に関する研究（論文25,40,52,88,90-92）	 

９）愛知学院大学歯学部:口腔微生物のプロテアーゼと組織破壊・再生に関する研究（論文26,99,103）	 

10）岡山大学医歯学研究科：歯の幹細胞の機能解析と再生・病理学的研究（論文36,68）	 

11)	 新潟大学医歯学総合研究科：エナメル芽細胞・象牙芽細胞の幹細胞と分化・再生（論文24）	 

その他（他機関のプロジェクトとの連携）	 

	 日本大学松戸歯学部の同じ私立大学高度化研究推進事業(日大松戸フロンティア)との連携で若

手夏期セミナーの開催等の事業も実施した。また，互いに研究成果発表会に参加して情報交換や

研究技術の供与等も行った。歯科再生医療に関連する他の団体，歯の発生の会，歯胚再生コンソ

ーシアム，歯科再生医療産学連携会議との連携によって情報交換を行っている。	 

国外の機関との共同研究 

１）米国・Harverd	 Medical	 School，Harverd	 Dental	 School：歯の幹細胞の探索と歯の再生に関

する共同研究（論文34）	 

２）中国・大連医科大学との共同研究：歯の発生と再生でのWnt5aの機能に関する共同研究	 

３）韓国・延世大学：歯の幹細胞の探索と歯の再生に関する共同研究（論文33,56）	 

４）ドイツ・ドレスデン技術大学：エナメル芽細胞の分化に関する共同研究（論文3）	 

５）フランス・ストラスブルグ大学，スイス・チューリッヒ大学:iPS細胞を用いた歯の再生	 

に関する共同研究 
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研	 究	 施	 設 
 

平成19年度からの事業では，本プロジェクトを遂行するため，以下の研究装置・設備を装備した。

一方で，平成 11〜15 年度と平成 17〜21 年度のハイテク・リサーチ・センター整備事業，平成 13

〜17年度のオープン・リサーチ・センター整備事業，平成 21年度からの未来医療プロジェクトに

より整備された研究装置・設備の有効利用を図りながらプロジェクトを推進してきた。 

 

生体イメージング解析室 

動物研究センターとの連携の元に運用されている。 

１）	 GE社製	 実験小動物用 in vivo CTシステム 

動物の解剖学的知見を取得するためには、動物を屠殺して臓器摘出，組織切片作製，組織染色，顕

微鏡観察等を行う必要があり，多大なる時間と労力を要していたが，本イメージングシステムは、

生きたラットやマウスの個体内における解剖学的知見を低侵襲的に得ることができる CT(コンピュ

ーター断層撮影 装置)である。これまで臨床用 CT で行われてきた病変観察や治療効果の確認を，

CTの解像度を高めることにより実験用小動物を利用して評価できる。 

２）	 住商ファーマインターナショナル（株）	 IVIS LUMINAイメージングシステム 

	 	 IVIS(R) Imaging Systemは，生体内の遺伝子やタンパク質に“光”のマーカーを付けることによっ

て，動物体内を非侵襲的に，生きたまま体外からモニタリングすることができる，いわゆる in vivo

イメージングシステムである。酵素発光（ルシフェラーゼ）による発光や蛍光の両方において，高

感度に観察することが可能な装置である。本装置により，細菌や癌細胞の増減を光の強度として定

量することが可能であり，また病態モデルなどにおける疾病遺伝子の発現を定量化することも可能

である。 

３）	 CLEA社製	 感染実験動物飼育装置 

このユニットは，それぞれの飼育ケージを個別の密閉ボックスにしてあるため，相互汚染の恐れは

ない。また，移送箱として，架台から取りはずした場合でも密閉ボックスには閉鎖弁がついており，

密閉ボックス内のエアーが外部にもれることもない。 本学動物実験センターにある同型ユニット

との間で相互利用が可能である。 

 

細胞イメージ解析室	 	 	  

１）	 Olympus社製 発光イメージングシステムLV200システム  

高感度冷却 CCD カメラを搭載し，微弱な発光を高感度で捉えることが可能で，露光時間を 小限

に抑え，鮮明な画像を暗室なしでも取得することができる。個々の細胞の発光量変動を画像ととも

に捉えたり，レポーターアッセイでは個々の細胞の形態画像や 発光量、発現のタイミングやその

位置情報など詳細なデータを得ることができる。さらに，数日から数週間の長期連続観察，発現量

が低く感度を必要とする発現解析，発光と透過蛍光を組み合わせた複雑な観察を行うこともできる。 
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プロジェクトの評価体制 
 

オープンリサーチ委員会を毎月一回開催し，各研究テーマの進捗状況等を評価しながら，新規テー

マの採用や廃止を決定している。年一回の研究成果発表会では，総合的な視点から研究代表者がプ

ロジェクト全体の進捗状況について説明し，サブプロジェクトごと又はテーマごとに講演発表ある

いはポスター発表をすることで委員会メンバーだけでなく，外部者にも評価を受けている。この研

究成果発表会では，外部参加者にはアンケートと意見欄によって評価や助言をいただきながら，プ

ロジェクトの修正を行った。また，年度末に研究成果報告書を作製して全国の大学や研究所，高校

等に配布してプロジェクトに対する意見を吸い上げている。学内では，自己評価委員会による年度

毎の研究業績冊子に本プロジェクトの成果を載せて評価を受けている。また，年度ごとにメンバー

の個人業績評価を行って次年度の研究費に反映することで，研究費の有効利用と研究者のモチベー

ションの向上に努めた。 
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研究成果の 終報告 
 

SP①「再生医療普及のための要素技術の基盤整備」（達成度９５％） 

再生医療は様々な医療領域で実現可能となってきている。しかし，歯科の領域では歯や骨，筋など

が複雑に構成されて咀嚼という機能を担っており，さらに常在菌の存在する口腔という特別な環境

にある。そのため，より組織の構造に適応した形態や機能を備えた再生医療技術が必要となる。再

生医療をより現実的に歯科医療の中に取り込んでいくためにはその障害となる問題を一つ一つ掘

り起こして解決していくことが重要であると考え，ＳＰ①のメンバーでその問題を具体的に挙げて

取り組んだ。主に，顎骨や歯槽骨の構造や機能に合わせた生体材料の開発，口腔からの幹細胞の効

果的な採集方法とその培養方法の開発，特に動物成分の含まない合成培地の開発，細菌感染に対処

する再生療法の考案，血管の新生や誘導，リンパ管の構築と再生組織との関連に関する研究，iPS

細胞を含めた新規幹細胞による再生の可能性，動物ではなくヒト細胞による歯の再生などを具体的

な課題として取りあげた。 

１） 口腔の様々な組織再生のニーズに合わせた生体材料の開発	  

	 再生医療に必要なスキャホールドは，金属やコラーゲン，ポリマーなど様々なものが報告されて

いるが，複雑な口腔組織に適応させるためにはさらに硬さや柔軟性，生体での安定性や吸収性など

を部位別に工夫する必要がある。特に顎骨の再建や口唇口蓋裂などの大きな欠損に対しては，ある

程度の強度と弾性が必要となる。 

	 	 金属材料の研究では，顎骨の再建用金属として用いられているチタンに関して，αチタンにβ

型安定化元素（NbやMo）を配合して合金化することで冷間加工性を飛躍的に向上させ，さらに高

強度化と超塑性の性質（細線化能力）をも向上させることに成功した（論文*7, *20）。チタン合金の

加工性の向上は中空円筒状細線パイプの成形を意味し，神経電極の外套への応用に繋がるものであ

る。L929線維芽細胞を用いた細胞培養実験から試作α+β型チタン合金の細胞生存率は純Tiに匹敵

し，有毒成分のVを含む在来型α+β型チタン合金Ti6Al4Vを有意に上回っていた。インプラント

の上部構造に使用される歯冠修復用銀合金（金銀パラジウム合金）は溶体化処理温度を 650℃から

850℃まで上昇させることによって金属結晶組織がより均質になり熱処理硬化性が高まることが確

認された。 

	 	 また，生体適応性の高いコラーゲンを強度の高い顎骨再建用の生体材料として用いることを目

的に，コラーゲンの安定性を向上させる技術開発に関する研究を行った（論文*8, *43）。コラーゲン

の生分解速度に関わる構造安定性（変性温度）が疎水環境下で低下するという知見から，分子鎖間

架橋以外にコラーゲン側鎖の修飾による疎水相互作用調節も有効であることが示唆された。さらに，

コラーゲンをアパタイト粉末固体と複合化する際，固体表面のコラーゲンの結合強さや硬さ・軟ら

かさが固体の表面電荷に依存することを明らかにした。さらに，Type-I コラーゲン(溶液)を化学架

橋によって不溶・スポンジ化し，その表面にアパタイト結晶を析出させた後，プレス加工すること

で強度のある材料に変えた（論文*25, *44, *53）。この生体材料は十分な強度に加え骨のリモデリン
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グ効果も高いため，顎骨の再建や口唇口蓋裂の再建用材料に有用であることが示された。 

	 	 骨伝導能を有するアパタイトあるいはリン酸カルシウムに関して複数の視点から研究を行っ

た。チタン表面に陽極酸化・水熱処理を行い人工体液に浸漬することでアナターゼとアパタイトを

析出させることに成功し，析出相が優れた骨伝導能を有することを細胞培養実験，SEM/EPMAと共

晶点レーザー顕微鏡観察から示した。さらには，チタン表面へのリン酸化カルシウム被覆方法の改

善, さらに骨伝導能に関する研究成果（論文*9, *21, *30, *73）を報告した。インプラントに用いら

れるチタン表面に放電陽極酸化水熱処理を行うことで，チタン表面をナノ加工すること，さらに

HAコーティーングにBMP, PTHを応用することでさらに骨芽細胞の増殖分化能を飛躍的に向上さ

せた（論文*41, *42）。 

 

２） 組織からの細胞採取，細胞培養法の開発と機器の整備	  

	 幹細胞を分離回収するためには磁性材料の利用が有効である。MACS細胞磁性回収システムを用

いてマウスの骨髄から血球系細胞を negative selection法によって除去し,	 次いで 4つのマーカー1

次抗体（Anti-Sca1, CD34, CD44, CD117）を応用した磁性ビーズを用いて間葉系幹細胞の回収を試み

た。別に，サブミクロンサイズのCOOH基付き磁性ビーズを活性化エステル化し，ストレプトアビ

ジンを結合させることによって細胞捕集用磁性ビーズとした。ビオチン標識1次抗体でラベルした

ターゲット細胞を試作磁性ビーズで捕集することで，生存率の高い細胞回収方法に改善した（論文

*18）。また，ヒト上皮幹細胞を回収するために有効な抗体 G6K12 と磁性ビーズを用いて上皮幹細

胞の細胞回収率の改善を行った。この抗体は研究員が独自に開発した抗体で，細胞膜糖脂質に結合

するためトリプシン等で細胞処理を行った組織でも高効率で生存細胞を回収できる利点がある。ま

た，これらの研究を有効に進めるために各種細胞の細胞株の作製を行った(論文*1, *27, *48, *54)。 

 

３） 間葉系幹細胞ならびに歯の幹細胞の培養用無血清培地の開発 

	 細胞移植治療に用いるための細胞を増やす方法として細胞培養が用いられる。しかし，その培養

に使用する細胞培地には様々な動物由来成分が含まれており，それらが移植細胞と共に移植した生

体に何らかの影響を与えることが危惧されている。そこで，より安全に細胞培養を行う方法として

動物由来成分を含まない完全合成培地が必要である。そこで，我々は極東製薬との共同研究により，

我々の調整した無血清培地から動物成分を省き，すべて人工合成成分で構成される完全合成培地の

開発に着手し，その培地の有効性を検討した。この培地を用いてマウス歯胚由来のエナメル上皮と

間葉系幹細胞，ヒト第3大臼歯歯胚から樹立したエナメル上皮と間葉系細胞，ヒト骨髄由来間葉系

幹細胞について細胞増殖，アポトーシス等について検索した結果，従来の細胞培地と同等の有用性

を持った完全合成培地を開発した（13. その他の研究成果-*1）。 

 

４） 細菌感染を制御して再生医療の成功率を高める研究 

	 再生医療を確実に施術するためには病原性細菌に対する感染制御が重要であり，病原性細菌を選

択的に除菌できれば，再生医療を成功に導くことができると考えられる。S. mutansの自己溶菌酵素
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AtlAはムラミダーゼ活性を示し，S. mutansとS. sobrinusを特異的に溶菌するが，S. sanguisは溶菌し

ないという溶菌活性の菌種特異性が報告され，同酵素を利用したう蝕原性細菌の除菌システムが提

案されている。そこで，口腔レンサ球菌の自己溶菌酵素を比較検討すること（論文*40）で，同酵

素を母体とした口腔内病原性細菌溶菌酵素の開発につなげることを 終目標として研究を進めて

きた。	 S. sobrinus, S. downei, S. cricetiの3菌種から自己溶菌酵素(Atlg, Atlh, Atla)をコードする遺伝子

を新規に同定した。自己溶菌酵素遺伝子欠失株を作製できたS. mutansとS. downeiでは，同遺伝子

産物が菌体分離とバイオフィルム形成に関与していることが明らかとなった（論文*52）。次に，S. 

mutansの血清型 c/e/fの各菌株について，自己溶菌酵素遺伝子の塩基配列を決定したところ，良く保

存されており，C末側に酵素ドメインがあることがわかった。さらにAtlaの酵素ドメインについて

Streptomyces coelicolor cellosylのタンパク質立体構造をもとにホモロジーモデリング法で構造解析を

行ったところ，Atla の酵素ドメインはα-ヘリックス(α1-5)とβ-ストランド(β1-4)から構成され，

cellosylのTIMバレル様構造と異なることがわかった（論文*22, *28）。また，活性中心周辺のアミ

ノ酸残基を置換させたAtla変異体の溶菌酵素活性への影響を検討したところ，655位と747位のア

スパラギン酸残基が酵素活性に重要であった。次にフィブロネクチンとの結合について調べると，

AtlAは結合するが，Atlaは結合しないことがわかった。このように自己溶菌酵素はムラミダーゼ活

性をもつ酵素でありながら，それぞれの菌種で異なる性質を有していることが示唆された（論文

*40）。これらの成果をもとに，S. mutansに加えて，S. anginosusなどの他菌種を視野に入れた溶菌酵

素を開発することが今後の課題である。 

 

５） 炎症性ファクターを制御して再生医療の成功率を高める研究 

再生医療の治療過程で，あるいは細菌感染などで炎症が引き起こされるが，過剰な炎症は組織再生

を阻害するばかりでなく，再生された組織までも破壊する。そこで，炎症をコントロールすること

は再生医療を成功に導くためには重要な問題である。炎症の増悪機序の一端を解明するために，う

蝕関連細菌による IL-6シグナル関連分子の産生性と IL-6によるVEGF産生性について検討した。

その結果， IL-6単独で線維芽細胞のMAPK（ERK1/2）のリン酸化が誘導され，さらに sIL-6Rの添

加によって，IL-6によるMAPKのリン酸化が増強した。また，IL-6単独でVEGF産生が誘導され

た（論文*60, *72, *77）。そこで，IL-6等の阻害物質である IL-1ra-sgp130の融合蛋白を人工的に作製

することを試みて，その有用性を検討した結果，炎症性サイトカインを広くブロックして，組織再

生を誘導するサイトカインネットワークの構築に貢献し得ることが期待された。また，炎症からの

快復後に血管新生を誘導する効果を期待させる成果も得られた。 

 

６） iPS細胞を用いた歯の再生方法の確立 

	 歯の再生研究においては，マウス切歯形成端，胎生期歯胚，ヒト乳歯歯髄，歯根膜などに幹細胞

が存在していることが示されており，これらの細胞などを組織工学技術と組み合わせることにより

実際に歯を作り出せることが報告されている。しかしながら，ヒトの歯の再生を考えた場合，胎生

期の歯胚を用いることは不可能であり，また歯胚再生に十分な数の幹細胞を歯髄，歯根膜から獲得
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することは困難である。この問題を解決するために，成体組織から樹立して多分化能を持つ iPS細

胞（人工多能性幹細胞）から歯胚上皮，間葉系細胞への分化誘導法を確立させ，人工的に歯胚を作

り出す歯の再生療法の開発を目指した。その結果、マウス歯胚細胞と iPS細胞との混合培養と移植

実験により，iPS細胞が歯の細胞へ分化する能力を有していることが明らかとなった。さらに，iPS

細胞が形成する奇形腫を解析したところ，歯胚の上皮幹細胞と同様の性質を有する上皮幹細胞が存

在することが明らかとなった (J. Oral Pthol. Med. 投稿中)。また，iPS細胞を神経堤細胞に分化誘導

する技術を開発し，さらにこの神経堤細胞とマウスエナメル上皮との混合培養で象牙芽細胞に分化

誘導することを可能とした（Stem cell & Dev. 投稿中）。また，エナメル上皮細胞と iPS細胞との混

合培養，あるいはエナメル上皮細胞の培養上清を用いることで，iPS 細胞をエナメル芽細胞に分化

誘導することにも成功した (J. Biol. Chem. 投稿中)。これらの結果から，iPS細胞が歯や歯周組織の

再生に利用可能な細胞ソースの1つであることが明らかとなった。 

 

７） エナメル芽細胞の分化誘導法の開発 

	 エナメル質の再生には，エナメル芽細胞の幹細胞の探索と分化誘導技術は欠かせない。歯胚の外

エナメル上皮や歯堤の上皮に歯胚の発生母体となる幹細胞が存在すること（論文*24, *34, *56, *68）

や未分化性の維持や細胞極性にRhoシグナルが重要な働きをしていることを示した（論文*57）。ま

た，エナメル芽細胞に分化誘導させるための基礎技術としてアメロゲニンの発現制御機構の解明を

物質材料研究機構と共同で行った。その結果，細胞外に分泌されたアメロゲニンタンパクが，アメ

ロゲニン mRNA の安定性に寄与して，アメロゲニンの発現をさらに増大させる現象を見いだした

（論文*2, *16）一方で，エクソン間にアメロゲニンの発現を抑制する領域があることも明らかにし

た（論文*45）。またアパタイトやセルシート技術を応用して，エナメル芽細胞の分化を誘導してア

メロゲニンの発現を上昇させることに成功した。(論文*15, *55)。さらにエナメル芽細胞の分化を制

御する MMP, Neurotrophic factor NT-4, 熱ショックタンパク25の機能やアメロブラスチンの接着タ

ンパクとして機能を明らかにした（論文*3, *4, *33, *38）。 

 

８） 間葉系幹細胞の分化制御に関する研究 

	 	 	 骨髄等から得られた MSC を歯周組織や顎骨の再生医療に用いる試みが始められつつある。

しかしながら，実際に骨髄中より採取したMSCを in vitroで培養すると採取後数週間で増殖・多分

化能ともに機能を喪失し，幹細胞としての有用性が低下することに問題があることがわかった（論

文*10, *26, *59）。そこで本研究ではMSCの多分化能を維持するための培養法を確立することを目

指し，MSCの分化を制御する新規因子の網羅的探索と機能解析，FGF2のヒト歯髄と歯根膜幹細胞

の維持機構について研究した（論文*48, *49）。システインリッチペプチドSCRG1（scrapie responsive 

gene 1）は骨分化に伴って減少すること，細胞外マトリックスの I型コラーゲンやフィブロネクチン

によく結合するとともに，FAKのチロシンリン酸化を増加させることから，細胞の遊走生に機能す

ることが明らかとなった。また血管内皮細胞接着因子VCAM1（vascular cell adhesion molecule 1）の

発現増加はMSCの遊走能を抑制すること（論文*59）、R-cadherin（retinal-cadherin）を強制発現させ
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た乳歯歯髄由来MSC様細胞は高い遊走能を示すこと（論文*66）も明らかとなった。本研究におい

てSCRG1やVCAM1，R-cadherinがMSCの遊走に関わる重要な因子であり，多分化能を保持した

未分化な状態の維持に関わる可能性を示した。さらに，歯根膜細胞初代培養系から三次元培養下に

血管内皮細胞マーカーTie-2 陽性の管腔構造を有する血管構造を形成させることに成功した（論文

*51）。 

 

９） 歯根未完成歯に対する歯根再生医療の開発 

	 先天的に歯根が形成されない疾患があり，歯牙の早期の脱落や十分な咬合状態を形成できない問

題が生じる。このような疾患の原因究明や歯根の形成を積極的に誘導する治療法を開発する必要が

ある。そこで，歯根形成のメカニズムの解明や歯根の成長を誘導する因子の探索を行った（論文*23, 

*69）。その研究の過程で，歯根形成に重要な働きをしている Hertwig上皮鞘の細胞株の樹立（論文

*54），免疫不全マウスへの臼歯の他家生体移植実験系と歯冠形成期から歯根形成期の移行期の歯胚

発達を観察することができる器官培養系を開発した。また，これらの方法によって Hertwig上皮鞘

が外エナメル上皮に由来して発生すること，EGF と FGF が歯冠形成から歯根形成期の移行期に持

続的に発現すると歯根形成を阻害する作用があること，HGFとharmineは歯根伸長ならびに，歯周

組織の発達において促進的な作用を示すことを明らかにした（論文*32, *67）。 

 

１０）	 ヒトの歯の再生研究 

	 歯の再生研究は再生した歯が実際に機能することが証明されるなど常に進歩を遂げている。しか

し，これらはすべて動物実験であり，ヒトの歯の再生はいまだ報告がない。将来的に患者さんへの

歯の再生治療を目指すには，ヒト細胞による，組織工学的に作製された歯，biotooth（再生歯胚）を

実証する必要がある。まず，岩手医科大学歯科医療センター矯正歯科で摘出されたヒト下顎第三大

臼歯に歯の再生に可能な上皮幹細胞が存在するかを検討した。その結果，歯胚と口腔粘膜上皮の間

には残存する歯堤上皮が認められ，この上皮には上皮幹細胞マーカーの一つであるp63などを発現

していたことから，ヒト歯原性上皮幹細胞の供給源として有効であることが示された。そこで，上

皮細胞と間葉細胞を再結合して SCIDマウスに移植した結果，それらの上皮が蕾状期歯胚様に成長

することを認めた。さらに，この残存歯堤と歯冠周囲のエナメル上皮を含む組織から上皮細胞を作

製し，間葉系の細胞と混合したものを SCIDマウスに移植すると 8ヶ月にはエナメル質を含むヒト

の歯の構造物が形成された。以上より，全てヒト細胞による biotoothが作製できる可能性が示唆さ

れた。 

＜優れた成果があがった点＞ 

１） 顎骨の再生には，生体適合性と共に形態の付与，咬合力に対応する強度などが必要であり，

さらに歯牙再植等が可能な生体材料が必要となる。本プロジェクトでは，Type-I コラーゲ

ン(溶液)を化学架橋によって不溶・スポンジ化し，その表面にアパタイト結晶を析出させた

後，プレス加工することで強度のある生体材料を開発することに成功した。骨の伝導性な

ども優れた材料であることから，臨床への応用に向けた活用が期待できる。 
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２） 間葉系幹細胞，ヒト上皮幹細胞培養用の完全合成培地の作製は際立った業績の一つである。

一般に使われている培地には表にはでてこない動物成分が含まれている。他企業から販売

されている培地には成分不明のサプリメントが含まれている。そこで，多くの細胞培養に

患者自身から採取した血清が用いられているのが現状である。今回のプロジェクトではこ

の動物由来成分を完全に排除した完全合成培地を完成させることに成功した。間葉系幹細

胞の未分化維持機構に重要な因子もいくつか発見できたので，これらも組み合わせた培地

の開発が期待できる。 

３） iPS 細胞から歯胚細胞を作り出す技術は先駆けて学会発表等を行った。特に，iPS 細胞を

歯胚の前駆細胞である神経堤に誘導する技術やその神経堤細胞を象牙芽細胞に分化させる

技術は世界に先駆けて進めている研究であり，この技術に関する共同研究が世界中から依

頼があり，現在フランス・ストラスブルグ大学ならびにスイス・チューリッヒ大学との間

で歯の再生に関する共同研究を進めているところである。 

４） 歯の再生ではヒトの細胞を用いてヒト歯胚を作り出した点である。近年，口腔内に移植し

て定着した歯胚でも十分な機能を有することが証明されるなど，歯の再生技術はめざまし

い。しかし，課題はこれらがすべて動物実験であり，ヒトの細胞ではいまだ成功例の報告

はないことである。プロジェクトでは９才の子供の矯正治療時に摘出した第三大臼歯から

新たにヒト歯胚を作り出すことに成功しており，今後の研究に新たな展開をもたらすと考

えている。 

＜問題点＞ 

	 	 	 生体材料に関しては研究員の得意分野で新しい技術開発を行ってきた。しかし，これらの技

術を統合して 終的に理想的な材料として合目的な材料には至っていない。それぞれの材料に

はメリットとデメリットがありそれぞれをどのような症例にあるいは部位に適応していくかは

メンバー全員で議論して考えていく必要がある。また，完全合成培地は利用度が期待される成

果だが，単価がかなり高価になる点が問題であり普及には商品化に向けた工夫とニーズの拡大

を図る必要がる。さらに，間葉系幹細胞が細胞培養と共に失われる未分化性をいかにして維持

していくかについては上記の研究成果を取り入れた工夫がいる。iPS 細胞やヒトの歯の再生に

関してはまだ研究段階であり，臨床応用にはまだ課題が多い。今後はこれらの研究成果をどの

ように結集していくかが課題である。 

 

SP②「再生医療を専修する教育プログラムの構築と実施」(達成度 80％) 

	 歯学部教務委員会や大学院委員会と連携を取りながら，再生医療の正しい知識の普及に貢献する

ことを目的に学生，大学院，社会人大学院，若手研究者向けの教育プラグラムを構築した。 

 

１）	 学部学生向け教育カリキュラムの構築 

	 学部２年生向けの統合講義において「再生医学特論」，大学院共通教育プログラムとして「研究

手法の概略」を開講した。学部２年生の統合講義は，基礎的歯科医学教育の意義や基礎的な研究が
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実際の臨床とどのように関わってくるのかの理解を促すとともに，リサーチマインドをもった歯科

医師育成を目指した内容となっているアドバンス講義である。これらの講義カリキュラムに対して

学生アンケートや知識の定着度について評価した。その結果，再生医療に対して高い興味やその勉

強の必要性を認識していると考えられ，将来の歯科医療を意識した前向きな姿勢を示している。学

生は，従来のコアカリキュラム中心の講義だけではなく，このような新規医療に対する講義の必要

性を強く感じていたことがわかった。しかし，講義が実質的な再生医療に対する学習に効果があっ

たかは疑問の残る内容となった。なぜならば，日常生活において科学的あるいは医療問題などにつ

いて積極的に情報を取り入れる学生の数は少ないことが明らかとなった。今後も基礎研究や先端医

療といったアドバンス的な講義や実習が必要であると思われるが，再生医療の正しい知識の普及に

向けて実質的な教育効果をどのように上げていくかは今後の課題である（論文*84, *85, *86）。 

 

２）大学院学生むけ教育カリキュラムの構築 

	 	 大学院共通教育プログラムは，大学院生や研修医，研究生を対象として「細胞再生系コース」

と「材料学コース」として，再生医療に関連する基礎的な研究技術の習得を目指した。生命科学研

究における体系的な知識や研究能力を習得するために，各専攻領域に共通する幅広い素養や自主性，

知識・技術を涵養する事を目的としている。歯周組織再生の新規薬剤としてのFGFについての講義

や多血小板血漿（PRP）やその改良版であるCRPなどの講習会，インプラントの講習会などを加え

て再生医療の普及に関する講義システムを構築し，大学院講義やセミナー等に取り入れた（論文*79, 

*80, *82, *83）。 

 

３）学外向けセミナーの開講 

	 	 他大学との連携で行っている歯胚再生コンソーシアムと協力して若手向け再生医学研究セミ

ナーを年一回実施してきた。このセミナーには，本学他6大学や韓国延世大学から参加するなどそ

の意義は高く評価されている。また，ユニバーシティープログラムの実施とテキストマイニングの

手法によるアンケート調査によって再生医療の意識調査を実施した。その結果，「歯の再生医療」

という言葉を知っている者は対象者の 31％であった．「歯の再生医療」に対するイメージとして自

由回答より「高額」「わからない」「良い」「不安」などの頻出語が抽出された．結果より，「歯の再

生医療」に対する認知度はまだ低く，「高額で良いものだがどこか不安」という漠然としたイメー

ジをもたれていると考えられた（論文*78）。 

 

４）高校生向け教育セミナー 

近年地元のサイエンスハイスクールとの共同であるいは岩手県の高大連携事業において高校生に

も広く再生医療を理解してもらうために特別講義や実習・セミナーを行ってきた。これについては

地元のメディアにも取り上げられた（13. その他の研究成果-*2）。 

＜優れた成果があがった点＞ 

	 再生医療に対する学生の取り組みや意識，さらに一般市民の印象などに対する調査は今ま
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で報告がない。今回の研究では，学生，一般市民共に我々研究者が考えているよりも認知度

が低いことを認識させられた。一方で，期待度の高い医療であることが明らかとなり，正し

い知識をもって再生医療を理解してもらうことの重要性が高まった。今後とも情報発信を積

極的に行うと同時に歯学教育の中でも取り入れていくことで目に見えない効果が表れること

を期待している。 

＜問題点＞ 

	 教育成果は長いスパンで判断する必要があり、現時点での成果は具体性に欠けているが，

再生医療を進めていく上で再生医療の普及に向けた教育の重要性が明確になってきたと考え

られる。本プロジェクトは，地域性や環境，歯学教育全体との兼ね合いもあり，積極的に取

り組めない点もあって再生医療を普及させるための具体的な成果は見いだせていない。しか

し，一般市民の認知のないまま，技術だけが突出した医療にならないように配慮することの

重要性が再認識された。 

 

SP③「生体材料と組織再生技術の評価システムの構築」（達成度 85％） 

	  	 再生医療を実現するためには，安心できる医療内容でなければならい。その根拠となるため

のデータを正確に評価することで，リスクや成功率を予測する必要がある。そこで，SP③のメンバ

ーにおいて研究内容を議論した結果，細胞毒性，アポトーシス，細菌感染，炎症等を中心に生体に

対する危害性のリスクを評価すること，イメージングを駆使して再生のスピードを評価すること，

再生組織の安定性を評価すること，さらには患者サイドからの満足度について評価する必要がある

ことが考えられた。それに基づいて，以下の研究計画を立てて実行した。 

 

１）	 動物生体内のアポトーシス，血管新生や骨代謝の活性化をイメージする技術の開発 

	 活性カスパーゼと特異的に結合する蛍光プローブをマウスに静脈移入し，in vivoで検出する方法

を確立した。この方法は組織や移植細胞のダメージをリアルタイムで検出でき，今後効果的な細胞

移植法の確立に応用できる。また，骨組織に選択的に取り込まれる物質に近赤外線の蛍光色素と結

合させて骨代謝をイメージングする評価技術を確立した。 

 

２）	 小動物用マイクロＸ線CTシステムを用いた再生骨評価法の確立 

	 骨再生の臨床応用に際して，新生血管による血液循環は,骨形成や感染防御の面において非常に重

要であると考えられる。本研究は，bFGF 徐放システムによる骨再生モデルを用いて，マイクロフ

ォーカス CTにより同一個体の経時的な骨再生の経過を観察し，再生骨部の連続組織標本により，

骨再生と血管新生の関係を明らかにした（論文*117）。bFGFによる骨再生誘導は，埋入後1週から

2週の時期に行われ，4週には骨が再生した。またbFGFの徐放によって，埋入後1週から多数の新

生血管が形成され，埋入後4週における継続的な栄養供給が行われていることが考えられた。bFGF

の徐放により新生血管の形成が誘導され，その結果，骨再生が誘導されていることが示唆された（論

文*117）。本研究で示された骨再生における早期の血管誘導は，感染に対する抵抗性を高め，より
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確実な骨再生をもたらすものと考えられる。また，リンパ管は排導系の10～20％を担っている構造

であり，リンパ管吸収の停滞は組織に浮腫を起こすが，その口腔内の分布は不明な点が多い。そこ

で，口腔諸臓器のリンパ管に関する微小循環，構築を明らかにし，リンパ管の再生やリンパ循環の

再生を促す際の基礎データを作成することを目的とした研究も行った。その結果，口腔粘膜下は皮

下よりリンパ管密度が高く，吸収効率が高いことが推測できた。さらに，歯肉粘膜下リンパ管構築

は口腔粘膜の中でも比較的密に分布していた（論文*108, *109）。歯間乳頭部歯肉は もリンパ管の

密度が高く，吸収効率の高い形態を示しており，経粘膜薬剤の設置には有望な形態をしていたこと

を明らかにした。 

 

３）	 PETを用いた再生組織の評価法の確立 

	 骨質や骨の造成状態は単純X線のみでは不十分であり，CTあるいはPETを用いた 3Dや機能評

価ができる画像診断が必要である（論文*116, *117）。なかでもPETは，特定の部位に結合する注射

用リガンドが開発できれば極めて有用なモダリティーとなる。本プロジェクトでは，再生医療の評

価として PET による骨代謝評価に的を絞り，そのモデルとして骨破壊を伴う歯肉癌を対象に PET

を行った。まず，18F-FDG に代わる次世代の PET 用腫瘍トレーサー	 18F-Choline を得るために，

Sep-Pakメチレーション法に基づいた 18F-Choline自動合成法を確立した。次に 18F-FDGと 18F-Choline

の集積を比較・分析することにより，骨芽細胞や破骨細胞がPETでイメージングされているか否か

を検討した。さらに，18F-FDG，および 18F-Choline 集積の細胞周期依存性を調べた結果，細胞分裂

の頻度が高い細胞集団ほど高集積としてイメージングされていた。18F-FDG は骨代謝に関連する骨

芽細胞や破骨細胞などの間質細胞へ集積することから，骨代謝の評価として 18F-FDGを用いたPET

が有用であることが示された（論文*88）。 

 

４）	 細菌の付着性からみた組織再生予後の予測と評価 

	 口腔細菌のコントロールは再生医療の成否に関わる要因のひとつである。唾液や舌背をはじめと

する粘膜表面は細菌が高密度に存在する場所であるにもかかわらず，検討がなされてこなかった。

唾液を介した舌苔細菌叢における歯科疾患関連細菌の分布や口臭と舌苔中，歯垢中の歯周病原菌の

分布の関連性を調査した。その結果から，再生医療の術後メインテナンスに応用するための口腔へ

のう蝕病原性細菌の定着と炎症との関連（論文*102, *111, *115）や口臭測定を利用した非侵襲的か

つ簡便な歯周疾患病原性定着予測モデルを開発した。再生医療においても専門的な舌清掃が有効で

あることが考えられた（論文*107, *114）。さらに，細菌の定着に関わる因子としてS. anginosus菌表

層にはFibronectin結合性タンパク質が存在することを明らかにした（論文*89, *90, *91, *92, *100）。 

 

５）	 金属材料（イオンや微粒粉末）が及ぼす生体危害性と組織再生予後の予測 

	 材料と細菌との相互作用に関わる因子について研究を進めており（論文*97, 106），マクロファー

ジに対する LPSと金属イオンの作用について検討した結果，マクロファージに対し LPSは炎症性

サイトカインおよびNO産生を誘導することが明らかとなった（論文*95, *96, *99）。Niイオンも単
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独で同作用を示したが，Niイオン存在下ではLPSのマクロファージ活性化が増強された（論文*97, 

*98）。しかし，Cuイオンは高濃度でマクロファージに対して脂質損傷作用を示し，細胞内泡沫（泡）

化現象を誘導した（論文*110）。一方，間葉系幹細胞に対しては，LPS は細胞増殖を起こさないと

報告されているが細胞分化は誘導することが示唆された。また，Niイオンは単独で間葉系幹細胞に

対して細胞分化作用を示すことが示唆された（論文*104, *106）。以上の研究結果から，歯周病原性

細菌の病原因子や歯科材料として多用される金属イオンといった局所の環境因子によって歯周組

織再生が大きく影響されることから，口腔という「場」での組織再生，特に歯周組織再生では様々

な局所の環境因子についても考慮する必要があることが明らかとなった。 

 

６）	 患者立脚型の再生医療評価法の確立 

	 再生医療の予後評価の一つに，患者の生活習慣の改善やセルフケアの強化という医療への積極的

な参加が重要な因子になると考えられている。口腔細菌を指標とした再生医療の成否に関わるリス

クインディケータを開発する研究から，口腔細菌の検出は重要な因子であるという結果を得た。ま

た，患者側の立場に立った評価も重要であるため，再生医療を評価する上で患者からの報告に立脚

したアウトカム評価の手法を開発した（論文*113）。また，セルフエスティームに注目して解析を

行った結果，保健行動のモチベーションの程度を評価することが有用であることが示された（論文

*114）。さらに，再生医療の有効性においてもメインテナンスは重要な要素であるが，本結果から

定期歯科受診を中断した者は口腔関連 QOL が低く，受診継続期間が短い傾向にあることがわかっ

た。決定木分析からは定期歯科受診に対し「安心」「気持ち良い」と感じている者は受診を継続す

る傾向がみられた。再生医療を成功に導くためには，患者の主観的状態，すなわち治療の説明や治

療の環境などにも十分に配慮して，安心感とともに快適さなども工夫する必要があると考えられた

（論文*113）。 

＜優れた成果があがった点＞ 

	 再生骨に関する評価は，従来組織学的に判断するしか方法がなかった。しかし，本プロジ

ェクトでは骨の再生過程から再生後の組織までを継続的に観察しながら評価できる技術を開

発した。従来のCTを３Ｄ化して骨の再生過程を観察することに加えて，血管造影までも行い

ながら血管新生と骨再生の過程を明らかにした。この方法に加えて，骨代謝に関わるハイド

ロキシアパタイトの集積と新規血管のイメージ，それに PETを加えることでより多様に観察

できるようになった。これらの方法で再生された組織の予後を予測する評価が可能となった。

この技術開発は，よりよい治療を患者に提供する上でも意義のある研究成果だと考えている。

また，これらの技術開発に加え，患者サイドからみて再生医療を評価できるような評価方法

を検討した点は意義深い。 終的には患者の満足度が も重要な評価であれば，本プロジェ

クトの研究成果はいままでにない新しい視点を投げかける重要な研究であると考えている。 

＜問題点＞ 

	 	 	 このサブプロジェクトは，我が国の再生医療研究の中でも新しく注目されてきたテーマであ

る。そのため，SP①に比べて研究の取り組みに対して戸惑いがあった。再生医療を評価する
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といっても何をどこまで，さらに基準は何かなど難しい問題があり，それを研究テーマとし

て道筋を作るまでに時間を要した。その結果として，論文等の研究成果は数が少なかった点

は反省すべきところである。一方で，蛍光イメージングやPET, μCTと研究員のそれぞれの

得意分野で再生組織の評価方法を検討して新しい技術開発を行ってきたことは評価できると

考えている。しかし，これらの技術を統合して 終的な評価方法のプロトコールを作り上げ

るまでには至っていない。それぞれの技術にはメリットとデメリットがあり，それぞれをど

のように組み合わせた評価基準を策定するかにに関しては今後の課題となるが，総合的には

骨密度と血管の構築が評価のカギになるという結果がでたことから，今後はこの点に焦点を

絞って症例を多く集めながら有効な評価方法を構築する予定である。 
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情報発信について 
 

本プロジェクトのホームページを作製して，常に新規の研究成果やセミナーの案内など情報を随時

公開して，情報発信に努めてきた（http://dent-open.iwate-med.ac.jp/）。下記の如く，年一回の

研究成果報告会と月一回程度のセミナーを開催し，研究の進捗状況についての議論や情報公開を行

った。また，我々の活動に一部はメディアを通じて市民にも発信している。	 

	 
	 

シンポジウム・学会について 

平成19年度	 	 

1)	 第１回研究討論会	 
日時：平成19年6月8日	 
場所：歯学部	 ５階	 口腔解剖学第二講座第一研究室（548号室）	 
1.	 挨拶	 	 
	 	 藤原	 尚樹（オープンリサーチ委員，岩手医科大学歯学部）	 	 	 	 	 	 	 
2.	 歯の再生研究の現状	 	 
	 	 本田	 雅規	 先生（東京大学医科学研究所）	 
3.	 歯の形態形成の新仮説	 	 
	 	 小澤	 幸重	 先生（日本大学松戸歯学部	 教授）	 
4.	 歯の再生のメカニズムの研究展開	 	 
	 	 藤原	 尚樹（岩手医科大学歯学部	 講師）	 
5.	 歯髄再生の共同研究	 	 
	 	 大島	 勇人	 先生（新潟大学医歯学研究科	 教授）	 	 	 	 
6.	 オープンリサーチを受けて：歯の再生研究	 	 
	 	 原田	 英光（オープンリサーチ委員，岩手医科大学歯学部	 教授）	 	 

２）平成19年度	 第1回セミナー	 
日時：平成19年5月14日	 	 
場所：歯学部	 １階	 第一セミナー室	 
講演タイトル：「骨の発生の分子メカニズム」	 
演者：東京医科歯科大学	 COE	 

	 	 	 	 特任教授	 中島	 和久	 先生	 

３）平成19年度	 第2回セミナー（講義，実技講習会）	 

日時：平成19年8月9日	 	 	 

場所：歯学部	 ５階	 口腔解剖学第二講座第一研究室（548号室）	 

	 	 	 実技講習会，同	 第３研究室（545号室）	 
講演タイトル：「マウスの灌流固定法-理論と実践-」	 
演者：新潟大学大学院医歯学総合研究科	 硬組織形態学分野	 
	 	 	 	 教授	 大島	 勇人	 先生	 

４）平成19年度	 第3回セミナー	 
日時：平成19年10月1日	 
場所：歯学部	 ５階	 第３講義室	 
講演タイトル：「神経堤細胞と器官形成」	 

-歯，胸腺と骨髄間葉への神経堤由来細胞の関与について-	 
演者：三重大学	 院医	 再生統御	 	 
	 	 	 	 教授	 山崎	 英俊	 先生	 

５）平成19年度	 第4回セミナー	 
日時：平成19年10月22日	 
場所：歯学部	 ５階	 第３講義室	 
講演タイトル：「歯周組織再生医療の現状と展望」	 
演題１：「歯周組織再生の分子基盤」	 
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大阪大学大学院	 	 
	 教授	 村上	 伸也	 先生	 

演題２：「幹細胞を用いた歯周組織再生の基礎と臨床」	 
広島大学大学院	 	 
	 准教授	 河口	 浩之	 先生	 

６）平成19年度	 第5回セミナー	 
日時：平成19年10月30日	 
場所：歯学部	 ４階	 第２講義室	 
講演タイトル：「歯髄の再生」	 
演者：新潟大学大学院医歯学総合研究科	 硬組織形態学分野	 	 
	 	 	 	 教授	 大島	 勇人	 先生	 

７）平成19年度	 第6回セミナー	 
日時：平成19年12月26日	 
場所：歯学部	 ５階	 第3講義室	 
講演タイトル：「幹細胞を用いた再生医療に関する研究」	 
演者：Columbia University Dept. of Physiology and Cellualr Physics	 	 
	 	 	 	 大津	 圭史	 先生	 
	 

８）平成19年度	 第7回セミナー	 	 
日時：平成20年1月24日	 
場所：歯学部	 １階	 第一セミナー室	 
講演タイトル：「歯の発生における，細胞間相互作用」	 
演者：東北大学	 大学院	 歯学研究科	 	 
	 	 	 	 教授	 福本	 敏	 先生	 
	 

平成20年度	 
１）平成20年度	 第1回セミナー	 
日時：平成20年8月4日	 
場所：歯学部	 １階	 第１セミナー室	 
講演タイトル：「顎顔面の発生におけるWnt5a	 signalingの役割」	 
演者：Jean	 Xiao	 D.D.S.	 Ph.D.	 

	 	 	 	 	 	 	 	 	 	 	 	 	 	 Chief Professor, Department of Oral Biology, College of Stomatology,  
                  Dalian Medical University, China（大連医科大学）	 
	 
２）平成20年度	 第2回セミナー	 
日時：平成20年11月14日	 
場所：歯学部	 ６階	 第４講義室	 
講演タイトル：「遺伝性疾患における歯の異常とその多様性」	 
演者：東京医科歯科大学	 大学院	 顎顔面矯正学分野	 	 
	 	 	 	 講師	 須田	 直人	 先生	 
	 

３）平成20年度	 第3回セミナー	 
日時：平成21年1月16日	 
場所：歯学部	 １階	 第１セミナー室	 
講演１	 
	 タイトル：「天然由来骨代謝を調節する化合物の探索とその作用」	 
	 演者：中部大学・応用生物学部	 	 
	 	 	 	 	 教授	 禹	 済泰	 先生	 
講演２	 

	 	 	 	 	 	 タイトル：「歯根成長活性をもつ増殖因子と化合物の探索」	 
	 演者：東京医科歯科大学	 医歯学総合研究科	 分子発生学分野	 	 
	 	 	 	 	 助教	 太田	 正人	 先生	 
	 

	 ４）平成20年度研究成果発表会	 
プロジェクトメンバーによる研究の進行状況の報告と外部研究者による特別講演	 
日時：平成20年9月27日	 
場所：岩手県歯科医師会館	 ４階	 研修室	 
シンポジウムⅠ：再生医療の基盤研究	 	 
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１）Regulation	 of	 Tooth	 Development	 and	 Regeneration	 
	 	 	 	 	 Finland,	 Helsinki大学	 教授	 Irma	 Thesleff先生	 
２）顎顔面発生過程におけるPax9およびMsx1の役割	 

イギリス	 NewCastle大学	 人類遺伝学研究所	 
研究員	 中富	 満城	 先生	 
	 

シンポジウムⅡ：再生医療の現状と将来	 
１）再生医療の 新情報	 
名古屋大学	 教授	 上田	 実	 先生	 

オープン・リサーチ・プロジェクトの概略と進捗状況	 
	 	 	 プロジェクトリーダー：口腔解剖学第二講座	 	 
	 	 	 教授	 原田	 英光	 先生	 
	 
研究成果発表：ポスター展示・討論	 
	 

５）若手向け研究セミナー	 
	 	 	 日時：平成20年9月28日～29日	 
	 	 	 場所：花巻温泉	 佳松園	 会議室	 
	 

平成21年度	 
１）平成21年度	 第1回セミナー	 
日時：平成21年5月26日	 
場所：歯学部	 ４階	 会議室	 
タイトル：「歯根膜由来幹細胞による血管構造形成メカニズムの解明」	 
演者：	 ポスドク	 大久保	 直登	 先生（研究成果発表）	 
	 

２）平成21年度	 第2回セミナー	 
日時：平成21年7月23日	 	 
場所：歯学部	 ５階	 第3講義室	 
タイトル：「歯の発生の分子メカニズム	 -切歯に咬頭はあるか？-」	 
演者：Department	 of	 Craniofacial	 Development,	 King's	 College	 London	 
	 	 	 	 大峡	 淳	 先生	 
	 

３）平成21年度研究成果発表会	 
日時：平成21年7月25日	 
場所：岩手医科大学	 60周年記念館（循環器センター）	 ９階	 第1講義室	 
シンポジウム	 
歯科再生医療の現状と将来	 
１） 歯科再生医療に向けた研究の現状とその実現可能性	 
東京理科大学	 基礎工学部	 	 
教授	 辻	 孝	 先生	 

２）歯科再生医療の現状と将来	 —歯科インプラント治療と再生医療の関わりー	 
	 東京医科歯科大学	 大学院医歯学総合研究科	 	 
	 教授	 春日井	 昇平	 先生	 
３）細胞シートを用いた歯周組織の再生とヒト臨床応用	 
	 東京女子医科大学	 大学院医歯学総合研究科	 	 
	 助教	 岩田	 隆紀	 先生	 
	 
プロジェクト研究成果発表	 
１）赤色蛍光強発現トランスジェニックマウスを用いた骨髄由来幹細胞経血管ホーミング
メカニズムの解析	 
	 岩手医科大学	 口腔生化学講座	 	 
	 教授	 石崎	 明	 先生	 
２）チタン微粒子を貪食したマクロファージの形態観察と炎症性の評価	 
	 岩手医科大学	 歯科理工学講座	 	 
	 准教授	 平	 雅之	 先生	 
３）iPS細胞を用いた歯胚再生の試み	 
	 	 岩手医科大学	 	 
	 ポスドク	 大津	 圭史	 先生	 	 
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プロジェクト研究ポスター発表会・討論 
 
４）若手向け研究セミナー	 

日時：平成21年7月26日～27日	 
場所：焼走り国際交流村	 センターハウス	 会議室	 

	 
５）平成21年度	 第３回セミナー	 
日時：平成21年11月18日	 
場所：歯学部	 ５階	 第三講義室	 
タイトル：「細胞がストレスを感じる仕組みと疾患	 —ストレスシグナルによる再生，炎症，	 
	 	 	 	 	 	 がん，神経変性の制御—」	 
演者：	 東京大学	 大学院	 薬学系研究科	 細胞情報学教室	 
	 	 	 	 	 教授	 一條	 秀憲	 先生	 
	 

６）平成21年度	 第１回バイオテクニカルセミナー	 
日時：平成21年11月19日	 
場所：歯学部	 4階	 第四講義室	 
タイトル：「DNAマイクロアレイを用いた診断ツールの開発」	 
演者：（株）DNAチップ研究所 
���	  	     的場	 亮	 さん 

	 
７）平成21年度	 第２回バイオテクニカルセミナー	 
日時：平成21年12月9日	 
場所：歯学部	 ５階	 第三講義室	 
タイトル：「バイオマテリアル技術からみた再生誘導治療」	 
演者：	 京都大学	 再生医科学研究所��� 
	 	 	 	 	 教授	 田畑	 泰彦	 先生	 
	 

８）平成21年度	 第５回セミナー	 
日時：平成22年1月19日	 
場所：歯学部	 4階	 会議室	 
タイトル：「TGF-β誘導性EMT (Epithelial Mesenchymal Transition; 上皮間葉転換)の分子 
	 	 	 	 	 	 メカニズム	 ~ stem-cell stateにおけるEMTの役割 ~」	 
演者：山梨大学	 大学院	 医学工学総合研究部	 生化学講座第２教室���	  
	 	 	 	 准教授	 齋藤	 正夫	 先生 

	 
７）平成21年度	 第６回セミナー	 
日時：平成22年2月25日	 
場所：歯学部	 ５階	 第三講義室	 
タイトル：「ヒトES/iPS細胞研究の展開～基礎から応用へ～」	 
演者：	 国立成育医療センター	 生殖・細胞医療研究部	 生殖技術研究室 
	 	 	 	 ���	 研究室長	 阿久津	 英憲	 先生	 

	 
平成22年度	 
１）平成22年度	 第１回セミナー	 
日時：平成22年5月14日	 
場所：歯学部	 ３階	 第三示説室	 
タイトル：「樹状細胞と象牙芽細胞との密接な関連と象牙質・歯髄免疫学」	 
演者：新潟大学	 大学院	 医歯学総合研究科	 硬組織形態学分野 
	 	 	 ���	 教授	 大島	 勇人	 先生 
	 

２）平成22年度	 第２回セミナー	 
日時：平成22年5月17日	 
場所：歯学部	 １階	 第一講義室	 
タイトル：「顎顔面の発生と再生に関する研究」 
	 	 	 	   「中国の歯学教育の現状」	 
演者：Dalian Medical University, College of Stomatology Department of Oral Biology 
        Chief Professor Dr. Jean Xiao 
	 

３）平成22年度	 研究成果発表会	 
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日時：平成22年8月7日	 
場所：岩手医科大学	 60周年記念館（循環器センター）	 ８階	 研修室	 
国際シンポジウムI	 	 
歯の再生に向けた戦略的研究の現状と展望	 ～歯の組織再生の国際的な潮流をにらんで～ 
１）エピプロフィンKOマウスによる過剰肢形成と歯の再生に向けた展望	 
	 	 東北大学	 歯学研究科 小児発達歯科学分野	  
	 	 中村 卓史	 先生	 
２）A Wnt/Shh/Sostdc1 negative feedback loop governs the special patterning of teeth and  
	 	 future of tooth regeneration.	 
	 	 	 	 Dept. of Oral Biology, Yonsei University College of Dentistry, Korea 
	 	 	 教授 Dr. Han-Sung Jung	 	 
３）iPS細胞をどのように歯の組織再生に応用していくか	 
	 	 岩手医科大学	 歯学部	 先進歯科医療研究センター��� 
	 	 ポスドク	 大津	 圭史	 先生	 
４）異所的歯胚の誘導研究とヒト歯胚細胞を用いた歯の再生研究の展開	 
	 	 岩手医科大学	 歯学部	 口腔組織学分野��� 
	 	 教授	 	 	 原田	 英光	 先生	 
５）議論と総括	 （司会：原田・Jung	 先生） 

	 
	 	 シンポジウムII	 	 

間葉系幹細胞による歯髄・歯周組織再生医療の現状と展望	 ～免疫と組織再生の観点から
～	 
１）歯髄免疫と修復象牙質形成機構から象牙質再生を考える	 
	 	 新潟大学大学院	 医歯学研究科	 硬組織解剖学分野��� 
	 	 教授	 大島	 勇人	 先生	 
２）歯周組織におけるサイトカインネットワークと再生への展開	 
	 	 岩手医科大学	 歯学部	 歯内療法学分野 
	 	 准教授	 成石	 浩司	 先生	 
３）歯根膜幹細胞を用いた血管再生と歯周組織再生の新規展開	 
	 	 岩手医科大学	 歯学部	 先進歯科医療研究センター 
	 	 ポスドク	 大久保	 直登	 先生	 
４）歯周組織再生にかかわる環境因子と宿主免疫	 
	 	 岩手医科大学	 歯学部	 口腔微生物学分野	  
	 	 教授 	 木村	 重信	 先生	 
５）議論と総括	 （司会：木村・大島	 先生） 
 
プロジェクト研究ポスター発表 
	 

４）平成22年度	 第３回セミナー	 
日時：平成22年７月27日	 
場所：60周年記念館	 ３階	 セミナー室	 
タイトル：「Progranulin promotes neuronal survival and activates ERK and Akt signaling」	 
演者：Dept. of Psychiatry, Mount Sinai School of Medicine, New York  
	 	 	 	 	 Professor Dr. Junichi Shioi 	 
	 

５）平成22年度	 第４回セミナー	 
日時：平成22年10月8日	 
場所：歯学部	 ５階	 第３講義室	 
タイトル：「中枢ニューロンにおける細胞内カルシウム動態のイメージングとそのモデル化」	 
演者：東北福祉大学	 健康科学部��� 
	 	 	 	 教授	 坪川	 宏	 先生 

	 
６）平成22年度	 第１回テクニカルセミナー	 
日時：平成22年10月8日	 
場所：記念館	 ５階	 548号室	 
タイトル：「 新版「EndNote X4」による文献情報の効果的活用」	 
演者：ユサコ株式会社	 柿沼	 大輔	 氏 
	 

７）平成22年度	 第１回バイオテクニカルセミナー	 
日時：平成22年10月15日	 
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場所：歯学部	 １階	 第１セミナー室	 
タイトル：「高密度・高感度リアルタイムPCR解析システム	 SmartChip: A high-Throughput 

Real-Time PCR System」 
演者：WaferGen Biosystems社���	 Dr. Nicole Robinson 
	 

８）平成22年度	 第５回セミナー	 
日時：平成22年11月11日	 
場所：歯学部	 ５階	 第３講義室	 
タイトル：	 

1. アストラテックインプラントシステム概要��� 
2. ペリオとインプラント���	 
3. Concentrated Growth Factor (CGF)のインプラントへの応用���	 
4. 前歯部領域の審美インプラント症例	 

演者：盛岡市開業歯科医	 佐々木	 憲明先生 
	 

９）平成22年度	 第６回セミナー	 
日時：平成22年12月20日	 
場所：歯学部	 ４階	 会議室	 
タイトル：「Orofacial Tissue Regeneration and Function Reconstruction in Swine」	 
演者：中華人民共和国	 首都医科大学	  
	 	 	 	 副学長���教授	 王	 松れい	 先生 
	 

１０）平成22年度	 第２回バイオテクニカルセミナー	 
日時：平成22年12月15日	 
場所：記念館	 ３階	 研修室	 
タイトル：「siRNAのin vivo導入 
	 	 	 	 	 	 - Invivofectamine TM 2.0導入試薬と Ambion In Vivo siRNA -」	 
演者：life technologies 米国本社��� 
	 	 	 	 Dr. Xavier de Mollerat du jeu 

	 
平成23年度	 
１）平成23年度	 研究成果 終発表会	 
日時：平成23年7月9日	 
場所：岩手医科大学	 矢巾キャンパス	 本部棟４階	 大会議室 
プロジェクトメンバー全員の口頭による研究成果報告	 

	 
２）平成23年度	 第１回テクニカルセミナー	 
日時：平成22年9月１日	 
場所：歯学部	 ２階	 基礎第二実習室	 
タイトル：「フッ素加工処理インプラントの基礎と臨床」	 
	 	 -	 AstraTech	 OsseoSpeedの特徴とハンズオントレーニング	 -」	 
演者：盛岡市開業歯科医	 佐々木	 憲明先生 

	 

その他 

１）岩手県教育委員会による高大連携事業と関連しながら高校生向けの再生医学講義や実習を行っ

た。また，文科省サイエンスハイスクール事業では歯の再生の細胞イメージングに関する実験

を行ったりするなど，幅広く再生医療技術の普及と理解に努める活動を行った。これらの事業

は地元新聞にも取り上げられている。	 

この活動は岩手日報の平成２２年１０月１日朝刊に掲載された。	 
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２）iPS 細胞による歯の再生研究は、in	 vitro で象牙芽細胞にまで分化誘導することに成功した。

この研究は岩手日報の平成２４年２月２５日朝刊に掲載された。	 
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終成果発表会 

 
09:20〜09:30   開会の挨拶：歯学部長	 	 	 	 三浦廣行 

 
1st Session （座長	 成石浩司	 先生） 

09:30〜09:45 再生医療実現に向けた教育プログラムの開発と実践 
   原田英光（解剖学講座	 発生生物・再生医学分野） 

09:45〜10:00 再生医療における患者報告型アウトカム評価方法の検討 
  杉浦	 剛（口腔保健育成学講座	 口腔保健学分野） 
10:00〜10:15 舌苔細菌叢と舌苔除去に関する研究 
  岸	 光男（口腔保健育成学講座	 口腔保健学分野） 
10:15〜10:30 組織再生に必要な脈管系の再生過程の検討 

   藤村	 朗（解剖学講座	 機能形態学分野）  
 

10:30〜10:45 Coffee	 break 

 
2nd Session （座長	 岸	 光男	 先生） 

10:45〜11:00 顎関節における組織の過形成に関する研究 

   三上俊成 (病理学講座	 病態解析学分野)  
11:00〜11:15 嗅覚系の機能発達と再生のメカニズム 
   佐原資謹（生理学講座	 病態生理学分野） 
11:15〜11:30 間葉系幹細胞の分化を制御する因子の探索 

  帖佐直幸（生化学講座	 細胞情報科学分野） 
11:30〜11:45 歯周組織再生に関わる環境因子と宿主細胞に対する作用 

   木村重信（微生物学講座	 分子微生物学分野） 
11:45〜12:00 組織再生に及ぼす局所因子の影響  

  佐々木	 実（微生物学講座	 分子微生物学分野） 

 

12:00〜13:00  Lunch 
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3rd Session （座長	 佐々木	 実	 先生） 

13:00〜13:15	 再生医療の基礎としての自己溶菌酵素の同定と機能解析 
  田村晴希（薬理学講座	 病態制御学分野） 

13:15〜13:30 IL-6が歯髄細胞に与える影響 
   八重柏	 隆（口腔機能保存学講座	 歯周・歯内治療学分野） 

13:30〜13:45 IL-1ra-sgp130融合蛋白による IL-1および IL-6誘導 VEGF産生抑制の
リカバリー 

   成石浩司（口腔機能保存学講座	 歯周・歯内治療学分野） 
13:45〜14:00 ナノ構造を有する次世代の口腔インプラントの開発 

   武部	 純（歯科補綴学講座	 冠橋義歯補綴学分野） 
 

14:00〜14:15 Coffee break 

 

4th Session（座長	 平	 雅之	 先生） 

14:15〜14:30 口腔内から採取された自家骨の細菌学的汚染度の検討 
   近藤尚知（歯科補綴学講座	 口腔インプラント学分野） 

14:30〜14:45 ヒト下顎第三大臼歯を用いたヒトエナメル上皮細胞培養法の確立と再生歯胚への可能

性 

   間山寿代（口腔保健育成学講座	 歯科矯正学分野） 
14:45〜15:00 ラット口唇における瘢痕組織形成のメカニズムの解明と口唇組織再生の検討 

   若林香枝（口腔保健育成学講座	 歯科矯正学分野） 
15:00〜15:15 iPS細胞を用いた歯胚再生への試み 
	 	 	 	 	 	 	 	   大津圭史（先進歯科医療研究センター） 
 

15:15〜15:30  Coffee break 
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5th Session（座長	 大津圭史	 先生） 

15:30〜15:45 再生医療を目指したHERS上皮鞘細胞株の樹立と歯根形成誘導因子の検索 
	 	 	 	 	 	 	 	   藤原尚樹（解剖学講座	 発生生物・再生医学分野） 

15:45〜16:00 歯科再生医療のための生体材料の開発と応用に関する研究 
	 	 	 	 	 	 	 	   平	 雅之（医療工学講座） 

16:00〜16:15 bFGF徐放性材料を用いた骨再生モデルにおける骨再生と血管新生の検討 

	 	 	 	 	 	 	 	   杉山芳樹（口腔外科学講座	 歯科口腔外科学分野） 
16:15〜16:30 骨代謝評価方法としての 18F-FDGを用いた PETの役割 
	 	 	 	 	 	 	 	   小豆島正典（総合歯科学講座	 歯科放射線学分野） 
 
 

Last Session （座長	 原田英光	 先生） 

16:30〜 総合討論 

 

 閉会の挨拶：先進歯科医療研究センター長	 	 木村重信 
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再生医療実現に向けた教育プログラムの開発と実践 
 

	 	 	 	 	 	 原田英光，大津圭史，藤原尚樹，石関清人，及川	 愛 

	 	 	 	 	 	 	 岩手医大	 解剖学講座	 発生生物・再生医学分野 

 
【目的】 
	 再生医療を歯科で普及させるためには技術開発と共にとリサーチマインドをもった歯科医師の育成が重要

であると考えている。そこで、学部 2 年生向けの統合講義において「再生医学特論」を開講し、今年度で３
回目となる。この講義は，基礎的歯科医学教育の意義や基礎的な研究が実際の臨床とどのように関わってく

るのかを理解するとともに、リサーチマインドを育成するのが目的である。線維芽細胞成長因子-２の歯周組
織治療薬開発なども含めた再生医療の現状から、数十年後の先端的歯科治療を思考するために必要な知識を

学ぶアドバンス講義からなる。今回は、3年間にわたって実施してきたこの講義についての学生アンケートと
この講義コース終了後の試験結果を解析して、学生の知識の定着の程度とリサーチマインドの育成に対する

効果を検討した。 
 
【成果と考察】 
	 再生医療に対して高い興味やその勉強の必要性を認識していると考えられ、将来の歯科医療を意識した前

向きな姿勢を示している。一方で、勉強に意欲を持たない学生がいるのも否定できない。「再生医学特論」

の講義については、学生自身がその必要性を感じているものの、実質的な学習態度に効果があったかは不明

である。なぜならば、日常生活において科学的なあるいは医療問題などについて積極的に情報を取り入れる

学生は数が少なく、受け身的な学習態度で臨んでいる学生が大半である。ただ、基礎医学の重要性を認識し

てもらうという当初の目的については、多くの学生が理解したと答えており、講義の有用性は確認できた。

再生医療のトピックに関するキーワードの認識は学生によって千差万別であるが、iPS細胞やES細胞など新
聞やテレビでよく話題になる単語はほとんどの学生が知っている。しかし、サイナスリフトやティッシュエ

ンジニアリングなどの多少専門的な言葉になるとその言葉さえ知らない学生がいることは知識の定着には至

っていないと言える。興味の高い分野であってもその情報を積極的に自己学習に取り入れる必要性について

は、学生は意識していない。今後も基礎研究や先端医療といったアドバンス的な講義や実習が必要であると

思われる。実質的な教育効果をどのように上げていくかは今後の課題であるが、３年めについては終了後に

試験を実施したことによって自己復習した効果もあり、リサーチマインドの向上や知識の定着度は上がって

いると考えられる。 
 
【成果の概要】	 

1. 学生へ再生医学についての学習意欲の向上と理解を深めることができた。	 
2. 学生の再生医学に対する理解の現状を認識することができた。	 
3. 学生のリサーチマインド向上や知識の定着度に一定の効果が見られた。	 
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再生医療における患者報告型アウトカム評価方法の検討 
 

杉浦	 剛，相澤文恵，岸	 光男，米満正美 

岩手医大	 歯	 口腔保健育成学講座	 口腔保健学分野 

 

【目的】 
これまで我々は口腔領域での医療的介入がQOL に及ぼす影響について検討すると同時にテキストマイニン

グ手法による自由回答型テキストの数量化方法など，患者あるいは被験者からの報告に立脚したアウトカム

評価の手法を検討してきた．その中で以下の3点について調査をおこなった．	 

1) 今後再生医療が普及した際には術後のメンテナンスが必要であることが予想されるため，本学予防

歯科外来における定期歯科受診者の中断に関わる要因分析を行った．	 

2) インプラント治療は歯根膜再生の課題を有することから今後再生医療の発展によりさらに進歩が

期待される臨床領域であるが，他の欠損補綴治療に比べ治療費が高額であるため，受療を希望して

も実際に受療行動につながらない場合も少なくない．そこで，インプラント治療の受療行動につな

がる患者の意思決定要因を分析した．	 

3) 今後，本プロジェクトの成果を実用化するに当たり，再生医療を歯科で普及させるためには身近な

医療技術として広めていく必要があると考え，「歯の再生医療」に対する認知度とイメージについ

てWeb調査を行った．	 

	 

【成果と考察】 
1) 定期歯科受診を中断した者は口腔関連QOLが低く，受診継続期間が短い傾向にあった．また，決定

木分析により，定期歯科受診に対し「安心」「気持ち良い」と感じている者は受診を継続する傾向

がみられた．結果より定期歯科受診の継続には患者の主観的状態が影響することが示唆された．	 

2) インプラント治療の必要性について説明した後，治療を受けた者と受けなかった者について診療録

の記載をもとに決定木分析を行った結果，義歯未使用の者がインプラント治療を受療する傾向にあ

った．一方，義歯使用者で定期健診を受診していない者は 100％インプラント治療を受療しなかっ

た．	 インプラントの受療行動には義歯使用経験と定期歯科受診行動が関連していると考えられた．	 

3) Web調査の結果，「歯の再生医療」という言葉を知っている者は対象者の31％であった．「歯の再生

医療」に対するイメージとして自由回答より「高額」「わからない」「良い」「不安」などの頻出語

が抽出された．結果より，「歯の再生医療」に対する認知度はまだ低く，「高額で良いものだがどこ

か不安」という漠然としたイメージをもたれていると考えられた．	 

	 

【成果の概要】 
1. 定期歯科受診行動に関連する要因を分析することができた。 
2. インプラント受療行動に関連する要因を分析することができた。 
3. 「歯の再生医療」について一般の方の認知度、イメージが明らかとなった。 
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舌苔細菌叢と舌苔除去に関する研究 
 

岸	 光男，阿部晶子，米満正美	 

岩手医大	 歯	 口腔保健育成学講座	 口腔保健学分野 

	 

【目的】	 

	 口腔細菌のコントロールは再生医療の成否に関わる要因のひとつである。これまで口腔細菌に関する研究

は、口腔の二大疾患と呼ばれる齲蝕と歯周病のリスク要因である歯垢について検討されてきた。しかし、唾

液や舌背をはじめとする粘膜表面は細菌が高密度に存在する場所があるにもかかわらず、とくに舌背に付着

する舌苔細菌叢については検討がほとんどなされてこなかった。我々は、歯垢と舌苔には唾液を介した相互

の影響があると考え、舌苔細菌叢における歯科疾患関連細菌の分布を検討した。また、歯周病罹患以前に口

腔内に歯周病原性細菌が存在することは歯周疾患のリスク要因であると考えられるため、歯周病健全者に対

する口臭測定を利用した非侵襲的かつ簡便な歯周疾患病原性定着予測モデルを考案することを目指した。さ

らに、口腔への齲蝕病原性細菌の定着についても検討し、これらにより、再生医療の術後メインテナンスに

おける口腔細菌の新たな評価方法ならびにコントロール法の開発を目的とした。 

【成果と考察】	 

	 85歳高齢者集団において舌苔から、PCR法により歯周病原性細菌を検出し、口腔内状況と比較したところ、

無歯顎者では検出率が著明に低く、また、有歯顎者においても歯周ポケットがない場合には有意に検出率が

低いことが認められた。また、歯周ポケットのない若年成人集団において、舌苔と歯垢の両方から歯周病原

性細菌を PCR 法で検出した結果、両検体からの検出には高い相関関係が認められた。さらに歯周病原性細菌

検出の有無と口中気体 VSC 濃度にも高い相関があり、口臭測定という簡便かつ非侵襲的な検査により、口腔

の歯周病原性細菌の早期定着を高い確率で予測することが可能であった。さらに、舌苔を専門的かつ機械的

に除去する方法を開発した。その方法ではセルフケアに比べて舌苔の除去効率が高く、細菌数の減少も著明

であることが確認できた。また、母親の唾液中 Streptococcus	 mutans	 と	 S.	 sobrinusを定量的 PCR 法によ

り弁別定量し、子のミュータンスレンサ球菌の定着時期、齲蝕発生状況を検討した結果、母親のS.	 mutans	 と	 

S.	 sobrinusのレベルがいずれも高い場合に子の定着時期が早くかつその後の齲蝕発生も多いことが確認され

た。	 

【成果の概要】	 

1. 高齢者において、舌苔の歯周病原性細菌分布と口腔内状況の関連を確認できた。	 
2. 歯周病健全な若年成人において、口臭を測定することで舌苔中と歯垢中の歯周病原性細菌の定着を予測

することが可能であった。	 

3. 専門的な舌清掃がセルフケアに比べ口腔細菌の制御に有効である可能性を示した。	 
4. 母親の唾液中S.	 mutans	 と	 S.	 sobrinusを弁別定量することで、子のミュータンスレンサ球菌早期定着

を予測することが可能であった。	 
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組織再生に必要な脈管系の再生過程の検討 
－特に、排導系について－ 

 
藤村	 朗 

岩手医大	 解剖学講座	 機能形態学分野 
 
【目的】 
組織の再生には栄養供給を行う脈管系の再生（新生）が不可欠な要素となっている。そのため、血管系の

研究は比較的行われているが、リンパ管構築についてはほとんど検索されていない。リンパ管は排導系の 10
～20％を担っている構造であり、リンパ管吸収の停滞は組織に浮腫を起こす。組織再生の場における浮腫は
栄養供給を含めた組織全体の環境の悪化につながることになる。環境の改善には再生組織独自の排導系を構

築する必要がある。そこで、口腔諸臓器のリンパ管に関する微小循環、構築を明らかにし、リンパ管の再生

やリンパ循環の再生を促す際の基礎データを作成することを目的としている。 

【研究成果】 
マウスを中心に口腔諸臓器の検索を進めている（岩手医科大学動物実験委員会承認 19-010）。また、ヒト

を対象として、歯周外科手術の際の摘出歯肉から正常と考えられる部位のリンパ管構築を検索している。ま

た、比較として全身の皮膚のリンパ管構築も検索した（岩手医科大学歯学部倫理委員会承認01065、01098）。
その結果、口腔粘膜下のリンパ管は皮下に比べて極めて細かな亀甲状網目構造を形成しており、この網目構

造から粘膜下結合組織乳頭内に、皮下ではほとんど認められない盲端の派出が認められた。口腔粘膜の中で

は歯間乳頭歯肉のリンパ管構築が盲端の数が も多かった。 

【考察】 
口腔領域におけるリンパ管構築では特に歯肉のリンパ管の盲端の形態が吸収効率の高いことを推測させる

ものであった。特に、歯間部は薬剤の設置には有効な形態であり、吸収効率が高く、薬剤投与部位としては

有望な部位であると推測できた。今後は、リンパ管再生（新生）を促進することが報告されている各種VEGF
の分布状況を臓器ごとに明らかにし、その欠損部位での組織再生に必要な因子の投与方法を検索する必要が

ある。また、投与する因子の濃度調整、投与部位に限局した持続的投与方法が必要となり、そのためには諸

因子の徐放化が必要である。現在、組織における貯留方法として、リポソーム化徐放製剤の開発を進めてお

り、この技術を応用することを検討している。 

【成果の概要】	 

1. 口腔粘膜下は皮下よりリンパ管密度が高く、吸収効率が高いことが推測できた。	 
2. 歯肉粘膜下リンパ管構築は口腔粘膜の中でもリンパ管構築が密であった。	 
3. 歯間乳頭部歯肉のリンパ管構築は もリンパ管の密度が高く、吸収孤立の高い形態を示していた。しか

も、経粘膜薬剤の設置には有望な形態をしていた。	 
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顎関節における組織の過形成に関する研究	 

	 

三上俊成	 

岩手医大	 病理学講座	 病態解析学分野	 

	 

【目的】	 

	 顎関節は組織学的に骨組織、軟骨組織、線維組織、関節液など多くの組織により構成され、形態的にも機

能的にも他の関節に比べて複雑である。全身的あるいは局所的原因により結晶性関節炎が起こると、関節腔

内に様々な結晶変性物が形成されて周囲組織は破壊され、また正常な組織再生が阻害されることもある。ま

た一方では滑膜軟骨腫症のように顎関節を構成している組織がなんらかの原因で多量に過形成されることも

ある。これらのメカニズムはいずれも明らかではないが、詳細な症例分析を行うことでそれらの発症機序や

調節因子を解明できれば、組織の破壊抑制、あるいは組織再生による修復の促進が可能になると考えられる。

本研究では顎関節の結晶性関節炎で生じた石灰化物、滑膜軟骨腫症で形成された遊離軟骨について病理組織

学的に解析し、それらの形成機序について検討した。	 

	 

【成果と考察】	 

	 本プロジェクトのこれまでの研究成果として、顎関節に生じたピロリン酸カルシウム結晶(CPPD)沈着症で

みられる結晶にはハイドロキシアパタイト(HAP)も含まれており、結晶の組成が CPPD から HAP へ経時的に変

化していくことが明らかとなった。関節腔内に様々な結晶変性物が形成されて周囲組織は破壊されると、正

常な組織再生が阻害されることもあることが分かった。次に、顎関節に生じた滑膜軟骨腫症で手術により摘

出された軟骨遊離体を観察することで、新たな遊離体は個々の遊離体が分割されていくことで形成され、数

的に増殖していることが示唆された。また、関節洗浄で採取された滑液に含まれていた細胞成分を分析した

結果、顎関節症と診断されていた患者の上関節腔から微細で幼若な軟骨組織が見つかった。滑膜軟骨腫症の

典型例における軟骨遊離体と病理組織学的に比較した結果、軟骨組織は非常に微細であるが、他症例におけ

る典型的な遊離軟骨対と軟骨形成に関与するタンパクの発現が同じであることが分かった。	 

	 

【成果の概要】	 

1. 結晶性関節炎において石灰化物が成熟していく過程が明らかとなった。	 
2. 滑膜軟骨腫症における遊離軟骨体の発生機序について新しい仮説が得られた。	 
3. 滑膜軟骨腫症における遊離軟骨体の成長過程を詳しく分析することができた。	 
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嗅覚系の機能発達と再生のメカニズム	 

	 

佐原資謹	 

岩手医大	 生理学講座	 病態生理学分野	 

	 

【目的】	 	 

	 嗅覚は、嗅覚系と鋤鼻系の２つのシステムで情報処理がなされている。鋤鼻系はフェロモンなどの非揮発

性の匂い情報処理に関与し、嗅覚系とは異なる独立した経路をもつ。受容体は鋤鼻器の鋤鼻上皮細胞に存在

し、鋤鼻細胞は副嗅球の糸球体へ投射し、僧帽・房飾細胞とシナプスを作る。この糸球体の形成と機能発達

の過程における、嗅細胞や鋤鼻細胞の中枢投射をコントロールするメカニズムを明らかにする目的で、遺伝

子欠損マウスを用いた解析を行った。	 

	 

【研究成果と考察】	 

	 マウスでは生後１週間前後で、鋤鼻細胞は副嗅球の糸球体において僧帽・房飾細胞とシナプスを形成する。

この中枢投射をコントロールする要因が,ノルアドレナリン、BDNF など神経活動に起因する物質なのか、Fez

などプログラムされた遺伝子によるものかを検索した。BDNF,	 sema	 3F,	 neuropilin-2(nrp-2)	 など神経活動

に起因する物質の遺伝子欠損マウスの副嗅球糸球体では、鋤鼻神経の投射、僧帽・房飾細胞とのシナプスに

大きな変化が見られなかった。これに対して、zinc-finger	 遺伝子の１つFezlの遺伝子欠損マウスでは、鋤

鼻神経の副嗅球への投射は見られるが、副嗅球糸球体の形成が見られず、僧帽・房飾細胞の樹状突起にも大

きな変化がみられた。それにともない、糸球体を形成する中枢並びに末梢のグリア細胞のマーカーである、

GFAP や S100 の分布様式にも変化が見られた。Fezl は、zinc-finger	 遺伝子のFez 遺伝子ファミリーに属し

ており、Fez遺伝子の欠損マウスでは、嗅球の糸球体の形成がみられず、大脳皮質の錐体細胞（皮質脊髄路細

胞）の異常も報告されている。これらの事実を考え合わせると、Fezl 遺伝子は、鋤鼻神経が副嗅球の僧帽・

房飾細胞の樹状突起とシナプスを形成する過程に働くことで、副嗅球糸球体の形成に関与していると考えら

れる。	 

	 

【成果の概要】	 	 

	 副嗅球の糸球体においては、機能と形態的の両方が密接に関連してその形成が行われている。中でも、

zinc-finger	 遺伝子のFez遺伝子ファミリーのFezl遺伝子が重要な役割を果たすことを明らかにした。	 
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間葉系幹細胞の分化を制御する因子の探索 

帖佐直幸 1，大久保直登 2，西平宗功 3，高橋典子 1，長谷川智一 4 

杉山芳樹 3，田中光郎 4，石崎明 1 

岩手医大	 生化学講座	 1細胞情報科学分野分野，2医歯薬総合研究部門，3歯学部	 口腔外科学講座	 歯科口腔

外科学分野，4口腔保健育成学講座	 小児歯科学分野 

【目的】 
	 再生医療の実現化には間葉系幹細胞（MSC）の増殖や分化を制御することが重要な課題となっている。近
年、骨髄等から得られたMSCを骨や心臓などの再生医療に用いる試みが始められつつある。しかしながら、
実際に骨髄中より採取したMSCを in vitroで培養すると採取後数週間で増殖・多分化能ともに激減する。そ
こで本研究ではMSCの多分化能を維持するための培養法を確立することを目指し、MSCの分化を制御する
新規因子の探索と機能解析を行う。 

【成果と考察】 
	 MSCを in vitroにおいて培養する過程で発現量が大幅に変動する因子に着目し、分化制御因子としての可能
性を検討した。具体的にはシステインリッチペプチドSCRG1（scrapie responsive gene 1）、血管内皮細胞接着因
子VCAM1（vascular cell adhesion molecule 1）およびR-cadherin（retinal-cadherin）の発現変動や発現制御機構が、
MSCの性状にどのような影響を及ぼすのかについて解析した。 
１）SCRG1：骨分化に伴って減少するSCRG1を骨髄由来MSCに添加すると遊走能が促進された。また、SCRG1
は細胞外マトリックスの I型コラーゲンやフィブロネクチンによく結合した。そこで、MSCの SCRG1を
ノックダウンしてインテグリンの細胞内シグナル伝達分子であるFAKのリン酸化を調べた結果、チロシン
リン酸化の増加が認められた。 
２）VCAM1：骨髄由来MSCを in vitroで培養すると細胞密度依存的にVCAM1の発現が増加した。この

VCAM1の発現はPI3K、Src、PKC、IKKおよびPDGF受容体の阻害剤で抑制され、さらにMSCの主要
な細胞間接着因子であるN-cadherinのdominant negative mutantの過剰発現によっても抑制された。また、
VCAM1の発現増加はMSCの遊走能を抑制した。 

３）R-cadherin：永久歯歯髄由来MSC様細胞は乳歯歯髄由来のそれと比較して R-cadherinの高い発現が認め
られた。永久歯歯髄由来MSC様細胞やR-cadherinを強制発現させた乳歯歯髄由来MSC様細胞は高い遊走
能を示した。さらに、R-cadherinの過剰発現によって歯髄由来MSC様細胞または骨髄由来MSCは骨や脂
肪への分化が抑制された。 

骨髄中に保持されているMSCは経血管的に各組織へとホーミングし、様々なサイトカインやケモカイン等の
誘導によって適切な場へと遊走して分化を開始する。よって、遊走能の保持はMSCの多分化能を維持する上
で重要なファクターであるといえる。本研究においてMSCが分泌する SCRG1がMSCの遊走を促進するこ
とが示された。また、MSCの細胞表面に発現するVCAM1は遊走能を抑制し、一方、R-cadherinの発現増加
は遊走能を促進することが示された。このことから SCRG1や R-cadherinの発現は、MSCをより多分化能を
保持した未分化な状態で維持する可能性が示唆された。 

【成果の概要】 
１．細胞間接着因子であるVCAM1は細胞遊走能を抑制した。 
２． MSCが分泌するSCRG1や、細胞間接着因子であるR-cadherinは細胞遊走能を促進した。 
３．遊走能を促進するSCRG1やR-cadherinは、MSCの多分化能を維持する可能性が示唆された。 
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歯周組織再生に関わる環境因子と宿主細胞に対する作用	 
	 

木村重信，下山	 佑，石河太知，平	 雅之，佐々木	 実	 

岩手医大	 微生物学講座	 分子微生物学分野	 

	 

【目的】	 

	 口腔という場における組織再生では二つの環境を考慮する必要がある．一つは歯周組織のように再生すべき組織が口腔

と連絡のある場合で，もう一つは顎骨再生のように連絡のない場合である．前者では，唾液中の細菌が容易に付着・感染

し，組織再生に抑制的に働くとともに，それら細菌に由来する種々の成分，特にLPSなどの病原因子が宿主細胞に作用し，

炎症を惹起して組織の再生／再生誘導に影響を及ぼすと考えられる．また，歯科材料からの金属イオンも歯周組織再生に

影響する局所の環境因子となる．本研究では，歯周組織再生に関わる局所の環境因子として慢性歯周炎の原因菌である

Porphyromonas	 gingivalis およびその内毒素（LPS）ならびに歯科材料からの金属イオン（Ni イオン，Cu イオン，sub-

μTi粒子）を，宿主細胞として歯肉上皮細胞，マクロファージおよび間葉系幹細胞を用いて，その相互作用について検討

した．	 	 

【研究成果と考察】	 

	 歯肉上皮細胞に対しては，P.	 gingivalis の全菌体および LPS（Pg-LPS）のいずれの刺激によっても炎症性サイトカイ

ンの産生とともに自然免疫因子（分泌型白血球プロテアーゼインヒビター）の産生が増強された．しかし，歯周炎病巣へ

の細菌侵入が少ないことを勘案すると，歯周組織再生に関わる細菌性因子としては LPS が主体であることが示唆された．

Pg-LPSは大腸菌由来のLPS（Ec-LPS）と比較してSchwartman反応などの内毒素活性が低いことが示されている．しかしB

細胞に対する増殖活性，サイトカイン産生について検討した結果，Pg-LPS は（Ec-LPS 同様）細胞内チロシンリン酸化経

路を介して有意の活性を示すことが明らかとなった．つぎに，マクロファージに対するLPSと金属イオンの作用について

検討した結果，マクロファージに対しLPSは炎症性サイトカインおよびNO産生を誘導することが明らかとなった．Niイ

オンも単独で同作用を示したが，Ni イオン存在下ではLPS のマクロファージ活性化が増強された．しかし，Cu イオンは

高濃度でマクロファージに対して脂質損傷作用を示し，細胞内泡沫（泡）化現象を誘導した．一方，間葉系幹細胞に対し

ては，LPSは細胞増殖を起こさないと報告されているが細胞分化は誘導することが示唆された．また，Niイオンは単独で

間葉系幹細胞に対して細胞分化作用を示すことが示唆された．以上の研究結果から，歯周病原性細菌の病原因子や歯科材

料として多用される金属イオンといった局所の環境因子によって歯周組織再生が大きく影響されることが強く示唆され

たことから，口腔という「場」での組織再生，特に歯周組織再生では様々な局所の環境因子についても考慮する必要があ

ることが明らかとなった．	 

【成果の概要】	 

1. 歯周組織では歯周病原性細菌の病原因子により免疫反応が誘導されているが，金属イオンの存在により増強される可
能性が明らかとなった．	 

2. 歯周病原性細菌の病原因子，金属イオンは，間葉系幹細胞に対しても単独あるいは関連して作用することが明らかと
なった．	 
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組織再生に及ぼす局所因子の影響	 

—口腔レンサ球菌のFbp62の組織付着活性と病原因子としての役割—	 

	 

佐々木	 実，古玉芳豊，下山	 佑，木村重信	 

岩手医大	 微生物学講座	 分子微生物学分野	 

	 

【目的】	 

	 歯周疾患罹患歯の歯周組織再生に際し，患部への唾液の侵入はさけ難く，唾液タンパク質による被覆とそ

れに続く唾液中の細菌の定着が結合組織性付着に先立って起こるものと考えられる．このことは，in	 vitro

の無菌状態下で認められた生体吸収性材料による再生誘導が，実際の歯周組織欠損部においては得られない

可能性を示唆するもので，歯周組織再生誘導療法の成否に関わる問題である．しかし，現時点では，口腔細

菌の定着メカニズムと定着状況，定着に関わる細菌間相互作用，さらに細菌と宿主細胞間の相互作用などに

関して不明な点が数多く残されている．本研究では，口腔レンサ球菌のフィブロネクチンに対する結合タン

パク質（Fbp）の遺伝子（fbp62）を単離しその性状を検討した．また，Streptococcus	 anginosusリコンビナ

ントFbp62および抗Fbp62抗血清，fbp62の欠失変異株を作製し，上皮細胞ならびにフィブロネクチンに対す

る付着活性を検討した．	 

【成果と考察】	 

	 S.	 anginosus	 Fbp62 遺伝子をジーンウォーキング等の手法により単離したところ他のレンサ球菌種のそれ

と高い相同性が認められた．さらにFbp62 の CDS を pGEX-4T-2 にクローニングして得られたリコンビナント

タンパク質は，フィブロネクチンに対して付着活性を示した．また，Fbp62をウサギに免役して得られた抗血

清は S.	 anginosusのフィブロネクチンおよび上皮細胞に対する付着を阻害した．fbp62の欠失変異株のフィ

ブロネクチンおよび上皮細胞に対する付着は親株（S.	 anginosus	 NCTC	 10713）に比べ有意に低かった．以上

の成績より，S.	 anginosusのFbp62 はフィブロネクチン付着活性を有し，上皮付着因子として機能している

こと明らかとなり，歯周組織再生において局所因子として影響を及ぼす可能性が示唆された．	 	 

【成果の概要】	 

1. 口腔レンサ球菌がフィブロネクチン結合タンパク質，Fbp62，を保有していることが明らかとなった．	 
2. 口腔レンサ球菌はFbp62をリガンドとし，上皮細胞に付着することがあきらかとなった．	 
3. 口腔レンサ球菌のFbp62 は本菌の組織定着における局所因子として働き，歯周組織再生療法に影響を及ぼ
す可能性が示唆された．	 
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再生医療の基礎としての自己溶菌酵素の同定と機能解析	 

	 

田村晴希	 

岩手医大	 薬理学講座	 病態制御学分野	 

	 

【目的】	 

	 再生医療を確実に施術するためには病原性細菌に対する感染制御が重要であり、病原性細菌を選択的に除

菌できれば、再生医療を成功に導くことができると考えられる。	 

	 S.	 mutansの自己溶菌酵素AtlA はムラミダーゼ活性を示し、S.	 mutansと S.	 sobrinusを特異的に溶菌す

るが、S.	 sanguis は溶菌しないという溶菌活性の菌種特異性が報告され、同酵素を利用したう蝕原性細菌の

除菌システムが提案されている。そこで、口腔レンサ球菌の自己溶菌酵素を比較検討することで、同酵素を

母体とした口腔内病原性細菌溶菌酵素の開発につなげることを 終目標として研究を進めてきた。	 

	 

【成果と考察】	 

	 S.	 sobrinus,	 S.	 downei,	 S.	 cricetiの3菌種から自己溶菌酵素(Atlg,	 Atlh,	 Atla)をコードする遺伝子

を新規に同定した。自己溶菌酵素遺伝子欠失株を作製できた S.	 mutansと S.	 downeiでは、同遺伝子産物が

菌体分離とバイオフィルム形成に関与していることが明らかとなった。次に、S.	 mutansの血清型c/e/fの各

菌株について、自己溶菌酵素遺伝子の塩基配列を決定したところ、良く保存されており、C末側に酵素ドメイ

ンがあることがわかった。さらに Atla の酵素ドメインについて Streptomyces	 coelicolor	 cellosyl のタン

パク質立体構造をもとにホモロジーモデリング法で構造解析を行ったところ、Atlaの酵素ドメインはα-ヘリ

ックス(α1-5)とβ-ストランド(β1-4)から構成され、cellosylのTIMバレル様構造と異なることがわかった。

また、活性中心周辺のアミノ酸残基を置換させたAtla変異体の溶菌酵素活性への影響を検討したところ、655

位と 747 位のアスパラギン酸残基が酵素活性に重要であることを明らかにした。次にフィブロネクチンとの

結合について調べると、AtlAは結合するが、Atlaは結合しないことがわかった。このように自己溶菌酵素は

ムラミダーゼ活性をもつ酵素でありながら、それぞれの菌種で異なる性質を有していることが示唆された。

これらの成果をもとに、S.	 mutans に加えて、S.	 anginosus などの他菌種を視野に入れた溶菌酵素を開発す

ることが今後の課題である。 後に菌株を快く分譲して下さった九州大学の山下喜久先生と柴田幸江先生に

感謝致します。	 

	 

【成果の概要】	 

1. S.	 sobrinus,	 S.	 downei,	 S.	 cricetiの自己溶菌酵素をコードする遺伝子を新たに同定した。	 
2. Atla酵素ドメインの立体構造を予測し、655位と747位のアスパラギン酸残基が酵素活性に重要である

ことを明らかにした。	 

3. AtlAはフィブロネクチンと結合するが、Atlaは結合しないことがわかった。	 
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IL-6 が歯髄細胞に与える影響	 

	 

八重柏	 隆，藤原英明，成石浩司	 

岩手医大	 歯	 口腔機能保存学講座	 歯周・歯内治療学分野	 

	 

【目的】	 

	 歯髄は，齲蝕や外傷などによって炎症が発症すると，インターロイキン（IL）-1，IL-6，腫瘍壊死因子（TNF）
-αなどの炎症性サイトカインが複雑にネットワークを形成することが知られている。我々はこれまでに歯髄
細胞のnodule形成とアポトーシスの関係や IL-6が培養歯髄細胞のFGF-2発現に与える影響等について検討し
た。今回，我々は歯髄炎の増悪機序の一端を解明するために，培養歯髄細胞を用いて齲蝕関連細菌による IL-6
シグナル関連分子の産生性と IL-6によるVEGF産生性について検討した。 
 
【成果と考察】	 

岩手医科大学附属病院歯科医療センター保存科を受診した患者より治療上の理由で抜去された歯から，採

取・分離し，4-9代継代培養した培養歯髄細胞を実験に供した。実験の対照として同条件下で培養した歯根膜
細胞を供した。歯髄細胞および歯根膜細胞における IL-6刺激伝達を調べるため，各々の培養細胞に IL-6（10 
ng/ml），IL-6+sIL-6R（各10 ng/ml）および sIL-6R（10 ng/ml）を10および60分間作用させた後，MAPKs（ERK1/2）
のリン酸化の程度を調べた。また歯髄細胞を IL-6（10 ng/ml），IL-6+sIL-6Rおよび sIL-6R（10 ng/ml）で刺激
し，24および48時間培養した後，ELISA 法でVEGF産生量を定量した。また歯髄細胞をStreptococcus mutans 
Xc（S.mutans）粗抗原によって0，1，10，100，1000 ng/mlの濃度で刺激し，24および48時間培養した後，
培養上清を回収し，ELISA 法で IL-6，sIL-6Rおよび可溶性gp130（sgp130）の産生量を定量した。その結果，
歯髄細胞では，IL-6単独でMAPK（ERK1/2）のリン酸化が誘導された。さらに sIL-6Rの添加によって，IL-6
によるMAPKのリン酸化が増強した。一方，歯根膜細胞では，IL-6によるMAPKのリン酸化は sIL-6Rの添
加時のみ誘導された。歯髄細胞では，IL-6単独でVEGF産生が誘導された。さらに sIL-6Rの添加によって，
IL-6によるVEGF産生性が亢進した。一方，歯根膜細胞では，IL-6によるVEGF産生は sIL-6Rの添加時のみ
亢進した。S. mutans粗抗原の刺激では，歯髄細胞の IL-6，sIL-6Rおよび sgp130の産生性は誘導されなかった。 
歯髄細胞は，歯根膜細胞とは異なり，IL-6 単独で細胞内シグナル伝達系が活性化される特徴を有すること

が示された。一方，歯髄細胞は，S. mutans粗抗原刺激によって IL-6，sIL-6Rおよび sgp130を産生しなかった。
これら歯髄炎症における IL-6シグナル関連分子の由来については，更なる歯髄炎の病態研究の進展が必要で
あると考えられた。 
	 

【成果の概要】	 

1. 歯髄石灰化現象にアポトーシスは密接な関係があることが示唆された。	 
2. IL-6は歯髄細胞によるFGF-2産生を抑制することが明らかとなった。	 
3. IL-6は歯髄細胞によるVEGF産生を誘導することことが明らかとなった。	 
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IL-1ra-sgp130 融合蛋白による IL-1 および IL-6 誘導 VEGF 産生抑制のリカ

バリー	 

	 

成石浩司，澤田俊輔，藤原英明，伊東俊太郎	 

岩手医大	 歯	 口腔機能保存学講座	 歯周・歯内治療学分野	 

	 

【目的】	 

Angiogenesis は，骨折部位や歯槽骨吸収部位などに期待される組織再生の起始現象として重要である。また血

管内皮増殖因子（VEGF）は，線維芽細胞などの細胞から産生されるサイトカインであり，強力なangiogenesisの促

進作用を持つ。一方，炎症性サイトカインIL-1やIL-6は，線維芽細胞のVEGF産生性を制御することが知られる。

本研究の目的は，歯肉由来線維芽細胞を標的として，IL-1やIL-6のアンタゴニストIL-1raおよびsgp130の融合

蛋白を合成し，それぞれのサイトカイン刺激によって制御されるVEGF産生性を人為的に操作することで，組織再生

へのベクトルに向かわせることが出来るかどうかを検討することである。	 

	 

【成果と考察】	 

ヒト骨髄由来間葉系幹細胞UE7T13より得られたRNAを鋳型としてIL-1raの全長およびgp130の可溶性ドメイン

をRT-PCRで増幅し，それぞれのcDNAを得た後，IL-1ra-sgp130発現ベクターを構築した。なお，1.	 大腸菌による

発現系では，ジスフィルド結合の形成ができないために不溶性となるタンパクが存在する，2.	 接着HEK293よりも

数十倍のタンパク発現能力を有する，3.	 哺乳動物由来の細胞を用いることによって組換えタンパク質がより生体内

に近い生理活性を保持する，という理由から，融合蛋白の大量発現系には，浮遊HEK293細胞を用いた。	 

IL-1ra-sgp130 融合蛋白を歯肉線維芽細胞に作用した後の細胞障害作用を MTT 法によって調べたところ，100	 

ng/mlまでは概ね細胞の増殖活性に影響を及ぼさなかった。さらに，歯肉線維芽細胞をIL-1およびIL-6+sIL-6Rで

刺激すると，VEGF産生は抑制された。また，その実験系にIL-1ra-sgp130融合蛋白を添加すると，VEGF産生性はベ

ースレベルにまでリカバリーされた。このことから，新規に合成した IL-1ra-sgp130 融合蛋白は，IL-1 および

IL-6+sIL-6R の刺激を同時に遮断できる可能性が示唆された。さらにVEGF 産生の抑制をリカバリーできたことは，

IL-1ra-sgp130 融合蛋白は，炎症性サイトカインを広くブロックして，組織再生を誘導するサイトカインネットワ

ークの構築に貢献し得るものと期待される。	 

	 

【成果の概要】	 

1. IL-1ra-sgp130融合蛋白を合成した。	 

2. IL-1ra-sgp130融合蛋白による細胞障害作用が現れない適正濃度を決定した。	 

3. IL-1ra-sgp130融合蛋白は，IL-1およびIL-6+sIL-6R誘導VEGF産生の抑制をベースレベルにまでリカバリー

した。 
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ナノ構造を有する次世代の口腔インプラントの開発	 

-陽極酸化・水熱処理チタンインプラントの骨伝導能に関する評価-	 

	 

武部	 純	 

	 岩手医大	 歯	 歯科補綴学講座	 冠橋義歯補綴学分野	 

	 

【目的】	 

生活の高質化・多様性、社会の高齢化に伴い、Quality	 of	 life	 (QOL)を高めるような歯科医療が求められ

ている現代においては、補綴歯科治療に要求される内容も変化してきている。口腔内の歯列や歯周組織の状

態は、年齢・性別・社会環境などにより多様な変化を呈しているため、老齢期にいたるまでのライフサイク

ルを考慮した治療方針の設定が求められている。口腔内環境に調和して改善された歯周組織、顎口腔環境に

調和した補綴装置が長期的に機能するためには、歯列や歯周組織の健康を維持するための徹底した口腔管理

が必須となる。生活機能をいかに維持・改善するかが健康の本質となり、加齢にともなう健康維持・増進に

は顎口腔諸組織が安定した状態にあるとともに充分な咀嚼能力で“食べることの楽しみ”を維持することが

重要である。そこで，本プロジェクトは、全身の健康とも関連する口腔の健康へ寄与する歯科医療を実践す

ることにあり、高機能生体材料としての口腔インプラント表面処理法の研究に焦点を当て、それらの開発と

評価を行ったので報告する。	 

【成果と考察】	 

インプラント埋入後の治癒期間の短縮や骨質の劣る部位での生着率向上による適応範囲拡大を目的に、イ

ンプラント表面性状に関する研究を行ってきた。純チタン表面に放電陽極酸化・水熱処理を行うことで、ナ

ノ構造を有する陽極酸化被膜上にHA結晶を析出させる表面処理法(SA処理）の開発に携り、骨伝導能のメカ

ニズムを分子細胞レベルから解析してきた。ナノ構造とHA結晶を有する表面性状が骨芽細胞の増殖・分化能

を促進させていることを確認した。また、インプラント埋入後の創傷治癒過程の初期に出現するマクロファ

ージに着目し、マクロファージが接触・付着・伸展することで表現形質が影響を受け BMP２が発現されること

を確認した。SA処理チタンの表面性状により、biologicalな現象が起こることで細胞分化が促進され早期に

骨形成が行われることが示された。これらのことは、Bioinert とBioactive の性質を兼ね備えた本表面処理

法は、次世代の口腔インプラントとして有用であることを示唆するものである。	 

【成果の概要】	 

1. 純チタン表面に放電陽極酸化・水熱処理を行うことで、HA結晶の析出の他、陽極酸化被膜はナノ構造を
有していることが確認された。	 

2. 陽極酸化・水熱処理チタンインプラントの表面性状は骨芽細胞の増殖･分化を促進させ、さらにマクロフ

ァージの表現形質に影響を与えることが確認された。 
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口腔内から採取された自家骨の細菌学的汚染度の検討	 

	 

丸尾	 勝一郎，近藤尚知	 

	 

岩手医大	 歯	 歯科補綴学講座	 口腔インプラント学分野	 

	 

【目的】	 

	 インプラント治療は，その普及に伴い欠損補綴の重要な選択肢の一つとなりつつあるが，骨量が不足する

症例も少なくない．近年さまざまな骨補填材が開発されているが，いまだに自家骨移植が骨造成法のゴール

ドスタンダードであると考えられている．外科的侵襲をできるだけ小さくするために、口腔内から骨採取を

行う機会が増加している。しかし，口腔内から採取した自家骨が唾液の混入等により細菌学的に汚染され，

その結果術後感染を起こすこともある．そこで本研究においてわれわれは，ブタ下顎骨より採取した削片骨

を意図的に唾液に汚染させ，異なる量の生理食塩水で洗浄しその細菌の減少率および骨残存率を調べた．ま

た，骨量が十分にあるインプラント手術の20症例において，インプラント埋入窩形成時にフィルターを装着

した吸引装置を用いて集めた削片骨の細菌による汚染を調査し，さらに生理食塩水による洗浄効果も合わせ

て検討した．	 

	 

【成果と考察】	 

	 今回採取した削片骨中の細菌数は，60～1240(cfu/ml)であった．この際検出された細菌は，α‐

Streptococcus	 ,	 Streptococcus	 属,	 Neisseria	 属，S.epidermidis	 等のいわゆる口腔内常在菌であった．

また，採取骨群に比べ洗浄骨群はすべての症例において，著しく減少しており,細菌数の減少率は52％～100％

であった．	 

	 口腔内から手術中に吸引装置を用いて採取した骨は，細心の注意を払っていても細菌に汚染されているこ

とがわかった．しかし，この削片骨を生理食塩水で洗浄することで著明に細菌数を減少させることができる

ことが明らかになり，このことにより手術後の感染等の合併症を防止できることが示唆された．今後，さら

に有効な洗浄法についての検討をおこなう予定である．	 

	 

	 

【成果の概要】	 

1. 術中に吸引装置を用いて採取された削片骨は細菌に汚染されていることがわかった．	 
2. 異なる量の生理食塩水で洗浄することにより，骨残存率に差が認められた．	 
3. 汚染された削片骨を生理食塩水で洗浄することにより細菌数を減少させることができた．	 
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ヒト下顎第三大臼歯を用いたヒトエナメル上皮細胞培養法の	 

確立と再生歯胚への可能性	 

	 

間山寿代１	 原田英光２	 藤原尚樹２	 三浦廣行１	 

岩手医大	 １歯	 口腔保健育成学講座	 歯科矯正学分野	 
２解剖学講座	 発生生物・再生医学分野	 

	 

【目的】	 

	 小児・矯正歯科では永久歯の先天欠如を伴う不正咬合が少なくなく、これらの患者にとって歯の再生は夢

の治療法である。しかし、歯の再生に関するこれまでの報告の多くはヒト以外の動物細胞を用いており、ヒ

ト細胞では歯髄や歯根膜、脱落した乳歯から間葉系幹細胞は発見されているものの、エナメル上皮細胞は分

離が難しく、十分な上皮幹細胞が得られにくい。将来的に患者さんへの歯の再生治療を目指すためには、ヒ

ト細胞による、組織工学的に作製された歯、bio-tooth（再生歯胚）を実証する必要がある。	 	 

	 	 細胞を用いた歯の再生技術の確立に必要となるのは、まず第１に組織から上皮系幹細胞と間葉系幹細胞を

分離することであり、第２にその幹細胞を培養して増殖させ、 終的に移植により歯を再生させることであ

る。従って、歯の上皮幹細胞の分離・同定と細胞の培養技術を確立させることは歯の再生技術を臨床応用す

るうえで重要である。	 そこでヒトbio-toothの作製を目的に、ヒト下顎第三大臼歯歯胚から上皮細胞を分離

し培養する技術の開発を行い、さらにそれらの細胞と間葉細胞を再結合させ SCID マウスに移植しヒト

bio-toothの作製の可能性について検討した。	 	 	 

【成果と考察】	 

	 初にヒトエナメル上皮細胞に適した無血清培養方法を決定し、その条件下で間葉細胞の培養と上皮細胞の

コロニーが形成されるのを確認した。この時期の下顎第三大臼歯は幹細胞を含む未分化な間葉細胞や上皮細

胞が多く存在していると考えられ、エナメル質形成以前の歯胚を用いることにより内エナメル上皮中の未分

化な上皮系細胞をエナメル芽細胞へ誘導できる可能性も高いと考えられた。	 また、摘出したヒト下顎第三大

臼歯について染色を行った結果、歯胚と口腔粘膜上皮の間には残存する歯堤上皮が認められ、この上皮には

上皮幹細胞マーカーの一つである p63 などが発現していたことから、ヒト歯原性上皮幹細胞の供給源として

有効であることが示された。	 さらに、培養した上皮細胞と間葉細胞を再結合して SCID マウスに移植した結

果、それらの上皮が蕾状期歯胚様に成長することを認めたことから、ヒトエナメル上皮細胞が、歯の再生療

法への適応が期待できることが示され、将来的に全てヒト細胞によるbiotoothの作製が期待できることが示

唆された。	 	 

【成果の概要】	 

1. エナメル上皮細胞を分離培養することができた。	 
2. ヒト下顎第三大臼歯歯胚はヒト歯原性上皮幹細胞の供給源として有効であることが示された。	 
3. 将来的に全てヒト細胞によるbiotoothの作製が期待できることが示唆された。	 
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ラット口唇における瘢痕組織形成のメカニズムの解明と 
口唇組織再生の検討 

 

若林香枝 1，間山寿代 1，坂東三史 1，藤原尚樹 2，大津圭史 3 

原田英光 2，三浦廣行 1 

岩手医大	 1歯	 口腔保健育成学講座歯科矯正学分野，2解剖学講座	 発生生物・再生医学分野，3先進歯科医療研究

センター 

 
【目的】 
	 唇顎口蓋裂患者では生後3か月前後に口唇形成術が、1歳頃には口蓋形成術が施行される。しかし術後、創
部は瘢痕組織を形成し、上顎骨の成長抑制や上顎前歯の舌側傾斜など顎発育の不調和や反対咬合などの不正

咬合を惹起する要因となる。特に口唇の瘢痕組織は人中付近に比較的明瞭に残存するため、患者に与える心

理的影響も大きい。唇顎口蓋裂患者の抱える様々な形態的、機能的、心理的問題の解決のため、主に口唇に

おける瘢痕組織形成のメカニズムを解明していくとともに、口唇組織を再生するための技術開発を目的とし

ている。 
 
【成果と考察】（今後の研究計画） 
	 現在、６週齢雄性Wister 系ラット口蓋に組織欠損を形成した段階にあり、今後再生過程で形成された組織
について光学顕微鏡による観察、免疫組織学的観察ならびに in vivoイメージングシステムによる観察を行う
予定である。さらに口唇組織についても同様の観察を行うため、ラットの口唇に人工的に組織欠損を形成し

て、その修復ならびに再生過程の実験モデルを作成する。口唇と口蓋のそれぞれにおける瘢痕組織形成の差

異について検討を行うとともに、口唇と口蓋の瘢痕組織あるいは組織欠損部位に様々な増殖因子を投与し、

その有効性について検討を行う予定である。 
	 口唇の組織欠損部位に対する増殖因子の投与に対する効果としては、筋線維芽細胞の減少や血管内皮細胞

の増殖促進活性の増加などが生じることが考えられ、これらは口蓋のそれとは明らかに異なることが推測さ

れる。また口唇は他の組織に比較して毛細血管や筋線維に富み、骨の裏打ちのない組織であることから、口

唇組織の再生には筋組織の再生を含む十分量の結合組織が必要となる。そのためスキャホールド（細胞の足

場となる材料）と増殖因子の組み合わせが重要な鍵となると考えられる。 
 
【成果の概要】 
１．口唇における瘢痕組織形成および創傷治癒過程をより詳細に観察する。 
２．瘢痕組織形成に対する様々な増殖因子の有効性について検討する。 
３．将来的には口唇の再生を誘導するような薬剤の開発や手術方法の改良に寄与する。 
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iPS細胞を用いた歯胚再生への試み 
 

大津圭史 1，藤原尚樹 2，原田英光 2 

岩手医大	 1先進歯科医療研究センター，2解剖学講座	 発生生物再生医学分野 

 

【目的】	 

	 歯の再生研究においては、マウス切歯形成端 (apical bud)、胎生期歯胚、ヒト乳歯歯髄、歯根膜などに幹細胞が存
在していることが示されており、これらの細胞などを組織工学技術と組み合わせることにより実際に歯を作り出せ

ることが報告されている。しかしながら、ヒトの歯の再生を考えた場合、胎生期の歯胚を用いることは不可能であ

り、また歯胚再生に十分な数の幹細胞を歯髄、歯根膜から獲得することは困難である。この問題を解決するために

本ﾌﾟﾛｼﾞｪｸﾄでは、成体組織から樹立して多分化能を持つ iPS細胞（人工多能性幹細胞）から歯胚上皮、間葉系細胞
への分化誘導法を確立させ、人工的に歯胚を作り出す歯の再生療法の開発を目指した。 

【成果と考察】	 

	 我々は理化学研究所バイオリソースセンターから、京都大学、山中伸弥教授のグループが樹立した iPS細胞の分
与を受け、研究をスタートさせた。はじめに、未分化 iPS細胞が歯胚細胞からの分化シグナルを受け取り、歯を構
成する細胞に分化するかどうかを、歯胚細胞との組み合わせ移植実験にて検討した。その結果、未分化iPS細胞は

エナメル芽細胞や象牙芽細胞に分化して歯胚に成長することを示したが、その歯胚形成率は非常に低いことがわか

った。そこで次にiPS細胞から歯胚上皮細胞と歯胚間葉細胞に類似した分化度の細胞を獲得することを目的として、

１）iPS細胞が形成する奇形腫中に含まれる歯胚上皮、間葉細胞の探索と、２）in	 vitroにおける神経堤様細胞へ

分化誘導する技術の開発を行った。その結果、形成中の奇形腫内には上皮幹細胞マーカーである p63、歯胚上皮マ

ーカーCK14、象牙芽細胞マーカーnestin陽性の細胞の存在が認められた。また、iPS細胞凝集塊（スフェロイド）

を神経堤細胞分化培地で培養したところ、ほとんどの細胞が神経堤様細胞に分化し、その細胞は歯原性上皮細胞と

の相互作用により歯原性間葉細胞、更には象牙芽細胞に分化ことが示された。以上の結果から、iPS 細胞が歯の再

生に有用な細胞ソースになり得ることが示唆された。 
	 

【成果の概要】	 

1. iPS細胞が歯の細胞へ分化する能力を有していることがわかった。	 
2. iPS細胞由来奇形腫の中に歯原性細胞となりうる細胞が含まれていることが分かった。	 
3. 歯原性間葉細胞の起源となる神経堤細胞をiPS細胞から分化誘導する方法を確立した。	 
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再生医療を目指した HERS上皮鞘細胞株の樹立と歯根形成 
誘導因子の検索 

 

藤原尚樹 1，大津圭史 2，原田英光 1 

岩手医大	 １解剖学講座	 発生生物・再生医学，２歯科先進医療研究センター 

 

【目的】 
歯の発達は歯原性上皮と間葉のクロストークによって行われることが知られる。歯冠形成期にみられるこ

れらの上皮間葉相互作用においては機能する遺伝子やタンパクについて既に多くの報告がある。しかし、イ

ンプラントに代わる未来の歯の再生医療を考えた場合、歯根形成を誘導する因子の探索と歯根形成過程を効

果的に研究できる実験系を確立することは極めて重要である。本プロジェクトでは器官培養系に加え、外因

性因子に対する直接的な反応を観察できる細胞株の樹立を行い、これを生体内で起こる再生過程を再現でき

る移植実験系を組み合わせた、システマティックな実験系を構築するとともに、歯冠形成期から歯根形成期

への移行過程の調節に関わる因子を明らかにすることを目指す。 
 
【成果と考察】 
我々はヘルトヴッヒ上皮鞘（HERS）細胞を ddY mouse下顎第一臼歯歯胚より単離し、その不死化細胞株

の樹立に成功した。我々はこの培養系、免疫不全マウスへの臼歯の他家生体移植実験系と歯冠形成期から歯

根形成期の移行期の歯胚発達を観察することができる器官培養系を組み合わせることにより、HERS細胞株、
HERS組織、そして歯根形成全体への影響について検討する実験系を確立した。これらを用いて外因性タンパ
クの影響について検討した結果、上皮成長因子(Egf)、肝細胞成長因子(Hgf)、あるいは天然低分子化合物であ
るharmineが歯根形成を調節することを明らかにした。歯冠形成期から歯根形成期の移行期に器官培養系に投
与された Egfは星状網細胞の細胞増殖を促進して HERSの形成を阻害し、歯冠形成を継続した。一方で Hgf
とharmineは歯根形成初期のHERS細胞の増殖を促進することでその形成や歯根伸長を促進するとともに、歯
周組織の発達にも促進的な作用を示した。我々の結果は歯根形成や再生の促進因子として、また歯根未完成

歯における根尖閉鎖や、短根歯の歯根形成を促進する治療薬としてHgfやHarminの可能性を示唆する結果で
あると考えている。 

 
【成果の概要】 

１，ヘルトヴィッヒ上皮鞘由来の細胞株を樹立し、新たな実験系を確立した。 
２，EGF は歯冠形成から歯根形成期の移行期に作用することで歯冠形成を持続する作用があることが明らか
となった。 

３，Hgfとharmineは歯根伸長ならびに、歯周組織の発達において、促進的な作用を示した。 
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歯科再生医療のための生体材料の開発と応用に関する研究	 

	 

平	 雅之	 

岩手医大	 医療工学講座	 	 

	 

【目的】	 

（１）顎骨再建では自家骨の利用が第一選択であるが、患者にとって侵襲が大きいため、骨伝導能を有する

骨補填材（人工骨）の新規開発が望まれている。本研究では、Type	 I コラーゲン(溶液)を化学架橋によって

不溶・スポンジ化し、カルシウムイオン溶液とリン酸イオン溶液に交互浸漬して表面にアパタイト結晶を析

出させた後、プレス加工して高密度の骨補填材を調製し、骨伝導能を調べた。	 

（２）成長因子を DDS 基材に担持させて欠損部に埋入すると、成長因子が DDS 基材の生分解に伴い徐放され

て組織再生を誘導させる。成長因子の他、薬剤の徐放も可能である。b-FGFを徐放させると血管新生を促進し、

トリアムシノロンアセトニドは血管新生を阻害する。本研究では、これら両因子を用いて角膜内への血管新

生に及ぼす影響を評価した。	 

（３）骨髄から幹細胞を分離回収するためには磁性材料の利用が有効である。本研究では、サブミクロンサ

イズのCOOH基付き磁性ビーズを活性化エステル化し、ストレプトアビジンを結合させることによって細胞捕

集用磁性ビーズとした。ビオチン標識 1 次抗体でラベルしたターゲット細胞を試作磁性ビーズで捕集し細胞

回収効率に検討を加えた。	 

	 

【成果と考察】	 

（１）プレス体は SEM/EPMA、TF-XRD と FTIR 分析からアパタイト・コラーゲン複合体であることが確認され

た。兎の頸骨骨膜下への埋入実験からプレス体は優れた骨伝導能を有する骨補填材に利用可能なことが確認

された。アパタイトの存在が破骨細胞の遊走、増殖と分化に有効であり、骨リモデリングを効果的に誘導す

ることが明らかとなった。調製した複合体は口唇口蓋裂の治療等に有効と考えられた。今後、コラーゲンの

化学架橋に用いたグルタルアルデヒドをより安全性の高いカルボジイミドに替えること等が期待された。	 

（２）架橋酸性ゼラチンは b-FGF の徐放に効果的であり兎眼の角膜への血管新生を誘導した。ポリ乳酸はト

リアムシノロンアセトニドの徐放に効果的であり兎眼の角膜への血管新生を強力に阻害した。血管新生の制

御（On/Off）は組織再生の誘導に重要であり、今後、この基材と成長因子・薬剤の組合せを口腔組織の再生

誘導に応用することが期待された。	 

（３）試作磁性ビーズを用いて単球の株化細胞株 THP-1 の高効率細胞回収に成功した。マウス骨髄からも間

葉系幹細胞の回収を試みた。後者の幹細胞では回収後の細胞生存率が低かったため、今後、操作時間の短縮

や培養条件のHypoxia化等の改善が期待された。	 

	 

【成果の概要】	 

1. アパタイト・コラーゲン高密度体を調製し、骨補填材としての有用性を確認した。	 
2. 架橋ゼラチンとポリ乳酸をDDS基材として、血管新生の促進と阻害を実現した。	 
3. 磁性ビーズにストレプトアビジン被覆を施し、標的（幹）細胞の回収を実現した。	 
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bFGF徐放性材料を用いた骨再生モデルにおける	 
骨再生と血管新生の検討	 

	 

大橋祐生，杉山芳樹	 

岩手医大	 歯	 口腔外科学講座	 歯科口腔外科学分野	 

	 

【目的】	 

	 口腔外科領域では,骨欠損部の補填材料に人工骨や腸骨などの自家骨が用いられる.しかし,人工骨には異

物反応性や術後感染などの問題点があり,自家骨の移植は患者への負担がある.	 

	 そこで近年,骨欠損に対して再生医学的アプローチが求められている.骨再生の臨床応用に際して,新生血

管による血液循環は,骨形成や感染防御の面において非常に重要であると考えられる.本研究は,bFGF 徐放シ
ステムによる骨再生モデルを用いて,マイクロフォーカスCTにより同一個体の経時的な骨再生の経過を観察
し,再生骨部の連続組織標本により,骨再生と血管新生の関係を明らかにすることを目的とした.	 

【成果】	 

	 マイクロフォーカスCT所見は,実験群において埋入後1週,2週になると軽度の骨再生が認められ4週まで
継続していた.CTデータによる骨体積計測の結果,埋入後2日,1 週,2 週では実験群と対照群との間に有意差
は認められなかったが,4週には対照群に対し実験群では有意に骨体積が増加していた(P＜0.05).	 
	 組織学的評価では,	 新生血管は埋入後1週で,	 対照群に対し実験群は有意に多く観察され(P＜0.05),埋入後
4週でも実験群は有意に多くの新生血管が観察された(P＜0.05).	 

【考察】	 

	 bFGFによる骨再生誘導は,埋入後1週から2週の時期に行われ,4週には骨再生が行われていることが示さ
れた.またbFGFの徐放によって,埋入後1週から多数の新生血管が形成され,埋入後4週における継続的な栄
養供給が行われていることが考えられた.	 

	 bFGF の徐放により新生血管の形成が誘導され,その結果,骨再生が誘導されていることが示唆された.本研
究で示された骨再生における早期の血管誘導は,感染に対する抵抗性を高め,より確実な骨再生をもたらすも

のと考えられる.	 

【成果の概要】	 

１． マイクロフォーカス CTにより,同一個体の骨再生の評価を経時的に行うことができ,対照群と比べ有意
に骨再生を認めることができた.	 

２． 組織学的評価では,bFGF含有	 AGD埋入後4週で活発な再生骨の形成を認めた.また,新生血管は bFGF
含有AGD埋入後1週で微小な血管が多数形成され,4週には血管径が増大していた.	 

３． 新生血管の血液循環により骨再生が促進されていると示唆された.	 
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骨代謝評価方法としての 18F-FDG を用いた PET の役割 

小豆島正典 

岩手医大 歯 総合歯科学講座 歯科放射線学分野 

 

【目 的】 

 再生医療の評価方法の１つとして、CT あるいは PET を用いた非観血的な画像診断があげられる。なかでも PET

は、特定の部位に結合する注射用リガンドが開発できれば極めて有用なモダリティーとなる。本プロジェクトでは、

再生医療の評価としてPETによる骨代謝評価に的を絞り、そのモデルとして骨破壊を伴う歯肉癌を対象にPETを行

った。プロジェクトの初期段階においては、18F-FDG に代わる次世代の PET 用腫瘍トレーサー 18F-Choline の自動

合成装置を実用化し、最終段階では 18F-FDG と 18F-Choline の集積を比較・分析することにより、osteoblast や

osteoclast が PET でイメージングされているか否かを検討することを目的とした。 

 

【成 果】 

1. 18F-Choline を得るために、Sep-Pak メチレーション法に基づいた 18F-Choline 自動合成法を確立した。 

2. 18F-FDG、および 18F-Choline 集積の細胞周期依存性を調べた結果、細胞分裂の頻度が高い細胞集団ほど、

PET 上で高集積としてイメージングされていることが予測された。 

3. 骨代謝評価モデルとして、骨浸潤を伴わない舌癌23 例と顎骨浸潤を伴う歯肉癌16 例を対象に 18F-FDG PET

を分析したところ、トレーサー集積量を示す SUV は舌癌より歯肉癌に対し高値を示した。 

4. 11C-Cholineあるいは 18F-CholineによるPETでは、舌癌と歯肉癌に対して有意な SUVの違いは認められなか

った。すなわちCholineの場合、18Fで標識しようが11Cで標識しようが、顎骨浸潤の有無による集積に違いはな

かった。 

 

【考 察】 

 18F-FDG を用いた PET では、顎骨浸潤を伴う歯肉癌は舌癌より大きな SUV を示した。この理由には２つの可能性

がある。１つは、18F 自身が骨の破壊によって露出されたハイドロオキシアパタイトへ吸着すること、他方は破壊され

た骨や腫瘍細胞に集まっている間質細胞への集積である。しかしながら、18F で標識した Choline は、舌癌に対し
18F-FDGと同等の集積を示すにもかかわらず、歯肉癌に対しては大きな違いを示さない。すなわち18F自身のハイド

ロオキシアパタイトへの吸着の関与は少ないと思われる。これらの成績から、18F-FDGは腫瘍細胞のみならず、骨代

謝に関連する osteoblast や osteoclast などの間質細胞へ集積し、PET では高い SUV としてイメージングされている

ことが明らかになった。 

 

【成果の概要】 

4. 18F-Choline を得るための自動合成法を確立した。 

5. 18F-FDG、および18F-Cholineを用いたPETでは、細胞分裂頻度が高い細胞集団ほど高いSUVとしてイメージ

ングされていることが予測された。 

6. 18F-FDG は骨代謝に関連する osteoblast や osteoclast などの間質細胞へ集積することから、骨代謝の評価とし

て 18F-FDG を用いた PET が有用であることが示された。 
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Abstract: Epithelial-mesenchymal interactions play an important role in the control of ameloblasts and odentoblasts dif-

ferentiation, and the bone morphogenetic proteins (BMPs) are known factors that regulate the differentiation of 

ameloblasts. We examined the effect of BMP-2 on the expression of the enamel matrix protein genes at the dental epithe-

lial cell line. BMP-2 induced a 3- to 4-fold increase in amelogenin and ameloblastin mRNA expression, suggesting that 

BMP-2 is important for ameloblast differentiation. This finding has potential application in the tissue engineering of tooth 

re-constructions. 

INTRODUCTION 

 The interactions between epithelial and mesenchymal 
cells are thought to play an important role in the control of 
proliferation and differentiation of these cells. In tooth de-
velopment, epithelial-mesenchymal interactions also play an 
important role in the control of ameloblast and odentoblast 
differentiation. Amelogenin and ameloblastin, which are 
major proteins of the enamel matrix produced by epithelial 
ameloblasts, are known to play a role in the regulation of 
mineralization of enamel [1,2]. 

 In recent years it has been reported that amelogenin regu-
lates gene expression in the differentiation of some mesen-
chymal cells [3, 4]. The specific amelogenin gene splice 
products induce expression of the bone matrix proteins bone 
sialoprotein (BSP) and BAG-75 in culture and in an implant 
in vivo [5]. We previously demonstrated that the reuptake of 
full-length amelogenin protein results in increased levels of 
amelogenin mRNA through enhanced mRNA stabilization 
[6,7]. These findings indicated that amelogenin proteins are 
important for both ameloblast and odentoblast differentiation 
in an autocrine or paracrine manner. 

 Bone morphogenetic proteins (BMPs) are also known 
factors that regulate terminal differentiation of ameloblasts 
and induce secretion of amelogenin [8-10]. BMP-2 is one of 
the most potent cytokines

 
that stimulates osteoblast differen-

tiation and bone formation [11,12]. BMP-2 functions to 
regulate the expression of transcriptional factors such as Pitx 
or Msx to mediate epithelial-mesenchymal interactions dur-
ing tooth morphogenesis [13,14]. However, the effect of 
BMP-2 on the gene expression of the enamel matrix proteins 
is not well understood. 
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 In the present study we examined the effect of BMP-2 on 
the gene expression of the enamel matrix proteins at the den-
tal epithelial cell line. BMP-2 induced up-regulation of 
amelogenin and ameloblastin mRNA expression. This find-
ing has potential application in the tissue engineering of 
tooth re-constructions. 

MATERIALS AND METHODS 

Cell Culture 

 HAT-7 cells, a dental epithelial cell line originating from 
the apical bud of a rat incisor [6,7,15], were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM)/F-12 (GIBCO 
BRL, USA) supplemented with 10% fetal bovine serum and 
penicillin (100 units/ml)/streptomycin (100 μg/ml). All cul-
tures were maintained in a humidified atmosphere of 5% 
CO2 at 37°C. Recombinant human BMP-2 was purchased 
from R & D Systems Inc. (USA, MN). 

RNA Extraction and Real-Time PCR Analysis 

 The mRNA levels of differentiation-related marker genes 
were determined by quantitative real-time PCR as described 
previously [6,7,16-19]. Briefly, total RNA was extracted at 
various points with ISOGEN (Nippon Gene, Japan). A 4-μg 
amount of total RNA was reverse transcribed into cDNA 
with Super Script First-Strand Synthesis System (Invitrogen, 
USA) according to the supplier’s protocol. Normalization 
was performed using the housekeeping gene, glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH) expression as 
an endogenous control in the same reaction as the gene of 
interest. The primers for real-time PCR were designed with 
PrimerExpress software (AB Applied Biosystems) based on 
the sequence of the target gene. The primers were as follows: 
for amelogenin, forward: 5'-TGGGAGCCCTGGTTATATC 
AA-3', reverse: 5'-GCTGCCTTATCATGCTCTGGTA-3'; 
for ameloblastin, forward: 5'-TTCACCCAAGGGAGGAGA 
CTT-3', reverse: 5'-CTCTCCTTTCTCAGGGCCTTTAGT-
3'; for keratin 14, forward: 5'-GGACCTGAGCCGCATCCT-
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3', reverse: 5'-TCCACATCTTTGCGGTTCTTC-3'; for GAP 
DH, forward: 5'-GCCCCCAACACTGAGCAT-3', reverse: 
5'-CCAGGCCCCTCCTGTTGT-3';  

RESULTS 

Effects of BMP-2 on the Gene Expression of Enamel Ma-
trix Proteins in HAT-7 Cells 

 To investigate the effects of BMP-2 on dental epithelial 
cells, we analyzed the mRNA expression levels of enamel 
matrix protein genes and keratin 14 (as a control) in HAT-7 
cells in the presence or absence of BMP-2. We found that 
100 ng/ml of BMP-2 induced up-regulation of endogenous 
amelogenin and ameloblastin mRNA expression in HAT-7 
cells (Fig. 1). No significant change in the expression of 
keratin 14 was observed, and thus enamel matrix protein 
genes might be specifically regulated by BMP-2 in HAT-7 
cells. 

 
Fig. (1). Effect of BMP-2 treatment on the gene expression of 

enamel matrix proteins and keratin. HAT-7 cells were treated with 

100 ng/ml BMP-2 for 3 days and mRNA expression measured by 

real time RT-PCR. Data were normalized to non-treatment gene 

expression. Each column represents the mean+S.D. (n=4). 

Expression Time-Course of Ameloblastin Gene Expres-

sion After Treatment with BMP-2 

 To determine the expression time-course of the 
ameloblastin gene, quantitative real-time RT-PCR analysis 
was performed on HAT-7 cells that had been treated with 
BMP-2 for 0, 1, 2 or 3 days. As shown in Fig. (2), BMP-2 
induced ameloblastin mRNA expression in a time- and dose-
dependent manner. These results suggest that BMP-2 in-
duces enamel matrix protein genes in dental epithelial cells. 

DISCUSSION 

 BMP-2 signaling consists of a receptor complex that ac-
tivates Smads and a Smad-containing complex that controls 
transcription of the downstream target genes, with DNA-
binding factors, such as CREB-binding protein(CEP)[20]. 
The promoter structures of amelogenin and ameloblastin 
have been identified [21-23]. The amelogenin promoter con-
tains regulatory elements of CEP. This suggests that BMP-2 
activates transcription of amelogenin gene through CEP. 

 It has been reported that BMP-2 was detected at the api-
cal and basal poles of preameloblasts in the developing 
mouse first lower molar [24], and, BMP-2, which induces 
ameloblast differentiation in vitro enamel organ culture [9]. 
These studies suggested that BMP-2 play a role on the 
ameloblasts differentiation. It has been also shown that 
BMP-2 and BMP-4 were expressed in the enamel knot, and 
they may play an important role in the control of tooth 
morphogenesis [25,26]. Amelogenin and ameloblastin are 
two major enamel matrix proteins, counting for 90% and 5-
10% of enamel matrix proteins, respectively. Our results 
showed that BMP-2 induced amelogenin and ameloblastin 
mRNA expressions in the ameloblast-like cell line. These 
findings will provide a molecular evidence of that BMP-2 
induced the differentiation of ameloblasts. 

 
Fig. (2). The expression time-course of ameloblastin gene expres-

sion after treatment with BMP-2. Ameloblastin mRNA expression 

was measured by real time RT-PCR. Data were normalized to glyc-

erol aldehyde dehydrogenase gene expression. Data represents the 

mean+S.D. (n=4). 
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Abstract In tooth development matrix metalloproteinases
(MMPs) are under the control of several regulatory mecha-
nisms including the upregulation of expression by inducers
and downregulation by inhibitors. The aim of the present
study was to monitor the occurrence and distribution pat-
tern of the extracellular matrix metalloproteinase inducer
(EMMPRIN), the metalloproteinases MMP-2 and MT1-
MMP and caveolin-1 during the cap and bell stage of rat
molar tooth germs by means of immunocytochemistry.
Strong EMMPRIN immunoreactivity was detected on the
cell membranes of ameloblasts and cells of the stratum
intermedium in the bell stage of the enamel organ.
DiVerentiating odontoblasts exhibited intense EMMPRIN

immunoreactivity, especially at their distal ends. Caveolin-
1 immunoreactivity was evident in cells of the internal
enamel epithelium and in ameloblasts. Double immunoXu-
orescence studies revealed a focal co-localization between
caveolin-1 and EMMPRIN in ameloblastic cells. Finally,
western blotting experiments demonstrated the expression
of EMMPRIN and caveolin-1 in dental epithelial cells
(HAT-7 cells). A substantial part of EMMPRIN was
detected in the detergent-insoluble caveolin-1-containing
low-density raft membrane fraction of HAT-7 cells sug-
gesting a partial localization within lipid rafts. The diVeren-
tiation-dependent co-expression of MMPs with EMMPRIN
in the enamel organ and in odontoblasts indicates that
EMMPRIN takes part in the induction of proteolytic
enzymes in the rat tooth germ. The localization of EMM-
PRIN in membrane rafts provides a basis for further inves-
tigations on the role of caveolin-1 in EMMPRIN-mediated
signal transduction cascades in ameloblasts.

Keywords Rat · Tooth germ · MMP · EMMPRIN · 
Caveolin

Introduction

Teeth are formed by the ectoderm-derived oral epithelium
and neural crest-derived ectomesenchymal cells. First sign
in the tooth development is a thickening of the oral epithe-
lium, which invaginates in the underlying mesenchyme and
forms the bud, cap and bell of the tooth germ. At the bell
stage, the enamel organ components include preameloblasts
and their progenitors, the internal enamel epithelium, the
stratum intermedium, and the stellate reticulum epithelial
cells of the outer enamel epithelium. In the late bell stage,
ectomesenchymal cells of the dental papilla diVerentiate
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into polarized odontoblasts and secrete the dentin matrix,
whereas ameloblasts derived from the internal enamel epi-
thelium synthesize the enamel matrix (for review see Thes-
leV and Aberg 1999).

Throughout odontogenesis, an intense remodeling of the
extracellular matrix facilitates the migration of cells and the
mesenchymal condensation (Chin and Werb 1997). Fur-
thermore, the speciWc cleavage of tooth-speciWc matrix pro-
teins in the predentin and in the enamel matrix is involved
in the regulation of the mineralization process of dental
hard tissues (Simmer and Hu 2002; Fanchon et al. 2004). It
is therefore evident that matrix metalloproteinases (MMPs)
take part in the remodeling of the ECM concomitant with
the tooth development.

MMPs can be subdivided into two groups, soluble and
membrane-type MMPs (MT-MMPs). The soluble MMPs
are expressed as inactive pro-enzymes that become acti-
vated in the extracellular environment. MT-MMPs are
intracellularly activated and anchored in the plasma mem-
brane. MT-MMPs were identiWed as activators of soluble
MMPs and were also shown to be able to degrade extra-
cellular matrix proteins (Hamacher et al. 2004).

In addition to the proteolytic activation of pro-MMPs
or to the inhibitory eVects by endogenous inhibitors,
MMPs are regulated transcriptionally by cytokines or
growth factors (Tsuruda et al. 2004). Several studies for
MMP inducing factors in tumor cells lead to the identiW-
cation of EMMPRIN/CD147/basigin, a highly glycosy-
lated transmembrane protein (Ellis et al. 1989; Kataoka
et al. 1993). The term EMMPRIN reXects its Extracellular
Matrix Metalloproteinase Inducer activity. Depending on
the cell system, EMMPRIN can stimulate the production
of MMP-1, MMP-2, MMP-3 and MT1-MMP (MMP-14)
(Gabison et al. 2005). Furthermore, the EMMPRIN stimu-
lation of MMP synthesis is dependent on N-glycosylation
of its extracellular domain. Recent data have shown that
the less glycosylated (LG) EMMPRIN is associated with
caveolin-1 on the surface of multiple cell types resulting
in reduced EMMPRIN clustering on the cell surface and
therefore, diminished MMP expression (Tang and Hemler
2004).

The presence of EMMPRIN in non-tumoral tissues sug-
gests a role in physiological processes, which may be asso-
ciated with increased production of MMPs (Toole 2003).
Findings on the occurrence of EMMPRIN in dental devel-
opment are rare (Kumamoto and Ooya 2006).

The aims of the present immunocytochemical and bio-
chemical study were as follows: (1) to examine the distribu-
tion pattern of EMMPRIN in the developing tooth germ,
especially in cells responsible for odontogenesis (odonto-
blasts) and amelogenesis (ameloblasts), (2) to investigate
the co-expression of EMMPRIN with MMPs and (3) to
study, whether EMMPRIN colocalizes with caveolin in the

tooth germ as well as in cultured cells of the ameloblastic
lineage.

Material and methods

Antibodies for the detection of EMMPRIN, caveolin, 
MMP-2, MT1-MMP and cytokeratin 14 in immunocyto-
chemical staining and western blotting experiments

Monoclonal mouse caveolin-1 antibody and polyclonal rab-
bit anti-caveolin-(1–3) antiserum were obtained from
Transduction Laboratories (distributed by BD Biosciences,
Heidelberg, Germany). The antiserum against CD147/
EMMPRIN was purchased from Santa Cruz (Santa Cruz,
Biotechnology, Inc., Santa Cruz, CA). The antibodies
against MMP-2 and MT1-MMP were obtained from Chem-
icon (Chemicon Europe, Hampshire, UK). The polyclonal
rabbit anti-cytokeratin(CK) 14 antiserum was a gift by
Dr. B. Lane (Dundee, UK).

Immunocytochemistry of tissue samples

Total heads of fetal (E18; n = 2) and newborn male and
female Wistar rats (n = 6) were Wxed in 4% buVered forma-
lin for 5 h at room temperature (RT), washed, dehydrated,
and embedded in paraYn. Sections of 5 �m were cut and
mounted on silane-coated glas slides. The sections were
dewaxed, and irradiated with microwaves in 0.01 M
sodium citrate buVer (pH 6.0), 2 £ 5 min at 850 W. After
washing in phosphate-buVered saline (PBS; pH 7.4), the
sections were treated with 0.3% hydrogen peroxide for
30 min, and then incubated for 1 h at 37°C with the primary
antibodies: polyclonal goat anti-CD147 (EMMPRIN)
(Santa Cruz 1:2,000); monoclonal mouse anti-MT1-MMP
(Chemicon 1:1,200); monoclonal mouse anti-MMP-2
(Chemicon 1:200); monoclonal mouse anti-caveolin-1 (BD
1:400); polyclonal rabbit anti-caveolin (BD 1:800); poly-
clonal rabbit anti-CK14 antiserum (Dr. B. Lane, 1:1,600).
The antibodies were detected with biotinylated secondary
antibodies, followed by the incubation with streptavidin/
biotin–peroxidase complex (Vectastain Elite, Vector; Bur-
lingame, CA). The peroxidase activity was visualized with
3-3�-diaminobenzidine/H2O2.

For double-immunoXuorescence experiments, sections
were incubated with the polyclonal goat anti-CD147
(1:200) overnight at 4°C, washed with PBS and incubated
with Alexa Fluor® 555 donkey anti-goat IgG (1:200)
(Molecular Probes; Eugene, OR, USA) for 0.5 h at 37°C,
and washed again in PBS. Then, the sections were incu-
bated with the polyclonal rabbit anti-caveolin-1 antiserum
(1:40) overnight at 4°C. Finally, the sections were incu-
bated with Alexa Fluor® 488 donkey anti-rabbit IgG
123
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(1:200) (Molecular Probes) for 1 h at 37°C and washed in
PBS.

In another double-label experiment, sections were incu-
bated with the polyclonal goat anti-CD147 (1:200) over-
night at 4°C, washed with PBS and incubated with Alexa
Fluor® 555 donkey anti-goat IgG (1:200). Then, sections
were incubated with the monoclonal mouse anti-MMP-2
(1:50) (Chemicon) overnight at 4°C. After further washings,
sections were incubated with Alexa Fluor® 488 donkey anti-
mouse IgG (1:200) (Molecular Probes) for 1 h at 37°C.

Finally, sections were mounted in PBS-glycerol (1:9)
containing 2.5% 1,4-diazabicyclo (2.2.2) octane (DABCO;
Sigma, Germany) to prevent fading.

For controls, the primary antibodies were replaced with
either non-speciWc goat or rabbit immunoglobulins or irrel-
evant hybridoma supernatant.

Immunocytochemistry of HAT-7 cells

For the immunocytochemical detection of CK14, cells were
embedded in Wbrin and Wxed with 4% buVered formaline
(for detailed description see Koslowski et al. 2004). BrieXy,
the culture medium was removed and cells were washed
with PBS, scraped oV and collected by centrifugation. Cells
were carefully mixed with Wbrin glue (Tissuecoll Duo S;
Immuno, Heidelberg, Germany) and Wbrin was coagulated
with thrombin solution (Immuno). After Wxation with neu-
tral-buVered formaline (1 h, 4°C) and washing with PBS
for 30 min, cells were embedded in paraYn. Sections of
5 �m were mounted on silane-coated slides. After washing
in phosphate-buVered saline (PBS pH 7.4), the sections
were treated with 0.3% hydrogen peroxide for 30 min,
incubated with respective normal serum and then incubated
for 1 h at 37°C with the polyclonal rabbit anti-CK14 antise-
rum (1:3,200; Dr. B. Lane, Dundee, UK). The antiserum
was detected with biotinylated secondary antibody, fol-
lowed by incubation with streptavidin/biotin-peroxidase
complex (Vectastain Elite, Vector; Burlingame, CA). The
peroxidase activity was visualized with 3-3�-diaminobenzi-
dine/H2O2.

Double-immunoXuorescence of caveolin-1 and EMM-
PRIN was carried out in the same way as described above.

Preparations were examined and photographed in a
Nikon microscope (Optiphot-2; Nikon Corporation, Japan).
Fluorescence microscopic studies were performed using an
Olympus BX60 microscope (Olympus, Hamburg, Ger-
many) or in a Leica confocal laser scanning microscope
(TCS 4D; Leica, Bensheim, Germany).

Cell culture of HAT-7 cells

HAT-7 cells originate from a dental epithelial cell line
originating from the apical bud of a rat incisor (A detailed

description of the preparation procedure and of cell charac-
teristics is given by Kawano et al. 2004).

Cells were cultured in Dulbecco’s ModiWed Eagle’s
medium (DMEM)/Ham’s F12 supplemented with 10%
fetal bovine serum, penicillin (100 Units/ml) and strepto-
mycin (100 Units/ml). All cultures were maintained in
humidiWed atmosphere of 5% CO2 at 37°C.

Triton X-100 solubility

ConXuent cells of a T75 Xask were washed twice with ice-
cold PBS, pH 7.2, 500 �l MBS (25 mM Mes, pH 6.5,
150 mM NaCl) containing 1% Triton X-100 plus protease
inhibitors. After 30 min incubation on ice, the soluble frac-
tion was collected. The remaining Triton X-100 insoluble
fraction was dissolved by adding 500 �l of 1% SDS to the
T75 Xask and passed through a 26-gauge needle 10 times in
order to lower its viscosity. Equal volumes of the Triton
X-100 soluble and insoluble fractions were separated by
SDS-PAGE and subjected to Western blot analysis as
described above.

SDS-PAGE and western blot analysis

Samples were loaded onto 12% SDS polyacrylamide gels
and separated according to Laemmli (Laemmli 1970). The
separated proteins were transferred to a PVDF-membrane.
After blocking in PBS-T (137 mM NaCl, 2.7 mM KCl,
6.7 mM Na2HPO4·2H2O, 1.5 mM KH2PO4, 0.1%
Tween20; pH 7.2–7.5) containing 5% nonfat dry milk for
1 h at RT or overnight at 4°C the membrane was incubated
with monoclonal mouse anti-caveolin-1 (clone 2297; BD
Biosciences, Pharmingen, USA; 1:1,000), polyclonal goat
anti-CD147 (G-19; Santa Cruz Biotechnology Heidelberg,
Germany; 1:500), monoclonal mouse anti-T1� (1:2,000, a
gift by Dr. Mary Williams, Boston, MA, USA), monoclo-
nal mouse anti-human transferrin receptor (TfR) (Clone
H68.4, Zymed Laboratories INC., South San Franscisco,
US; 1:500), polyclonal rabbit anti-protein disulWde isomer-
ase (PDI) (StressGen Biotechnologies Corp., Victoria, Can-
ada; 1:750) and polyclonal rabbit anti-�-coatomer protein
(�-Cop) (Ongogene Research Products, Boston, US; 1:750)
for 2 h at RT or overnight at 4°C. Next, the membrane was
washed three times for 10 min and reacted with secondary
HRP conjugated antibodies (ECL anti-mouse IgG, Amer-
sham Biosciences, Buckinghamshire, UK, 1:4,000; goat
anti-rabbit IgG, Bio-Rad Laboratories, Hercules, CA;
1:2,000, or rabbit anti-Syrian-hamster IgG, Jackson Immu-
noResearch Lab., distributed by Dianova, Hamburg, Ger-
many, 1:10,000) for 1 h at RT. The chemiluminescent
signal was generated by using ECL™ western blot analysis
detection reagents (Amersham Biosciences, Uppsala, Swe-
den) and detected by Image Reader LAS-3000 (FujiWlm).
123



198 Histochem Cell Biol (2007) 128:195–203
Preparation of detergent-insoluble membrane fractions

Preparation of detergent-insoluble membrane fractions was
carried out as described previously (Iwabuchi et al. 1998)
with minor modiWcations. ConXuent HAT-7 cells of six
T75 Xask were washed twice with ice-cold PBS, pH 7.2 and
then scraped in 1 ml of ice-cold MBS (25 mM Mes, pH 6.5,
150 mM NaCl) containing 1% Triton X-100 plus protease
inhibitors. After 30 min the lysate was centrifuged at
2,000£g for 10 min. The supernatant was removed from
the pellet and stored on ice. The pellet was resuspended in
ice-cold MBS (25 mM Mes, pH 6.5, 150 mM NaCl) con-
taining protease inhibitors. The cells were passed through a
tight Wtting dounce homogeniser 10 times and mixed with
an equal volume of 80% sucrose (prepared in MBS lacking
Triton X-100) and transferred to an ultracentrifuge tube.
1.4 ml 35% sucrose and 0.8 ml 5% sucrose in MBS
(25 mM Mes, pH 6.5, 150 mM NaCl) containing protease
inhibitors were bedded on the top of the lysate. The gradi-
ent was centifuged at 200,000£g for 20 h in a MLS 50
rotor (Beckman Coulter, Palo Alto, CA). Fourteen 300 �l
fractions were collected, beginning from the top of the tube.
Aliquots (20 �l) of each fraction were subjected to SDS-
PAGE and western blot analysis. Experiments were per-
formed at 4°C.

Results

In the cap stage, the enamel organ is concave on the surface
in relation to the dental papilla. The bell stage of the molar
tooth germ represents sequences of early dentinogenesis
and early amelogenesis in the same specimen. The four lay-
ers of the enamel organ (i.e., the internal enamel epithe-
lium, the stratum intermedium, the stellate reticulum, and
the external enamel epithelium) enclose the undiVerentiated
and condensed mesenchymal cells of the dental papilla. In

the area of the future tooth cusp, cells of the adjacent sur-
face of the dental papilla begin to diVerentiate to form the
odontoblast layer. In the bell stage of the enamel organ,
cells of the internal epithelium diVerentiate into the highly
spezialized ameloblasts. Stratum intermedium cells were
located at the proximal end of the ameloblasts and formed
two or three cell layers. Table 1 summarises the distribution
pattern of EMMPRIN, MMPs and caveolin-1 in diVerent
cell types in tooth germs of newborn rats (bell stage of the
enamel organ).

Developmental distribution of EMMPRIN, MMP-2, 
MT1-MMP and caveolin-1 in the tooth 
germ-immunocytochemical detection

EMMPRIN 

Occurrence of cells that were positive after immunoreaction
(IR) with EMMPRIN antiserum varies during ameloblast
development (Fig. 1a, b). In the cup stage of the enamel
organ, cells of the internal enamel epithelium expressed
moderate immunoreactivity for EMMPRIN (Fig. 1a). In the
bell stage of the enamel organ (Fig. 1b), the column-shaped
preameloblasts and ameloblasts expressed a strong granular
reaction pattern. IR was localized in the basolateral mem-
branes and in the apical region of ameloblasts, the Tomes’
process. In addition, we found EMMPRIN in the contact
region between ameloblasts and stratum intermedium cells
and in the stratum intermedium proper.

In contrast, the stellate reticulum and cells of the exter-
nal enamel epithelium expressed only weak immunoreac-
tivity for EMMPRIN.

In the dental papilla, there was only weak EMMPRIN
immunoreactivity in some mesenchymal cells. In contrast,
the odontoblastic cell layer exhibited a strong membranous
EMMPRIN-IR, particularly at the basolateral cell mem-
branes and in the odontoblastic processes (Tomes Wbres).

Table 1 Distribution of EMMPRIN, MT1-MMP, MMP-2 and caveolin-1 in the tooth germs of newborn rats (bell stage of the enamel organ)

¡ Not detectable, (+) weak immunoreactivity on isolated cells, + weak immunoreactivity in the majority of cells, ++ strong reaction in the majority
of cells, +++ all cells with strong immunoactivity 
a Blood vessels

EMMPRIN MT1-MMP MMP-2 Caveolin-1

Enamel organ

Outer enamel epithelium (+) (+) (+) +

Stellate reticulum (+) (+) (+) +

Stratum intermedium + (+) ++ +

Internal enamel epithelium ++ ++ +++ ++

Ameloblasts +++ +++ +++ +++

Dental papilla (+) (+) + ++a

Odontoblasts +++ ++ ++ (+)
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MT1-MMP, MMP-2

The IR pattern of MT1-MMP and MMP-2 in the enamel
organ correlated with the distribution of EMMPRIN
(Fig. 1c–e). Immunoreactivities for MT1-MMP (Fig. 1c)
and MMP-2 (Fig. 1d, e) were observed in cells of the inter-
nal enamel epithelium in the cap stage (not shown) and bell
stage of the enamel organ and ameloblasts, notably in the
apical region of cells. Double-label experiments showed
only negligible co-localization between EMMPRIN and

MMP-2 (Fig. 1d). In the dental papilla, the immunohisto-
chemical staining for both metalloproteinases was more
evident in odontoblasts than in undiVerentiated cells.

Caveolin-1

Expression of caveolin-1 occurred predominantly in epithe-
lial cells of the internal enamel epithelium and in ameloblasts
(Fig.1f, g). In addition, IR for caveolin-1 was found in endo-
thelial cells of surrounding blood vessels. Mesenchymal cells

Fig. 1 Photomicrographs demonstrate immunoreactivity (IR) for
EMMPRIN, MT1 MMP, MMP-2 and caveolin-1 in paraYn sections of
rat tooth germ tissue. a Cells of the inner enamel epithelium (cap stage
of the enamel organ) show intense EMMPRIN IR (Alexa-coupled).
b Ameloblasts as well as odontoblasts (bell stage of the enamel organ)
exhibite strong EMMPRIN IR. Note the IR in the borderline between
ameloblasts and the stratum intermedium. Mesenchymal cells of the
dental papilla are only weakly immunoreactive. c MT1-MMP IR is
present in the apical region of cells of the inner enamel epithelium (bell
stage). d MMP-2 IR is present in the cell membrane of cells in the inner
enamel epithelium (bell stage). Double-label experiments demonstrate
only weak co-localization (yellow-colored areas) between MMP-2
(FITC-coupled) and EMMPRIN (Alexa-coupled). e Intense MMP-2

IR is seen in the apical and basal region of ameloblasts and in the apical
region of odontoblasts. Note the positive IR pattern of ameloblasts and
odontoblasts correspondent to the EMMPRIN expression in b. f, g
Caveolin-1 IR is detected in cells of the enamel organ (bell stage).
Cells of the inner enamel epithelium (f) and ameloblasts (g) show in-
tense IR in their lateral cell membrane (asterisks blood vessel). Dou-
ble-label experiments of caveolin-1 (FITC coupled) and EMMPRIN
(Alexa-coupled) reveal colocalization of both antigens in the yellow-
colored areas of the cell membrane (g). Scale bar: a 100 �m, b–f
50 �m, g 25 �m. Abbreviations: Am ameloblast; DL dental lamina;
EEE external enamel epithelium; IEE internal enamel epithelium; EO
enamel organ; Od odontoblast; SI stratum intermedium; SR stellate
reticulum
123



200 Histochem Cell Biol (2007) 128:195–203
of the dental papilla and odontoblasts were mostly immuno-
negative for caveolin-1 (Fig. 1f). Both the IR with the mono-
clonal caveolin-1 antiserum and the anti-caveolin-(1–3)
antiserum exhibited the same distribution pattern of caveolin
(data not shown).

Confocal microscopic images from double-label experi-
ments appeared to show some co-localization between
caveolin-1 and EMMPRIN in the cell membranes of amelo-
blasts as well as in the cell membranes of the internal
enamel epithelium (Fig. 1g).

Detection of EMMPRIN and caveolin-1 in HAT-7 cells

Characterization of HAT-7 cells by the immunocytochemi-
cal detection of CK14 and double-lable immunoXuores-
cence of EMMPRIN and caveolin-1

To characterize HAT-7 cells we used CK14 as a marker of
ameloblast-lineage cells (Tabata et al. 1996). The intense
IR of HAT-7 cells coincides with the expression pattern of
CK14 in cells of the enamel organ (e.g. in cells of the inter-
nal and external enamel epithelium and in the stratum inter-
medium) (Fig. 2a, b). In contrast, mesenchymal cells of the
dental papilla were immunonegative for CK14.

To examine the possible co-localization of EMMPRIN
with caveolin-1 in HAT-7 cells, we analyzed the immuno-
cytochemical co-localization of both antigens in paraYn-
embedded cells by double labeling technique. Merged
immunoXuorescence pictures indicate a partial co-localiza-
tion of EMMPRIN and caveolin-1 at cell membranes
(Fig. 2c).

Isolation of lipid rafts and localization of EMMPRIN 
and caveolin-1

Insolubility in the detergent Triton X-100 is a well-recog-
nized biochemical characteristic of proteins localized in
lipid rafts (Fig. 3). We therefore, analyzed the Triton X-100
solubility of EMMPRIN protein prepared from HAT-7 cell
membrane fractions, along with the raft marker caveolin-1
and the non-raft marker T1� (an integral membrane protein
expressed strongly in the plasma membrane of both type I
alveolar epithelial cells and lymphatic endothelial cells in
the lung (Rishi et al. 1995; Williams et al. 1996) (Fig. 3a).
As expected, caveolin-1 was predominantly found in the
detergent-insoluble raft fraction, and T1� was present only
within the non-raft fraction of the membrane. Interestingly,
although the majority of EMMPRIN protein was Triton
X-100-soluble, a signiWcant proportion was found within
the Triton X-100 insoluble fraction, suggesting a partial
localization in lipid rafts.

Another main characteristic of lipid rafts is low buoyant
density in sucrose gradient centrifugation. We isolated raft-
like membranes using Triton X-100 treatment at 4°C
(Fig. 3b). When rafts were prepared using Triton X-100
treatment followed by sucrose density gradient centrifuga-
tion, signiWcant amounts of EMMPRIN were detected in
the caveolin-1-containing low-density raft fractions
(Fig. 3b, lanes 4, 5). EMMPRIN was also detected in the
high-density fractions along with markers of the Golgi
apparatus and endoplasmic reticulum (�-COP and PDI). In
addition, isolated lipid rafts were devoid of intracellular
membrane markers for the Golgi apparatus and the

Fig. 2 a, b Photomicrographs demonstrate immunoreactivity (IR) for
CK14 in paraYn sections of rat tooth germ tissue. Cells of the enamel
organ (a) as well as HAT-7 cells (b) show intense IR. c Double-label
experiments of caveolin-1 (FITC-coupled) and EMMPRIN (Alexa-
coupled) in paraYn-embedded HAT-7 cells reveal co-localization of

both antigens in yellow-colored areas of the cell membrane. Scale bar:
a, b 50 �m; c 20 �m. Abbreviations: Am ameloblast; EEE external
enamel epithelium; IEE internal enamel epithelium; Od odontoblast;
SR stellate reticulum.
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endoplasmic reticulum. Transferrin receptor (TfR), a
marker of the non-raft fraction of the plasma membrane
(Macdonald and Pike 2005), was mainly found in high-den-
sity fractions, although very small amounts (compared to
caveolin-1 and EMMPRIN) were also present in the low-
density fractions.

Discussion

In this study, we demonstrate the expression of EMMPRIN
not only in cells of the inner enamel epithelium and stratum
intermedium cells of the enamel organ as previously
described by Kumamoto and Ooya (2006), but also in
ameloblasts and in cells of the odontoblastic layer in the
dental papilla. In addition, we tested the dental epithelial
cell line HAT-7 for the expression and subcellular localiza-
tion of EMMPRIN. The cell lysates revealed two major
forms of EMMPRIN (55 and 57 kDa) by western blot
assay, indicating that the EMMPRIN proteins in HAT-7
cells are modiWed by diVerent modes of glycosylation.

Furthermore, the expression pattern of EMMPRIN coin-
cides with the occurrence of MMPs in the enamel organ
and in odontoblasts. This is, to our knowledge, the Wrst
description of EMMPRIN in normal amelo- and odonto-
blasts.

EMMPRIN expression has been detected in some ame-
loblastomas indicating that EMMPRIN might participate in
the progression of some odontogenic tumors by inducing
MMPs in stromal cells (Kumamoto and Ooya 2006). In

contrast, our study points out the involvement of EMM-
PRIN in the induction of MMPs in normal dental develop-
ment.

The precise molecular function of EMMPRIN is largely
unclear. Beside heterophilic interactions between EMM-
PRIN and a putative EMMPRIN receptor on opposing
cells, the MMP-inducing function of EMMPRIN involves
the molecule acting as counter-receptor for itself, by homo-
philic interactions in cis or trans (for review see Toole
2003). An important point concernes the EMMPRIN
immunoreactivity detected at contact sites between the
ameloblastic cell layer and the stratum intermedium cells.
The evidence that preameloblasts cannot diVerentiate into
secretory ameloblasts without stratum intermedium cells
suggests that cell–cell-interactions play an essential role in
the diVerentiation process of ameloblasts (Sakakura et al.
1989). Several transmembrane proteins such as the gap
junction protein connexin 43 and the cell adhesion receptor
CD44 take part in the cross-talk between stratum interme-
dium cells and ameloblasts (Nakamura and Ozawa 1997;
Joao and Arana-Chavez 2003). Therefore, we suggest that
heterotypic interactions between cells of the stratum inter-
medium and those of the ameloblastic layer take part in
EMMPRIN-induced expression of MMPs in ameloblasts.

The signal transduction pathways downstream of EMM-
PRIN interactions that result in MMP production are not
yet established. In Wbroblasts, the induction of MMPs by
EMMPRIN occurs at the transcription level and is mediated
by a mitogen activated protein kinase(MAPK) p38 pathway
(Lim et al. 1998). In another study, 5-lipoxygenase and

Fig. 3 a Solubility of caveolin-1, EMMPRIN and T1� in Triton X-
100. HAT-7 cells were lysed in a buVer containing 1% Triton X-100 to
obtain soluble and insoluble fractions. Equal volumes of each fraction
(100 �l) were analyzed by western blot analysis using caveolin-1,
EMMPRIN or T1� speciWc antibodies. Caveolin-1 was used as marker
of the lipid rafts, and T1� as a marker of the non-raft fraction. b Char-
acterization of membrane fractions prepared by Triton X-100 from
HAT-7 cells. HAT-7 cells were homogenized in a buVer containing 1%

Triton X-100 and subjected to sucrose density gradient centrifugation
as described under “Materials and Methods”. Thirteen fractions were
collected (fraction 1, top of the gradient; fraction 13, bottom of the gra-
dient) and aliquots of each fraction were subjected to western blot anal-
ysis with antibodies against caveolin-1, EMMPRIN, TfR, �-Cop and
PDI. Caveolin-1 was enriched in fractions 4–6, representing the caveo-
lae-enriched membrane fractions
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phospholipase A2 have been implicated in MMP-2 produc-
tion (Yan et al. 2005). It remains unclear, which signalling
pathway is utilized by EMMPRIN in ameloblasts or odon-
toblasts.

In this study, we demonstrated the co-expression of
EMMPRIN and MMPs in cells of the enamel organ and in
diVerentiating odontoblasts. However, it is diYcult to
address the expression of MMPs to the action of EMM-
PRIN. We assume that EMMPRIN alone does not appear to
regulate the production of MMP in ameloblasts or odonto-
blasts. In human odontoblasts and pulp tissue, MT1-MMP
is constitutively expressed and downregulated by TGF�
and BMP-2 (Palosaari et al. 2002). The stronger EMM-
PRIN expression in the odontoblastic layer compared to
that in undiVerentiated cells of the dental papilla is proba-
bly related to the cellular diVerentiation programme in the
developing tooth germ.

In the current study, immunoXuorescence double label-
ing experiments indicate a focal co-localization between
caveolin-1 and EMMPRIN immunoreactivities in cell
membranes of ameloblasts and in inner enamel epithelial
cells. Furthermore, we tested the dental epithelial cell line
HAT-7 for the expression of EMMPRIN and caveolin-1.
EMMPRIN was detectable in the Triton-soluble as well as
in the Triton-insoluble fraction of HAT-7 cells. Further-
more, experimental datas from sucrose density gradient
centrifugation of Triton X-100-insoluble membranes pro-
vide evidence that support the possibility of an association
of a discrete portion of EMMPRIN with lipid rafts.

Caveolin-1 constitutes not only the structural protein of
caveolar raft membranes, but also concentrates many signal-
ling molecules in caveolae and regulates their activity
(Krajewska and Maslowska 2004). Therefore, we assume a
regulatory role of caveolin-1 in the EMMPRIN-induced
expression of MMPs. Further in vitro studies are necessary
concerning the role of caveolin-1 in cells of the enamel organ.

The detection of MT1-MMP and MMP-2 in the enamel
organ and in odontoblasts is in line with a growing body of
Wndings that highlight the critical role of MMPs on the for-
mation and mineralization of dentin and enamel matrices
(Caron et al. 1998; Satoyoshi et al. 2001; Yoshiba et al.
2003; Bourd-Boittin et al. 2005). MT1-MMP is a cellular
receptor for and activator of pro-MMP-2, which forms a tri-
molecular complex on the cell surface with TIMP-2 (for
review see (Seiki 1999). In odontoblasts, MT1-MMP acti-
vates not only pro-MMP-2, but also MMP-20 (Enamelysin)
(Palosaari et al. 2002). Besides its gelatinolytic activity,
MMP-2 cleaves speciWc matrix proteins, such as amelo-
genin and dentin sialoprotein (Bourd-Boittin et al. 2005). In
our study, the co-expression of MT1-MMP and MMP-2 at
the distal pole of ameloblasts and odontoblasts indicates
that both cell types take part in the pericellular remodelling
of the organic matrix.

Taken together, the immunodetection of EMMPRIN in
the tooth germ and the co-expression of MT1-MMP and
MMP-2 provide evidence for an involvement in signaling
cascades regulating the expression of MMPs in diVerentiat-
ing odontoblasts and ameloblasts.
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Neurotrophic factors play an important role in
the development and maintenance of not only
neural but also nonneural tissues. Several
neurotrophic factors are expressed in dental
tissues, but their role for tooth development is
not clear. Here, we report that neurotrophic
factor NT-4 promotes differentiation of dental
epithelial cells and enhances the expression of
enamel matrix genes. Dental epithelial cells from
3-day-old mice expressed NT-4 and 3 variants of
TrkB receptors for neurotrophins (full-length
TrkB-FL and truncated TrkB-T1 and -T2).
Dental epithelial cell line HAT-7 expressed these
genes similar to those in dental epithelial cells.
We found that NT-4 reduced HAT-7 cell
proliferation and induced the expression of
enamel matrix genes such as ameloblastin
(Ambn). Transfection of HAT-7 cells with the
TrkB-FL expression construct enhanced the NT-
4-mediated induction of Ambn expression. This
enhancement was blocked by K252a, an
inhibitor for Trk tyrosine kinases.
Phosphorylation of ERK1/2, a downstream
molecule of TrkB, was induced in HAT-7 cells
upon NT-4 treatment. TrkB-FL but not TrkB-
T1 transfection increased the phosphorylation

level of ERK1/2 in NT-4-treated HAT-7 cells.
These results suggest that NT-4 induced Ambn
expression via the TrkB-MAPK pathway. The
p75 inhibitor TAT-pep5 decreased NT-4-
mediated induction of the expression of Ambn,
TrkB-FL, and TrkB-T1, suggesting that both
high-affinity and low-affinity neurotrophin
receptors were required for NT-4 activity. We
found that NT-4-null mice developed a thin
enamel layer and had a decrease in Ambn
expression. Our results suggest that NT-4
regulates proliferation and differentiation of the
dental epithelium and promotes production of
the enamel matrix.

Mammalian development is a complex and
highly orchestrated process that involves intricate
cross talk between growth factors and other
regulatory molecules. The interactions between the
epithelium and mesenchyme induce specific
molecular and cellular changes that lead to
organogenesis. These interactions are particularly
crucial during the initiation of the development of
ectodermal organs such as teeth, skin, hair, and
mammary and prostate glands (1). The oral
epithelium provides the initial signaling for
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neuronal crest-derived ectomesenchyme
development, and then both tissues - reciprocally
interact during tooth formation. Various
transcription factors, growth factors, and
extracellular matrices are expressed by enamel
matrix-producing ameloblasts during tooth
development (2-4). The principal components of the
enamel matrix that are synthesized by secretory
ameloblasts can be classified into 2 major
categories: amelogenin (Amel) and non-Amel,
which includes ameloblastin (Ambn) and enamelin
(Enam) (5). Ambn, also known as amelin or
sheathlin, is a tooth-specific glycoprotein that
represents the most abundant non-Amel enamel
matrix protein. We previously created Ambn-null
mice, which developed severe enamel hypoplasia in
which ameloblasts detached from the matrix, lost
cell polarity, resumed proliferation, and formed
multiple cell layers (6). These results suggest that
Ambn is essential for ameloblast differentiation and
enamel formation.

Nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), and neurotrophin-3
and -4/5 (NT-3 and -4/5, respectively) are
structurally and functionally related and belong to
the neurotrophin family, which promotes the
development and survival of the vertebrate nervous
system (7). Neurotrophins interact with 2 classes of
cell surface receptors. The first class is Trk tyrosine
kinase receptors that bind neurotrophins with a high
affinity (8). TrkA mediates the biological response
of NGF, TrkC is activated by NT-3, and BDNF and
NT-4/5 are the preferred ligands for TrkB (7). TrkB
and TrkC have truncated transcripts at the C-
terminal (9-12). The second class is the common
low-affinity neurotrophin receptor, p75, which does
not have a tyrosine kinase domain (13,14). Further,
neurotrophins have other regulatory roles during
embryogenesis. NGF is a mitogenic factor for
human epithelial cells (15), and NT-3 stimulates the
proliferation of migratory neural crest cells (16).
The expression of p75 may be required for kidney
morphogenesis (17) and may also promote
apoptosis (18,19).  In the skin, the expression of
BDNF and NT-4 is strikingly dependent on the hair
cycle and peaks during spontaneous, apoptosis-
driven hair follicle regression, known as catagen.

NT-4 was also reported to accelerate catagen
development in murine skin organ cultures. These
results suggest that NT-4 is useful as an agent of
hair growth control.

During tooth development, neurotrophic factors
and their receptors are expressed in the tooth germ
(20). However, their role in tooth development has
not been elucidated. At the initiation stage of tooth
germ development, NGF is expressed in the dental
mesenchyme and weakly in the dental epithelium.
At the bud stage, the majority of dental epithelial
cells have lost their NGF expression, though NGF
is still expressed in the inner dental epithelium and
condensed mesenchyme. During later embryonic
and early postnatal tooth development, NGF can be
observed in the dental follicles. At the bell stage,
NGF appears in epithelial cells of the stratum
intermedium, while after birth it is restricted to cells
located in the cervical part of the enamel organ. In
the postnatal period, NGF is also detected in the
dental papilla mesenchyme. BDNF is expressed in
the region of developing rat teeth, as well as in the
mesenchyme under the developing skin of the
mandibular process (20). In postnatal animals,
BDNF is mainly detected in the dental papilla, and
its expression pattern is correlated with the onset of
dental innervation (21). NT-3 is expressed
throughout the mesenchyme of the mandibular
process at the initiation stage, while it appears in
the epithelial cervical loops in the cap stage. During
later stages, NT-3 expression is gradually restricted
to the more cervical parts of the inner enamel
epithelium and is no longer detected in postnatal
tooth germs (20). The expression of NT-4 is
restricted to epithelial cells. During subsequent
development, expression persists in all dental
epithelium components, including ameloblasts and
the outer enamel epithelium as well as in the dental
lamina (20,21). Among neurotrophic factors, NT-4
is the only one detected in differentiated
ameloblasts. These findings suggest that NT-4 may
be important for dental epithelium differentiation
and maintenance of ameloblast functions. However
the role of NT-4 in tooth development is unknown.

In the present study, we investigated the roles
of NT-4 and TrkB in tooth development in vitro
using dental epithelium cultures and in vivo using
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NT-4 knockout mice. NT-4 and TrkB receptors were
expressed in the dental epithelium of 3-day-old
mice and in the HAT-7 dental epithelial cell line.
We found that NT-4 inhibited proliferation and
induced differentiation of HAT-7 cells. NT-4
treatment of HAT-7 cells increased mRNA
expression for enamel matrix proteins Ambn, Enam.
and Dssp. Further, NT-4-mediated induction of
Ambn expression was regulated  via the full-
length TrkB-FL receptor and ERK1/2 pathway. In
NT-4 knockout mice, Ambn expression was
dramatically reduced, and the enamel layer was thin.
Our findings suggest that NT-4 plays a role in
proliferation and differentiation of the dental
epithelium and is required for the expression of
enamel matrix genes.

EXPERIMENTAL PROCEDURES

Cell culture and transfection- HAT-7 cells, an
epithelial cell line,  and mDP cells, a dental
mesenchymal cell line, were maintained in
DMEM/F-12 media supplemented with 10% FBS,
and 1% penicillin and streptomycin at 37° C in a
humidified atmosphere containing 5% CO2 (22). To
transfect with  expression vectors for TrkB, HAT-7
cells were plated in a 60-mm plastic tissue culture
plate (Falcon) at a density of 1 x 106 cells/3
ml/plate. To facilitate the detection of protein
expression, V5- and His-tags were fused to the C-
terminal of the 2 rat TrkB isoforms, TrkB-FL and
TrkB-T1. TrkB-FL and TrkB-T1 cDNA were
prepared from adult rat brain mRNA by RT-PCR
and confirmed by DNA sequencing. The forward
primer for TrkB-FL and TrkB-T1 was 5’-
CTCTGACTGACTGGCACTGG-3’, and the
reverse primer was 5’-
GCCTAGGATGTCCAGGTAGACGGGC-3’ for
Trk-FL or 5’-CCCATCCAGGGGGATCTTA-3’ for
TrkB-T1. PCR was performed at 94° C for 30
seconds, 60° C for 30 seconds, and 72° C  or 60
seconds for 30 cycles. The PCR products were
cloned into pEF6/V5-His-TOPO® (Invitrogen)
according to the manufacturer’s protocol. Cells
were transfected using Lipofetctamine 2000
(Invitrogen) according to the manufacturer’s
protocol. Stable transfectant cells for TrkB-FL and

TrkB-T1 were selected in the presence of 5 ng/ml
Blasticidin (Invitrogen).
Cell proliferation and BrdU incorporation-  Cells
were plated at 1 x 105 cells/ml/well in 12-well
plates for 24 hours. Cell numbers were determined
using a trypan blue dye exclusion method. For the
bromodeoxyuridine (BrdU) incorporation assay,
cells were incubated at the same cell density
described above for 24 hours prior to the addition of
various growth factors. After treatment with various
growth factors, BrdUrd (Sigma) was added to the
plates (10 µM) for 30 minutes, then the cells were
fixed with cold methanol for 10 minutes, rehydrated
in phosphate-buffered saline (PBS), and incubated
for 30 minutes in 1.5 M HCl. After washing 3 times
in PBS, the plates were incubated with a 1:50
dilution of fluorescein-isothiocyanate (FITC)-
conjugated anti-BrdUrd antibody (Roche, Manheim,
Germany) for 30 minutes at room temperature.
Finally, the cells were washed in PBS three times
and incubated with 10 µg/ml of propidium iodide
(Sigma) in PBS for 30 minutes at room temperature.
BrdU-positive cells were examined under a
microscope (Biozero-8000; Keyence, Japan).
Western blotting- Cells were plated in 12-well
plates at 1 x 105 cells/well for 1 day prior to NT-4
treatment. The cells were then treated with 100
ng/ml NT-4 for 0 to 60 minutes at 37° C. Thereafter,
they were washed twice with ice-cold 1mM sodium
orthovanadate (Sigma) in PBS, lysed with NP-40
buffer supplemented with a proteinase inhibitor
cocktail (Sigma) and phenylmethanesulfonyl
fluoride at 4Υ for 10 minutes and centrifuged, and
then the supernatants transferred to a fresh tube.
The cell lysates were separated by 12% SDS-
polyacrylamide gel electrophoresis and analyzed by
Western blotting. The blotted membrane was
incubated with antibodies and the signals detected
with an ECL kit (Amersham Biosciences). ERK and
secondary antibodies were purchased from Cell
Signaling.
RNA isolation and RT-PCR- Developing molars
were dissected from mice on postnatal day 1 (P1),
P3, and P7. Epithelial and mesenchymal tissues
were separated from tooth germs from P3 mice
under a microscope. Total RNA was isolated using
TRIzol (Invitrogen) according to the manufacturer’s
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protocol. First-strand cDNA was synthesized at 42°
C for 90 minutes using Oligo(dT)14 primer with
SuperScript III (Invitrogen). PCR amplification was
performed using the primers listed in the
supplemental Table. The PCR products were
separated on a 1.5% agarose gel.
Protein kinase inhibition assay- Serum-deprived
HAT-7 cells were plated in 6-well plates and treated
with 0.5 µM of K-252a (Trk tyrosine kinase
inhibitor, Calbiochem) and 100 nM of TAT-Pep5
(p75NTR signaling inhibitor, Calbiochem) prior to
treatment with NT-4 for 30 minutes. After 48 hours,
total RNA was extracted and RT-PCR performed.
Preparation of tissue sections and HE staining-  
Mouse heads from P1, P3, and P7 wild-type and
NT-4-null mice were fixed with 4% PFA in PBS
overnight at 4° C. The tissues were decalcified with
250 mM EDTA/PBS for 3 days,dehydrated in
xylene through a graded ethanol series, and then
embedded in paraffin. Sections were sliced at 8 µm
using a microtome (RM2125RT, Leica). For
detailed morphological analysis of the molars, the
sections were stained with Harris hematoxylin
(Sigma-Aldrich) and Eosine Y (Sigma-Aldrich).
The widths of enamel matrix and dentin were
measured under a microscope (Bisozero-8000;
Keyence, Japan).

RESULTS

Expression of NT-4 and TrkB receptors in  tooth
germs and dental cell lines. We first examined the
expression of NT-4 and TrkB receptors in tooth
germs and dental cell lines by RT-PCR. In tooth
germs of P3 mice, NT-4 was highly expressed in the
dental epithelium and weakly expressed in the
dental mesenchyme (Fig. 1A). The full-length
TrkB-FL and truncated TrkB-T1 and -T2 were
expressed in the dental epithelium. On the other
hand, TrkB-T1, but not TrkB-FL or TrkB-T2, was
expressed in the mesenchyme. Further, p75
expression levels were low in both the epithelium
and mesenchyme (Fig. 1A). The expression patterns
of NT-4, TrkBs, and p75 in dental epithelial cell
line HAT-7 and dental mesenchyme cell line mDP
were similar to those in the tooth germ tissues,
except for a low expression level of TrkB-FL in

mDP cells and a high expression level of p75 in
HAT-7 cells (Fig. 1B). These results suggest that
NT-4, TrkB-FL, TrkB-T1 and TrkB-T2 are
expressed in the dental epithelium and may regulate
differentiation of the dental epithelium.

Inhibition of proliferation of HAT-7 cells by NT-4.
We next examined the effect of NT-4 on HAT-7 cell
proliferation (Fig. 2). HAT-7 cells were treated with
NT-4, and cell proliferation was analyzed by BrdU
incorporation for 1 hour. The number of BrdU-
positive cells was decreased by 30% after
stimulation with NT-4 (Fig. 2A, B). We also found
that the number of HAT-7 cells was decreased by
about 25% when the cells were cultured in the
presence of NT-4 for 7 days (Fig. 2C). These results
indicate that NT-4 inhibits the proliferation of
dental epithelial cells in culture.

NT-4 induces AMBN expression. To analyze the
effects of neurotrophic factors on dental epithelium
differentiation, NGF, BDNF, or NT-4 was added to
HAT-7 cell cultures. After 48 hours, total RNA was
analyzed for the expression of ameloblast
differentiation markers by RT-PCR. Ameloblastin
(Ambn), enamelin (Enam), dentin
sialophosphoprotein (Dspp), osteopontin (Opn), and
osteonectin (Osn) were induced by NGF, BDNF,
and NT-4 (Fig. 3A, B). The expression level of
Ambn induced by NT-4 was higher than those
induced by NGF or BDNF (Fig. 3B). The induction
of Ambn expression by BDNF or NT-4 was dose
dependent (Fig. 3C), with the higher level by NT-4.
The expression of gap junction protein Gja1 and
TGF-β1 was the same between the control and
neurotrophic factor-treated cells (Fig. 3D). These
results indicate that NT-4 induces enamel matrix
genes and promotes ameloblast differentiation.

NT-4 and BDNF induce expression of their receptor,
but not p75. Since the expression level of TrkB
receptors is important for NT-4 signaling, we
examined their expression in HAT-7 cells with or
without NT-4 by RT-PCR (supplemental Fig. 1). We
found that TrkB-FL, TrkB-T1, and TrkB-T2 were
highly induced by NT-4 and BDNF. NGF also
induced the expression of TrkB-FL and TrkB-T1,
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but not TrkB-T2 (supplemental Fig. 1A, B).

Overexpression of TrkB-FL enhances NT-4-
mediated Ambn induction. NT-4 induced expression
of Ambn, TrkB-FL, and truncated TrkB. However,
it is not clear which receptor is active for NT-4-
mediated Ambn induction. To address this question,
we stably transfected HAT-7 cells with the TrkB-FL
or TrkB-T1 expression construct, cultured them
with NT-4, and analyzed Ambn expression by RT-
PCR. Ambn expression was induced by NT-4 in
untransfected cells as shown in Fig. 3A, B and Fig.
4A. This NT-4-mediated Ambn induction was
increased in TrkB-FL-transfected cells (Fig. 4A, B).
The basal level of Ambn expression was also higher
in the transfected cells than untransfected cells.
However, in TrkB-T1-transfected cells, NT-4-
mediated Ambn induction was inhibited (Fig. 4A,
B). Similar results were obtained from
immunohistological analysis using Ambn antibody
(data not shown). Furthermore, Ambn expression
induced by NT-4 in TrkB-FL transfectants was
completely inhibited by K252a, a Trk tyrosine
kinase inhibitor (Fig. 4C, D). These results indicate
that the induction of Ambn by NT-4 is regulated via
TrkB-FL, but not by truncated TrkB-T1.

NT-4 activates ERK1/2. In neuronal cells, NT-4
induces phosphorylation of TrkB and activates the
Ras-MEK-ERK1/2 pathway (8). To analyze NT-4
signaling in the dental epithelium, we performed
Western blotting using anti-phospho-specific
ERK1/2 (MAPK) antibody.  Phosphorylation of
ERK1/2 appeared at 5 minutes after stimulation
with NT-4 and then disappeared after 30 minutes
(Fig. 5A). Further, the level of phosphorylation of
ERK2 was higher than that of ERK1 (Fig. 5B).
Next, we examined the ERK1/2 phosphorylation
level in TrkB-transfected HAT-7 cells in the
presence of NT-4 (Fig. 6A, B). TrkB-FL-transfected
cells showed strong activation of ERK1/2 at 5 min
after the NT-4 treatment. However, the activation of
ERK1/2 was not observed in TrkB-T1-transfected
cells. These results indicate that full-length TrkB-
FL is a major TrkB receptor for NT-4 signaling and
that truncated TrkB-T1 acts as a dominant negative
factor for dental epithelial cells.

Trk inhibitor K252a inhibits Ambn expression. NT-4
binds to TrkB and the low affinity receptor p75 and
transduces downstream cellular signaling (8). To
identify the signaling pathway involved in Ambn
expression, we treated HAT-7 cells with the Trk
inhibitor K252a or p75 inhibitor TAT-pep5 prior to
stimulation with NT-4 (Fig. 7A, B). NT-4-mediated
induction of Ambn was significantly inhibited by
K252a and TAT-pep5. Moreover, the induction of
TrkB receptors by NT-4 was also inhibited by
K252a and TAT-pep5. The inhibitory effect of
K252a was higher than that of TAT-pep5. The MEK
inhibitor PD98059 inhibited phosphorylation of
neurotrophic factor-induced ERK1/2, and PD98059
treatment also inhibited the NT-4-mediated Ambn
induction in HAT-7 cells (data not shown). These
results suggest that ligand-induced activation of
TrkB and p75 is important for the expression of
Ambn, TrkB-FL, and TrkB-T1.  

NT-4-null mice develop a thin enamel layer and
have reduced Ambn expression. We demonstrated
that NT-4 promoted epithelia cell differentiation in
culture. To examine in vivo function of NT-4 in
tooth development, we analyzed molars of NT-4
null mice (Fig. 8). NT-4 expression was completely
absent in tooth germs of P1, P3, and P7 mice
(supplemental Fig. 3). The expression of TrkB in
NT-4-null tooth germs was similar to that of
heterozygotes and wild-type mice (data not shown).
We found that P3 molars had a thinner enamel
matrix layer by 35% of control heterozygotes, while
there was no significant difference in the predentin
and dentin (Fig. 8A, B). The size, shape, and
polarization of ameloblasts in the mutant molars
were normal as compared with those of the
heterozygotes. Furthermore, Ambn expression in
NT-4-null tooth germs was reduced compared to
that in heterozygotes (Fig. 8C, D). These results
suggest that NT-4 regulates Ambn expression and
enamel layer formation.

DISCUSSION

Our results show that NT-4 regulates dental
epithelial cell differentiation and enamel matrix
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gene expression via TrkB-FL, but not via truncated
TrkB forms. NT-4 inhibited cell proliferation and
also induced enamel matrix genes such as Ambn in
dental epithelial cells. NT-4-deficient teeth had a
thin enamel layer during the initial stage of
amelogenesis. Our findings are the first  to show
that a neurotrophic factor plays an important role in
tooth development.

The functional roles of NT-4 and its receptors
have been reported mainly in neuronal tissues.
Complete ablation of p75 in mice causes defects in
both the nervous and vascular systems (23). Those
animals displayed sensory and sympathetic defects,
thus demonstrating that the p75 receptor is required
for proper neuronal development. TrkB mutants
display severe phenotypes that result in the death of
most mutant mice in the first postnatal week
because of their inability to feed (24), whereas NT-
4 knockout mice are viable and fertile but have  a
50% loss of neurons in the nodose-petrosal and
geniculate ganglia (25,26). BDNF knockout mice
are characterized by selective sensory disorders and
have a reduced number of neurons in sensory
ganglia; they do not survive longer than 3-4 weeks
after birth (27,28). While NT-4 and BDNF use TrkB
as a receptor, phenotypes of TrkB, NT-4, and BDNF
knockout mice differ from each other. Thus, it is
suggested that NT-4 has a different expression
pattern and function from that of BDNF.  In fact,
NT-4, but not BDNF, is expressed in the inner
dental epithelium. During tooth germ development,
NGF is expressed in the dental mesenchyme, but
not in the dental epithelium (20). In contrast, BDNF
is found in the dental mesenchyme in the human
tooth germ, but not in that of mice. In the present
study, both NGF and BDNF induced expression of
the ameloblast markers, Ambn and Enam, and the
NT-4 receptors TrkB-FL and TrkB-T1. NGF and
BDNF may be important for mesenchymal and
epithelial interactions. NT-4 was expressed mostly
in dental epithelia in tooth germs and has been
detected in both dental epithelial and mesenchymal
cell lines, suggesting that it functions in an
autocrine manner in dental epithelium. We found
that P75 was expressed in an undifferentiated dental
epithelial cell line, but was not detectable in the
tooth germ. It was reported that in incisors, p75 is

expressed in the inner dental epithelium but is
completely absent in differentiated ameloblasts (6).
Further, p75 expression was not changed after
stimulation with neurotrophins, while the p75
inhibitor TAT-pep5 was less effective on the
expression of Ambn than Trk inhibitor K252a.
These results suggest that p75 may not be important
for the expression of Ambn in ameloblasts.

Truncated TrkB receptors have dominant
inhibitory effects on BDNF and presynaptic
signaling for BDNF-induced synaptic potentiation
in cultured hippocampal neurons (29,30). Truncated
TrkB-T1 mediates neurotrophin-evoked calcium
signaling in glia cells (31) and plays a direct
signaling role in mediating inositol-1, 4, 5-
trisphosphate-dependent calcium release. In
developing teeth, TrkB-T1, but not TrkB-FL or
TrkB-T2, is detected by in situ hybridization (32).
In the present study, all types of TrkB were detected
in P3 tooth germ epithelia and a dental epithelial
cell line. This discrepancy of TrkB expression may
have occurred because of different detection
efficiencies of the methods used. While both TrkB-
FL and truncated TrkB were induced by NT-4,
overexpression of TrkB-FL enhanced the
expression of Ambn, but TrkB-T1 had a dominant
negative effect on NT-4-induced Ambn expression
in dental epithelial cells. In NT-4-null mice, the
expression of TrkB-T1 and -T2 was not changed
from normal levels. These results suggest that
truncated TrkB does not have an inhibitory effect on
Ambn expression induced by NT-4.

Ambn plays an important role in maintaining
the differentiation state of ameloblasts, serves as a
cell adhesion molecule, and inhibits the
proliferation of the dental epithelium (6). A
deficiency of Ambn causes severe enamel
hypoplasia, accelerates proliferation of the dental
epithelium, and decreases the expression of Amel
(amelogenin). The Ambn promoter functions in a
cell type-specific manner and contains cis-acting
elements that function to enhance and suppress
transcription (33). The transcription factor Runx2,
known as an essential factor for transcription of
mineralized tissue genes, is also required for Ambn
transcription (33). Site-directed mutagenesis of the
Runx2 binding site in the Ambn promoter decreases
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Ambn promoter activity in the dental epithelium
(33). Sp3, a member of the Sp family transcription
factors, is ubiquitously expressed and present in
ameloblasts at the presecretory and secretory stages,
but not the maturation stage. Sp3- deficient
embryos show growth retardation and invariably
die at birth of respiratory failure (34), and both
endochondral and intramembranous ossification are
impaired (35). These mice also have a pronounced
defect in late tooth formation. In Sp3-null mice, the
enamel and dentin layers of teeth are impaired
because of the lack of ameloblast-specific gene
products, including Ambn. These results indicate
that Runx2 and Sp3 are necessary for Ambn
expression. Our data suggest that NT-4 is also
required for a high level of the expression of Ambn.
We showed that NT-4 did not have an effect on the
expression of Runx2 in the dental epithelium.
Further, K252a treatment also did not change
Runx2 or Sp3 expression levels. Thus, NT-4
signaling is not required to regulate the expression
of Runx2 and Sp3.

The ERK-MAPK pathway provides a major
link between the cell surface and nucleus to control
proliferation and differentiation. The inhibition of
MAPK signaling blocks osteoclast-specific gene
expression in mature odontoblasts, whereas a
constitutive active form of the MAPK intermediate,
MEK1, is stimulatory (36). Runx2 is required for
cells to respond to MAPK in vitro (37). In addition,
both phosphorylation and the transcriptional
activity of Runx2 are stimulated by the ERK-
MAPK pathway, suggesting that Runx2 is a
substrate and an important mediator of MAPK
response (38,39). FGF2 induces Runx2
phosphorylation and osteocalcin expression through
MAPK activation in an osteoblast cell line and bone
marrow stromal cells (40). We demonstrated that in
the dental epithelium, ERK phosphorylation was
induced by NT-4 and was necessary for the
phosphorylation of Runx2 and Ambn expression. In
fact, MEK inhibitor PD98059 inhibited ERK
phosphorylation and Ambn expression in dental
epithelium (data not shown). These results suggest
that NT-4-TrkB-ERK-Runx2 signaling may be
important for Ambn expression and ameloblast
differentiation.
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FIGURE LEGENDS

Figure 1. Expression of NT-4 and receptors in
tooth germs and dental cell lines. Tooth germs
were dissected from P3 mice, and the dental
epithelium and mesenchyme were separated under a
microscope. Total mRNA from these tissues was
amplified using a semiquantitative RT-PCR method
with specific primer sets (A). Total mRNA
expression of NT-4 and TrkB receptors in dental
epithelial cell line HAT-7 and mesenchymal cell
line mDP was analyzed by RT-PCR (B).

Figure 2. NT-4 inhibits cell proliferation. Dental
epithelial cells (HAT-7) were cultured with NT-4 for
24 hours. BrdU incorporation after 1 hour was
analyzed using a fluorescence microscope (A, B).
Cell numbers of HAT-7 cells cultured with or
without NT-4 were counted using a trypan blue
exclusion method after 1, 3, 5, and 7 days of culture
(C).

Figure 3. Expression of tooth marker genes in
HAT-7 cells with neurotrophic factors. HAT-7
cells were cultured with 100 ng/ml of NGF, BDNF,
or NT-4 for 48 hours. Total mRNA was analyzed
for the expression of various genes by semi-
quantitative RT-PCR. Ameloblastin (Ambn),
enamelin (Enam), dentin sialophosphoprotein
(Dspp), osteopontin (Opn), osteonectin (Osn),
connexin43 (Cx43), and TGF-β1 (A). Hprt was
used as an internal control. The level of gene
expression in the absence of growth factors was set
at 1 for comparison (B, D). HAT-7 cells were
stimulated with various amounts of NT-4 and
BDNF for 48 hours. Hprt expression showed no
significant difference between each culture. The
level of Ambn expression in cells without factors
was set at 1 for comparison (C).

Figure 4. Increase in NT-4-mediated Ambn
induction in HAT-7 cells by overexpressing
TrkB-FL. The expression constructs for TrkB-FL
and TrkB-T1 receptors were stably transfected into
HAT-7 cells. The pooled transfected cells were
treated with NT-4 for 48 hours. Ambn expression
was analyzed using RT-PCR (A). Quantitations of
panel A: the level of Ambn expression in the control
cells without NT-4 was set at 1 for comparison (B).
The TrkB-FL transfectant cells were cultured with
or without K252a in the presence of NT-4 for 48
hours, then analyzed for the expression of Ambn
(C). Quantitations of panel C: the level of gene
expression in the control cells without NT-4 was set
at 1 for comparison (D).

Figure 5. Phosphorylation of ERK1/2 stimulated
by NT-4. The time course of phosphorylation of
ERK1/2 after NT-4 treatment was analyzed by
Western blotting using the anti-phospho-MAPK
antibody (A). Quantitations of panel A: the relative
intensity of phosphorylated ERK1/2 (p-ERK1/2) in
HAT-7 cells after 5 minutes was set at 1 for
comparison (B).

Figure 6. Increase in phosphorylation of ERK1/2
in TrkB-FL transfectant cells by NT-4. The time
course of phosphorylation of ERK1/2 in TrkB-FL
and T1-transfected HAT-7 cells after treatment with
NT-4 was analyzed by Western blotting using the
anti-phospho-MAPK antibody (A). Quantitations of
panel A: the Western blots with anti-MAPK showed
equivalent amounts of total ERK proteins in each
lane. The relative intensity of p-ERK1 in the control
cells at 0 minute was set at 1 for comparison (B).

Figure 7. Inhibition of NT-4-mediated induction
of Ambn and TrkBs by K252a and TAT-pep5.
HAT-7 cells were treated with NT-4 in the presence
of K252a or TAT-pep5. The expressions of Ambn,
TrkB-FL, TrkB-T1, and TrkB-T2 were analyzed by
semiquantitative RT-PCR with specific primer sets
(A). Quantitations of panel A: the level of gene
expression in the control cells without NT-4 was set
at 1 for comparison (B).
  
Figure 8. Decrease in the enamel matrix width
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and expression of Ambn in NT-4 null mice.
Hematoxylin and eosin staining of P3 mouse molars
were performed (A). The widths of the enamel
matrix, dentin and predentin were measured (B).
Developing molars from heterozygote and mutant
mice were dissected from P1, P3, and P7 mice, and
total mRNA was prepared. The expression of Ambn
was analyzed by semiquantitative RT-PCR with an
Ambn primer set (C). The level of Ambn expression
in P1 heterozygote mice was set at 1 for comparison
(D).
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INTRODUCTION

With resin adhesive systems, primers are typically
used to enhance dentin adhesion by the formation of

a hybrid layer between dentin and bonding resin1).

The hybrid layer, a new biological composite, is
a result of dentinal collagen in contact with

some organic agents ― 2-hydroxyethyl methacrylate

(HEMA) as a primer or ethanol and acetone as
solvents for monomers. In other words, the initially

hydrophilic environment of dentinal collagen becomes

hydrophobic to some degree as a result of the primer
treatment.

In general, the stability of proteins is very

sensitive to the hydrophobicity of their environment
because they are folded into the most stable

conformation by a hydrophobic interaction among

nonpolar segments in the molecular chain in an
aqueous medium2). In this connection, it was

reported that the stiffness of dentinal collagen was

greatly affected by some organic liquids like acetone,
ethanol, or HEMA3). In light of this finding3), it is

then reasonable to infer that the organic components

in resin adhesives may affect the stability ― or even
the structure ― of the fully hydrated dentinal

collagen that has been exposed by etching prior to

priming. This inference mandates further investiga-
tion and confirmation, since the integrity of the

three-dimensional network structure of the exposed

dentinal collagen is essential to enhancing the per-
meation of resin monomers and to forming a well-

defined hybrid layer4).

To date, the adsorption of a typical priming

agent HEMA to a type I tendon collagen (like

dentinal collagen) was proven by IR spectroscopy,
and the amount of bound HEMA was directly

related to the stability of collagen as deter-

mined by differential scanning calorimetry (DSC)5) .
In the same vein, it has been reported that the

concentrations of HEMA and some simple alcoholic

compounds affected the denaturation temperature of
a tendon collagen, and likewise their alkyl chain

lengths or number of hydroxyl groups6) . In the

report6) , the denaturation temperature of collagen
was related to the hydrophilicity/hydrophobicity of

alcoholic compounds as indicated by the hydrophile-

lypophile balance (HLB) values7) ― although their
physical meaning remained unclear.

However, thus far, not much information is

available ― qualitatively and quantitatively ― in
published literature on the relation between the

structure of dentinal collagen and medium

hydrophobicity/hydrophilicity; the latter being a
result of treatment by organic dental materials in

adhesive resins. Furthermore, information is lacking

too on how the structural stability of collagen may
impact adhesion efficacy. Against this backdrop of

dire information scarcity, this study was undertaken

with two specific aims for the new index: (1) it must
be able to evaluate the effects of additives in altering

the stability of a type I collagen; and (2) it must

bear a clearer physical meaning unlike the empirical
HLB values, and hence able to express the

hydrophobicity of the medium surrounding the
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collagen.
To adjust the hydrophobic environment system-

atically in the current study, various alcoholic
compounds with different hydrocarbon structures
and with different numbers of hydroxy groups were
used. Some of which were closely related to dental
adhesive components in clinical applications.

MATERIALS AND METHODS

Materials
Calfskin collagen type I (CSC; Sigma-Aldrich, St.
Louis, MO, USA) was used in this study. Although
it has less cross-links compared to insoluble dentinal
collagen, the validity of its use would be mentioned

in the Discussion section. To compare the effects of
hydrophobic and hydrophilic structures in organic
additives on collagen stability, the following alcohols
were used: (1) monohydric alcohols with a straight
alkyl group of different lengths (aliphatic alcohols) ―
methanol (n-C1OH), ethanol (n-C2OH), 1-propanol (n-
C3OH), 1-hexanol (n-C6OH); (2) polyols with a straight
alkyl chain ― ethylene glycol (n-C2OH2), trimethylene
glycol (n-C3OH2), glycerol (n-C3OH3); (3) monohydric
alcohols with a hydrocarbon moiety of different
types but with the same number of carbon atoms ―
1-hexanol (n-C6OH), cyclohexanol (c-C6OH), phenol
(bz-C6OH). In the abbreviations given above in paren-
theses, the prefixes “n”, “c”, and “bz” stand for
normal (straight), cyclic (ring), and aromatic (benzene
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1 2 3

1

methanol
n-C1OH

2

ethanol
n-C2OH

ethylene glycol
n-C2OH2

3

1-propanol
n-C3OH

trimethylene glycol
n-C3OH2

glycerol
n-C3OH3

6

1-hexanol
n-C6OH

6

cyclohexanol
c-C6OH

6

phenol
bz-C6OH

OH

OH

OH

OH

OH
HO

HO OH

OH

HO OH

j
i

Table 1 Alcoholic compounds used in this study with the type of x-CiOHj



ring) structures of a hydrocarbon group, respectively.
The subscript indicates either the number of carbon
atoms (i) or hydroxy groups (j) in the structure.
These materials are summarized in Table 1 with
their abbreviations. Molecular structures of these
alcoholic compounds are also shown.

All the alcohols used in this study were of guar-
anteed reagent grade and purchased from Nacalai
Tesque (Kyoto, Japan). They were used without
further purification. Each alcoholic compound was
diluted by distilled water to a desired concentration.
The pH of the aqueous immersion solutions for CSC
was adjusted using a dilute aqueous hydrochloric acid
or sodium hydroxide of analytical grade. No buffer
was used to preclude the influence of salts.

Differential scanning calorimetry (DSC) measurement
An approximate amount of 1 mg of CSC was
immersed in 100 μL of aqueous alcohol solutions of
various concentrations and left unstirred for an hour
at 25℃. It was then blot-dried and brought into a
sealable shallow aluminum cell so that an excellent
thermal contact was achieved. An aluminum lid was
placed on the cell and tightly sealed. It was used for
differential scanning calorimetry (DSC) measurement
conducted by a Pyris 1 DSC (Perkin Elmer Life and
Analytical Sciences, Boston, MA, USA). Sample was
scanned from 20 to 100℃ at 5 deg/min. In this
study, the temperature giving an endothermic peak
was chosen as the denaturation temperature of CSC
(Td). Td values were averaged over three measure-
ments for each condition.

RESULTS

Features of DSC profile obtained for CSC
A typical DSC thermogram obtained for CSC at
neutral pH in the absence of any alcoholic
compounds gave a denaturation-related endothermic
peak at 47℃ with an enthalpy change (ΔH) of about
4 kJ/mol (Fig. 1). Although a pre-transition-like
small shoulder appeared at a lower temperature side
of the peak, it was not taken into account in the
current study since it seemed to contribute little to
the overall stability of CSC. At pH 3, the peak
appeared at 43℃ with other features similar to those
observed for neutral pH (Fig. 1).

Relation between denaturation temperature and alco-
hol concentration
Typical Td vs. C (concentration) plots for ethanol (n-
C2OH) and ethylene glycol (n-C2OH2) systems in a full
concentration range are shown in Fig. 2. While Td

decreased with increasing concentration of ethanol in
the lower concentration region, it was otherwise
for ethylene glycol. In other words, an opposing
tendency in the stability of collagen ― depending on

the alcohol chosen ― was illustrated here. Since such
a distinct feature among the alcohols emerged in the
lower concentration range, Td vs. C plots hereafter
would be limited to the lower concentration range for
all the alcohols examined.

Figures 3A and 3B show the concentration
dependence of Td for a series of aliphatic monohydric
alcohols (n-CiOH) at acidic pH and neutral pH,
respectively. Td decreased with increasing alcohol
concentration, and the degree of this tendency was
pronounced for alcohols with a longer alkyl chain.
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Fig. 2 Dependence of Td on the concentration of either
ethanol (open circle) or ethylene glycol (filled cir-
cle) in a wide concentration range. Ethanol
showed a minimum in the plot while a monotonic
increase in Td was seen for ethylene glycol.
Qualitatively important difference was observed in
the lower concentration region.

Fig. 1 Typical DSC thermograms obtained for CSC in the
absence of any alcoholic compounds at acidic and
neutral pH. Temperature giving an endothermic
peak was chosen as the denaturation temperature,
Td, of CSC. While shapes of peaks were similar
to each other, Td was lower at the acidic pH.



The dependence of Td on alcohol concentration for a
series of aliphatic polyols is also shown in Figs. 3A
and 3B. In contrast to the monohydric alcohols, Td

increased with the concentration of polyols. In
addition, the degree of increase in Td was enhanced
for polyols with more OH groups.

For the monohydric alcohols with different types
of hydrocarbon moiety of the same carbon number
(6), Td drastically decreased with increasing alcohol
concentration (Figs. 4A and 4B at acidic and neutral
pH, respectively) compared to the aliphatic alcohols.
The initial slope of Td vs. C plot was steeper for
aromatic alcohol (phenol).

pH dependence of Td vs. concentration relations
Upon comparing the data at pH 3 against those at
neutral pH, the most important difference was the
overall shift in Td. All Td values were higher for the
neutral pH group by circa 4℃ regardless of the
concentration or type of alcohol. The tendency of
concentration dependence of Td was common between
the two pH conditions.

DISCUSSION

Materials used in this study
While the CSC chosen in this study may differ from
dentinal collagen in some ways, they too share many
similarities. Both are of type I with a common
amino acid composition and both have the same
triple helix geometry composed of three α
polypeptides which are alike: two α1(I) chains and
one α2(I) chain. The key difference, then, between
CSC and dentinal collagen seems to be the degree of
crosslinking. In addition, our forthcoming spectro-
scopic study on the secondary structure of CSC
affected by hydrophobic environment requires the
collagen to be soluble. On these given grounds, a
water-soluble CSC was used in this study instead of
insoluble dentinal collagen.

Though most of the alcohols chosen here were
not directly related to resin adhesive cements, they
were used because of our objective to systematically
adjust the hydrophilicity/hydrophobicity of different
immersion media to investigate their effects on the
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Fig. 4 Dependence of Td on the concentration of alcohols with a hydrocarbon structure of various types composed
of six carbon atoms, measured at either pH 3 (A) or neutral pH (B).

Fig. 3 Dependence of Td on the concentration of alcohols with a straight hydrocarbon chain (circles) and various
numbers of OH groups (triangles), measured at either pH 3 (A) or neutral pH (B).



stability of CSC. Among the alcohols used in this
study, ethanol is used in clinical applications as a
solvent of monomers and phenol is structurally
similar to hydroquinone ― which is used in clinical
applications as a monomer stabilizer.

Hydrophobicity index of immersion media
Dielectric constant, ε, is an electric property which
is a measure of molecular polarity. While water has
a specific dielectric constant (εr ) that exceeds 80,
many organic compounds have smaller εr values.
The larger the discrepancy of εr between two
materials, the lower is the affinity between them,
and vice versa. Hence, hydrophobicity can be related
to the difference in εr values between water and a

material. Alternatively, it can be said that a
material with a low εr is hydrophobic. For
the alcoholic compounds used in this study, their
specific dielectric constant values are listed in
Table 28).

A merit of using εr is that hydrophobicity can
be quantitatively expressed with a clearer physical
meaning, as compared to other empirical parameters
such as hydrophile-lypophile balance (HLB) values7) .
For this reason, we used εr instead of HLB values6)

to express the hydrophobicity of alcoholic com-
pounds. The εr value has another advantage over
HLB value in that while the use of HLB values is
limited to pure substances, εr is applicable to a
mixture of two or more materials of known εr

values if the additivity of individual dielectric
constants holds. For simple organic liquids such as
ethanol or ethylene glycol, their εr values for
mixture with water have been tabulated9). As shown
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Fig. 6 Dependence of Td on the specific dielectric constant of aqueous alcohols with a straight hydrocarbon chain
(circles) and various numbers of OH groups (triangles), measured at either pH 3 (A) or neutral pH (B).

εｒ
εrεｒ

Fig. 5 Relation between concentration, C, and the cor-
responding specific dielectric constant, εr, for
ethanol (open circle) and ethylene glycol (filled
circle) in water. A linear relation was seen
between C and εr at least within a limited
concentration range. Data for the plots were
taken from the Ref [9].

ε
ｒ

Compound Abbreviation εr

methanol n-C1OH 33.0

ethanol n-C2OH 25.3

1-propanol n-C3OH 20.8

1-hexanol n-C6OH 13.0

cyclohexanol c-C6OH 16.4

phenol bz-C6OH 12.4

ethylene glycol n-C2OH2 41.4

trimethylene glycol n-C3OH2 35.1

glycerol n-C3OH3 46.5

εr values were measured at 20℃, except for phenol
(30℃).

Table 2 Specific dielectric constants for the alcoholic com-
pounds used in the current study8)



in Fig. 5, εr is almost linear to C (concentration in
wt％) at least within a limited concentration range.
Assuming this linear relation between εr and C for
a series of alcoholic compounds studied here, the
concentration abscissas in Figs. 3A, B and 4A, B
were replaced by εr, and Td could now be directly
plotted against the hydrophobicity of the medium
(Figs. 6A and 7A at acidic pH, Figs. 6B and 7B at
neutral pH). As expected from the quasi-linear rela-
tion between εr and C, the features in Figs. 6A, B
and 7A, B resembled those in Figs. 3A, B and 4A, B,
respectively.

Stability index of collagen
Figure 8 shows schematically a difference between
the Td of collagen in water and that at a minimum
appearing in the Td vs. C plot, ΔTd , for ethanol
(thick line)6). ΔTd seemed to be a reasonable index to
evaluate how strongly an alcoholic additive affected
the stability of collagen, because the minimum
became deeper as the additive bore a more hydropho-
bic nature6) . However, ΔTd ― as a destabilization
index ― had the following shortcomings. Since a
minimum appeared at the balancing point between
the two opposing effects ― that is, the decreasing
(destabilizing) process as opposed to the increasing
(stabilizing) process (see Fig. 8), it inevitably reflected
mixed properties from these two opposing effects and
which were inseparable. Furthermore, polyols could
not be evaluated with this index because they showed
no minimum in the Td vs. C plot (Fig. 8, thin line).

At this juncture, we thus proposed a new index
to evaluate the effects of additives on the stability of
collagen. The new index was defined as the initial
slope of Td vs. C (or εr) plot and denoted
as (dTd/dC )ini (or －(dTd/dεr )ini : a negative sign
given for consistency sake with the tendency of dTd

/dC ), as shown in Fig. 8. This new index had two
features: (1) a positive value was directly related to

the stabilizing effect, and a negative value vice
versa; (2) the larger the value, the more pronounced
was the effect because it was caused by even a small
amount (or a small change in εr) of the addi-
tive. Hereafter, this initial slope would be
termed as “stabilization power”.
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Fig. 7 Dependence of Td on the specific dielectric constant of aqueous alcohols with a hydrocarbon structure of vari-
ous types composed of six carbon atoms, measured at either pH 3 (A) or neutral pH (B).

εｒ εｒ

Fig. 8 Illustration of stability index, a measure of
how strongly an additive affects the struc-
tural stability of collagen. ΔTd: destabiliza-
tion index defined before6) ; (dTd /dC )ini :
stabilization power proposed in the current
study. ΔTd was defined as the difference
between the Td in water (T 0

d ) and the Td at
the minimum of Td vs. C profile as seen for
ethanol (thick curve). Note that ΔTd could
not be defined in the case where no mini-
mum appeared, as for ethylene glycol (thin
curve). This shortcoming was overcome if
an initial slope of the Td vs. C plot,
(dTd/dC )ini , was chosen, where its positive
sign stood for a stabilizing effect and
negative sign vice versa, and its magnitude
represented the degree of stabilizing/desta-
bilizing effect.



Comparison of the stabilization power of alcoholic
organic compounds bearing different hydrophobicity
For each alcoholic compound studied here, its stabili-
zation power defined as －(dTd/dεr)ini (or its original
form, (dTd/dC )ini) was plotted against the εr of its
corresponding pure compound (ε0

r ), as shown in
Fig. 9 (Fig. 9A for (dTd/dC )ini and 9B for －(dTd/
dεr)ini). For the plots in Fig. 9, a smaller ε0

r value
corresponded to a stronger hydrophobicity. Many
features could be drawn from this plot pertaining to
the relation between the hydrophobicity of additive
and its power to either stabilize or destabilize the
structure of CSC.

In general, the more hydrophobic an additive
was, the more effectively it destabilized the helix
structure of CSC, and vice versa. For example, the
stabilization power －(dTd/dεr)ini of phenol (ε0

r ＝
12.4 ) was 2.97 and that of glycerol (ε0

r ＝ 46.5) was
＋0.33. Ethanol (ε0

r ＝ 25.3) gave an intermediate
value of －0.31. The specific dielectric constants,
ε 0

r , of polyols are greater than those of monohydric
alcohols with the same alkyl chain length (Table 2:
ethanol < ethylene glycol; 1-propanol < trimethylene
glycol < glycerol), and ε0

r is smaller for alcohols with
a longer hydrocarbon chain (Table 2: methanol >
ethanol > 1-propanol > 1-hexanol; ethylene glycol >
trimethylene glycol). Therefore, it could be seen that
the order of －(dTd/dεr)ini corresponded to those of
ε0

r .
The hydrophobic interaction among amino acid

residues folds a polypeptide strand into an ordered
conformation. The energy gain of a hydrophobic
interaction is larger in a more hydrophilic environ-
ment, and a hydrophobic interaction stabilizes the
ordered structure of proteins. On the contrary, this
stabilization effect may be reduced in a more
hydrophobic environment, which could have resulted

in the lower Td for organic materials with smaller
ε0

r values in this study. The stability of collagen
helix is mostly explained by the hydrogen bonding
among the three constituent polypeptide strands.
Nonetheless, it should be mentioned that hydrophobic
glycine residues are folded in the central (axial)
position of the triple helix structure ― and hence
isolated from water. In other words, hydrophobicity
of the environment soundly ― and most pertinently ―
contributes to the structural stability of CSC. An
almost linear relation between stabilization power
and ε0

r was observed, except for C6OH series with
different hydrocarbon structures. Moreover, the
slope seemed to reflect a structural or geometrical
feature, although the detail is to be discussed in
future. Nonetheless, these findings indicated that
there were at least two factors affecting the stability
of CSC: hydrophobicity of the medium as a global
factor, and presumably a specific geometry-related
interaction as a local factor.

In the current study, the effect of hydrophobicity
on Td, or the structural stability of collagen, was
examined by DSC. However, the effect of
hydrophobicity on the specific conformation of
collagen is yet to be investigated. The latter could
be done by some spectroscopic methods like nuclear
magnetic resonance (NMR) or circular dichroism (CD)
measurement. Of these two methods, CD would be
more relevant to the current system since it can
easily determine the conformation as well as the
denaturation temperature of CSC. Therefore, besides
the stability of CSC, we would soon disclose ― by
means of CD ― how common alcohols affected the
specific structure of CSC.

Relevance in the dental aspect
Some organic solvents, such as ethanol and acetone,
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Fig. 9 Stabilization power (A: (dTd/dC )ini; B: －(dTd/dεr)ini) for various kinds of alcoholic compounds inspected in this
study. The more hydrophilic (larger ε 0

r ) an additive was, the more effectively it stabilized the collagen, and
vice versa. Alcohols of similar type aligned in a straight line, while those with different hydrocarbon struc-
tures veered off the line.

ε0
r ε0

r



are used as diluents of adhesive monomers, and they
are known to affect the stability of collagen6,10,11) .
Hydroquinone, which is typically added to a mono-
mer component as a stabilizer, has a structure simi-
lar to phenol. While the content of hydroquinone in
commercial products is quite small, it might be a
potential substance that affects the stability of
dentinal collagen even at a low concentration,
deduced from the results of phenol used in this
study. In the same vein, HEMA ― a popular dentin
primer ― has an alcohol structure at the end of the
molecule and is known to alter the stability of some
collagens5,6).

In the current study, the effect of inorganic salts
was not inspected. Nonetheless, it should be another
important factor since the dielectric constant of aque-
ous medium is affected by the addition of salts. On
this note, it was reported that many types of salts
lowered the Td of CSC at a low concentration, while
they raised the Td at higher concentration by salting
out12). In the present study, neither buffers nor salts
were used to adjust and stabilize the pH of each
solution. Instead, only a minimal amount of hydro-
chloric acid or highly diluted sodium hydroxide
solution was added to accomplish the targeted pH.
These solutions used to adjust pH contributed little
to the ionic strength: at most 0.001 M for hydrochlo-
ric acid. At a molecular level, some adhesive-
related substances were reported to interact with
collagen13-15). It was highly expected that those
substances would follow the general rule drawn from
the current study in terms of hydrophobic interac-
tion. Therefore, owing to the potentially significant
bearing on practical dental applications, the validity
of hydrophobic interaction for these compounds must
be verified as well as for some general adhesive
monomers.

As for the degree of crosslinking of collagen ―
including dentinal collagen, it is closely related to the
aging of collagen in our body. It is generally known
that as a creature gets older, its collagen exhibits a
higher degree of crosslinking and greater stiffness16).
In a previous study17), the Td vs. C relation was inves-
tigated for some collagens and their relatives with
different degrees of crosslinking. It was revealed
that as the degree of collagen crosslinking became
more heightened, the following were observed: (1) the
dependence of Td on C became more prominent; and
(2) the profile of Td vs. C plot for a collagen was
shifted to a higher temperature as a whole17). To
investigate the aging effect of dentinal collagen on
dentin adhesion using resin cements, a comparison
between the collagen from a normal dentin and that
from an aged dentin, in terms of sensitivity to a
hydrophobic environment, would be necessary. A
study for this comparison will be developed in near
future. In addition, the relevance of current results

to the permeability of fibrous dentinal collagen is
also expected to be clarified.

It is well known that the adhesive strength to
carious dentin is inferior than that to sound dentin.
In the case of carious dentin, some acidic metabolites
from cariogenic bacteria decalcify the dentin. As a
result, dentinal collagen gets exposed to an acidic
environment. In the same way, collagen treated at
an acidic pH condition in the current study could be
related to a case of decayed dentinal collagen. Our
results showed that Td values were lowered at all
concentrations for each alcoholic compound by about
4℃ at pH 3, as compared to neutral pH. In other
words, a lowered stability of collagen at an acidic pH
was indicative of poorer adhesion on carious dentin.
The stabilization power, －(dTd/dεr)ini , for each alco-
holic compound was, however, scarcely dependent on
pH (Fig. 9A or B). More specific interpretation of
the relation between the stability of collagen and
practical adhesion efficacy is currently under
discussion.

CONCLUSIONS

Based on the findings of the current study, it was
speculatively concluded that the structural stability
and permeability of dentinal collagen might be
affected by the hydrophilicity/hydrophobicity of the
environment. A hydrophobic environment was
caused by organic compounds added to adhesive res-
ins to enhance dentin adhesion.

In the present study, hydrophobicity of the envi-
ronment was represented in terms of specific dielec-
tric constant of the medium, instead of empirical
HLB values as proposed before. A new index was
thus set up to measure the ability of adhesive-related
organic substances in stabilizing or destabilizing the
structure of collagen. Potentially, this new index
could be used to predict the effects on the structural
stability of dentinal collagen when a new dental
material of known εr is applied.
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Abstract 

CaIcium phosphate films were fabricated on titanium substrates heated up to 773 K using 

radio仕� equency(RF) magnetron sputtering. The deposition rate，phase and preferred 

orientation of the caIc ium phosphate白� ¥mswere studied. ImmersiOI1 tesrs for lhe ti¥ms were 

conducted using Hanks' solution and PBS( -)， and the surface reactions on the specimens 

coaled with the caIc ium phosphate f1¥ms were investigat巴� d. The bonding strength between the 

coating f1¥ms and the titanium substrates before and after the immersion tests was eva¥uated; 

the bonding strength decreased after the immersion tests. The alkaline phosphatase (ALP) 

activity of SaOS-2 c巴� IIson a titanium p¥ate coa1ed with a calcium phosphate自� 1mwas 

examined by conducting a culture test. Calcium phosphate coating increased the ALP activity 

of SaOS-2 cells cultured for 3 and 7 days. Titanium cylinders were coated with an amorphous 

calcium phosphate film and imp¥anted into the mandibles of beagle dogs. An increase in th巴� 

extent ofbone-implant contact for the coated titanium cylinders was confirmed 8 to 12 weeks 

after implantation and compared with the case for uncoated titanium cylinders. 

1. Introduction 

Radiofrequency (RF) magnetron sputtering is one of the 

effective methods used to fabricate calcium phosphate thin 

ti¥ms 011 titanium substrates at ¥ow processing temperatures. 

The凸� ¥msfabricated by RF magnetron spultering are dense 

and uniform in structure and composition， compared with 

the plasma spraying， which is currently the prim釘� ymethod 

commercially used to fabricate calcium phosphate coatings on 

metallic substrates. We have previously repo巾� dthe phase 

of ca¥cium phosphate films on a titanium substrate fabricated 

using RF magnetron sputtering [1]. In lhe previous study， 

the substrate was not heated intentionally and lhe deposilion 

time was nxed ro 18 ks. Although the fabrication of calcium 

phosphate tilms on the heated titanium substrateら� usingRF 

magnetron sputlering has b巴� enreported by other research 

groups [2-41， the effect of substrate temperature on the 

phase，deposition rat巴� Sor preferred orientation of the calcium 

phosphate自� Imshas not been well understood. 

Since the surface reactions of the coating films in 

simulated body f1uids might il1dicate a possible bone-bonding 

some studies on the surface reactions of 1，bioactivity [5 
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sputtered calcium phosphate films in simulated body fluids 

have been reported [6-10]. When a calcium phosphate film 

is applied to the coating on titanium implants， the bonding 

strengthbetween them is an import.antparameter. The bonding 

strength of th巴� coatingfilms fabricated using sputt巴� rmgor 

plasma sprayinghas been reported tobe affected by immersion 

in simulated body ftuids [8， 9， 11]. However， the effects of 

the film phase on the surface reaction during immersion in 

simulated body tluids and the bonding strength before and 

after immersion tests have not been c1a.ified in detail 

1n the present study， calcium phosphate films w巴� re 

fabricated on titanium substrates heated up to 773 K using 

RF magnetron sputtering， and the deposition rate， phase 

印� dpr巴� fen'edorientation of the films w巴r巴� investigated 

The apatite formation during immersion tests using Hanks' 

solution and PBS(一)，� bonding strength before and after the 

immersion tests and alkaline phosphatase (ALP) activity were 

examined as in vitro evaluations for the films， and an in vivo 

evaluation was performed on coated titanium cylinders that 

were implanted into the mandibles of beagle dogs. 

2. Materials and methods 

An RF magnetron sputtering system (MS-320， Universal 

Systems Co.， Ltd) was used in the fabrication of calcium 

phosphate自� Ims.Th巴� targetand substrates were hot-pressed 

s-tricalcium phosphate (Ca3(P04h，TCP) and commercial1y 

pure titanium (CP-Ti，Grade 2)，respectively. A titanium plate 

(1 0 mm x 10 mm x 1mm) with a polished surface (average 

roughnessく� 0.05μm)and a cylinder (3.3 mm in diameter and 

10 mm in length) with an as-machined surface were used as 

the substrates. Ar and O 2 gas were used as sputtering gases. 

The total gas flow rate w as maintained at 3.3 x 10-7 m3S-1 

and the oxygen gas concentration in the sputtering gas was 

0%，20% or 50%.The total gas pressure in the chamber (PlOt) 

and RF power (P) were 0.5 Pa or 5 Pa and 75 W， 100 W 

or 150 W.The substrate was heated using a platinum heater 

located behind iL The substrate temperature (Tsub) can be 

controlled between room temperature (RT) and 773 K. ‘Room 

temperature' in this paper means temperature ofthe substrate， 

when it was not intentionally heated. The details of the 

sputtering tec如1iqueand target fabrication have been reported 

elsewhere [1]. The titanium cylinders， which were used in 

implantation exp巴� riments，� were coated by the自� 1mth吋� cewith 

120" rotations to ensure a uniform coverage of the entire 

substrate surface. The deposition rates were calculated using 

the thickness of the coating刷� m during each deposition. 

The thickness of the coating tilm w as measured using a 

profilometer (Alpha-step， KLA Tencor). The phase of the 

自� Imsw as determined using x-ray diffraction (XRD)with a low 

The preferred orientation ). α= 1"，incident angle (α-2θXRD 

of the 自� lmswasevaluated using 8-28 XRD. 

Th巴� caiciumphosphate自� lmscoated on titanium plates 

were immersed in Hanks' solution or PBS(ー)� contained in 

a T，巴日 on ~ boule. Th巴� thickness of th巴� coaltng白� Imswas 

approximately 0.5μm for the in vivo and in vitro evaluations. 
The immersion tests were conducted at 310 K for 1， 3， 5 

and 7 days. The pH of both the solutions was adjusted 

to 7.3-7.4. After immersion， the specimens were rinsed in 

ultrapure water (Mi¥l ipor巴)� and air-dried. The自� 1msurf:且� ces 

were observed using a scanning el配� tronmicroscope (SEM， 

XL30FEG， Philips)， and the phase formed on the surface 
during the immersion tests was analyzed using α-2θXRD. 

The bonding strength betw巴巴� nthe film and the titanium plate 

substrate before and after immersion tests in PBS(一)� for 

3 days was evaluated by using a mechanical strength tester 

(Romulus rv， Quad Group). An aluminum stud with epoxy 

glue (PjN 901106， Quad Group) was set to the surface of 

the calcium phosphate coating film on a polished titanium 

plate.The area of the surface coated with the epoxy glue was 

approximately 5.7 mm2. The maximum load in the pulling 

experiments withthealuminum stud from the coated substrates 

was used to evaluate the bonding strength between the coating 

film and the tita口� iumsubstrat巴.� 

Osteoblast-like SaOS-2 cells (RCB0428， Riken 

BioResource Center Cell Bank， Tsukuba， Japan) were 

regularly cultured in Eagle'sα-modified minimum essential 

medium supplemented with 10% fetal bovine serum. SaOS-2 

cells (5 x 105) in 1 ml media were plated in three wells 

of a 24 well polystyrene culture dish (Code 3820-024， 

Iwaki Brand， Asahi Techno Glass， Tokyo， Japan) as a 

controL Four titanium plates (10 mm x 10 mm x 1 mm)， 

four titanium plates coated with calcium phospha印刷�  ms 

(IO mm x IO mm x 1 mm) and three hydroxyapatite disks 

(CELLYARD， HA pellets， 12-000-008， Asaru Glass， Tokyo， 

Jap加� 13mm in diameter and 2 mm in thickness) were 

placed in single non-adhesive (untreated) polystyrene culture 

dishes (Code 1000-035， Iwaki Brand， Asahi Techno Glass， 

Tokyo，Japan; 35 mm in diameter). Then，SaOS-2 cells (1 5 x 

105) in 3 ml media cells were plated on disks and pellets in 

non-adhesive culture dishes， and cultured for 3， 7， 14 and 

21 days (n = 3 for each condition)at 310 K in 5% C02-95% 

air environment， while medium exchange was performed 

twice per week.Cells were then sequentially peeled 0仔� with 

cell scrapers，collected by centrifugation， washed twice with 

a 3 ml PBS(-) solution and dissolved and homogenized 

with a dual-blade cutter for 30 s in a 300μ1 PBS(一)� 
solution containing 1 mass% Triton X. The supernatants 

(cell lysates) were then collected after centrifugation. The 

(double-strand) DNA contents of cell Iysates were measured 

with a tluOt巴� scentDNA quantitation kit (BioRad， Hercules， 

巴H，BioRad，uorFlr，巴� CA. USA) and a tluorometer (V 
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The sections were stained with toluidine blue and examin巴d 

using an optical microscope.Thedifference in th巴� percentages 

of the bone-implant contact between the titanium implants 

coated and uncoated with the ACP品� 1mwas statistically 

佃� alyzedby a Student's t-test. The statistical significance 

was assumed as pく� 0.05. 

3. Results and discussion 

3.1. Fabrication offilms 

Figures l(a)-(c) show the deposition rates of the calcium 

0.15 ~ (a) 	
一仁〉ー� :Co2=0% 
--fr-:Co2 =20% 
-，0，-: Co， =50%(/) 

ε 
C 

0:: 0.10 
ω
ー伺
』� 

C 《
0 

8O05 
ぞ¥

0.
ω 
Q 、 一一--d.匡ロ、. ー』企� 

phosphate tiImsas afunction of the totaJ gas pressure，oxygen 

gas concentration and substrate tempera印� re，� respectively. 

The deposition rate showed maxima at a total pressure of 

1Pa regardless of the oxygen gas concentration，as shown in 

figure l(a). The highest deposition rate observ巴� din this 

study was 0.143 nm cl (0.515μm h一� 1)at an oxygen 

gas concentration of 0% and a total gas pressure of 1 Pa. 

The deposition rate decreased with increasing oxygen gas 

concentral1on ゆ� gure I(b)) because oxygen would catch the 

electrons and decrease the numberofargon ions arriving at the 

target [12J.Figure 1(c) demonstrates that the deposition rates 

of caJcium-phosphate-coated tilms gradually increase with an 

increase in the substrate temperature. 

Figures 2(a) and (b) show the pha日� CSof the tilms 

fabricated at oxygen gas concentrations of 0%叩� d20%， 

respectively， and at substrate temperatures between RT 

and 773 K. The deposition time was 18 ks. Oxyapatite 

(CalO(P04)60， OAp) and/or ACP白� Imswere obtained on 

the titanium substrate， which was not heated intentionally 

(RT in figure 2). The OAp phase is regarded as being 

dehydroxylated from hydroxyapatite [13J. At an oxygen 

gas concentration of 0%， the OAp phase was obtained 

at all th巴� substrate temperatures. On the other hand， 

at the oxygen gas concentration of 20%， OAp and α司� 

TCP were obtained at a substrate temperature of 573 K， 

and OAp，s-TCP佃� dCaT日P6024were obtained at asubstrate 

temperature of 773 K. It was found that the lilm phase 

significantly dependcd on the oxygen concentration in the 

sputtering gas. The heat treatment of the ACP-coating 

自� 1mfabricated using the RF magnelron sputtering has been 

reported [14， 15J. Yamashita et al [14J reported that the 

s-TCP phase was obtained aれ� erannealing at over 1073 K 

from a sputtered coating film fabricated using CaO/P20S as 

the target. Ozeki et al [15] clm泊� edthat the phase of the 

sputtered coating h'lm after ann巴� alingat 973 K depended 

on the sputtering conditions such as RF power and total 

pressure， and a composite phase of HAp， s-TCP and s-
calcium pyrophosphate (Ca2P207，PYR) was obtained. In this 

study，TCP phases could be obtained in the tilms fabricated 

at an oxygen gas concentratIon of 20% and at substrate 

temperatures of 573 K and 773 K， which are much lower 

than the annealing temperature such as 973 K or 1073 K. 
The addition of oxygen 
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The change in the preferred orientation ofthe OAp phase 

in the films is shown in自� gure3. The films wer巴� fabricated 

at an oxygen gas concentration of 0%. The sputtering time 

was 7.2 ks. The peak intensity of oxyapatite (002) (2同=�  

25.90) increased with a decreasing substrate temperature. 1t 

was found that the orientation of the (002) face，that is，the 

c-face of the OAp phase can be controHed by the substrate 

temperature. 
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Figure 3. fI-21i XR D pat 【~ms of coating films fabricated at an 
oxygen gas concentration of 0% and various substrate temperat町民�  

(P101 = 0.5 Pa，RF power = 150 W，deposition tirne = 7.2 ks). 

3.2.lmmersion test 

show lhe XRD patterns of coating films before (c)〉ー� Figures4(α 

and after immersion in Hanks' solution or PBS(一)� for 5 days. 

The initial phases of coating白� Imswere ACP，OAp and cイ� ace 

oriented OAp (c-OAp). The apatite phase was detected after 

the immersion tests of ACP自� Imsusing XRD. The formation 

of the apatite phase was detected on all specimens after 

immersion in PBS(一)，� particularly the specimen coat巴� dwith 

the ACP film. Figures 5(a)-ー(c) show the scanning electron 

micrographs of the surface of ACP自� Imsafter immersion lests 

in PBS(一)� for 1，5 and 7 days，respectively. After 1 day，small 

apatite crystallites were observed on the surface; after 5 days， 

a network structur巴� ofneedle-like apatite crystals was spread 

over the surface. After 7 days，the needle-like apatite crystals 

spread further on the surface. 

It has been reported that the dissolution rate of the ACP 

phase is much higher th叩� thatof the crystalline phases in 

calcium-free Hanks' balanced salt solution [6]. Khor et al 
[16J carried out an immersion test using the Kokubo solution 

on caJcium phosphate films prepared by high v巴� locityoxy-fuel 

spraying on Ti-6Al-4V substrates，and observed the formation 

of apatite on the fiIms. They r巴� portedthat the precipitation rale 

was inftuenced by lhe calcium ion concentration adjacent to the 

surface of the coating 白� 1m，and thal a preferential di ~solution 

ofαーTCP，tetra-calcium phosphate (Cll4(P04hO，TICP) or the 

ACP phase in the coating films accelerated the precipitation of 

the apatite. The rapid dissolution of the ACP films in PBS(一)� 

had a b巴� n巴行� cialeffect on the precipitation of apatit巴� inthis 

study. 

3.3. Bonding strength 

Figure 6 shows the bonding strength of the ACP， OAp and 

c-OAp自� Imsbefore and after immersion tests in PBS( -) for 

3 days，calculated using出� emaximum load in the adherence 

test. Bonding strengths ranging from 60 to 80 MPa were 

obtained before the immersion test. On the other hand， the 

bonding strength after the immersion test was approximately 

60 MPa for OAp and c-OAp凸� Ims，� but 30 MPa for the 

ACP白� 1m. These values are lower than those before the 

immersion tests. Figures 7(a)佃� d (b) demonstrate the surface 

after the adherence test for the ACP-coated specimens with 

and without the immersion test， respectively. As shown in 

負� gure7(α). epoxy glue was detected on the coating自� 1mand 

the detachment of the coating白� 1mfrom the titanium substrate 

was not observ巴� d. It was suggested that the detachment 

during the adherence tests occurred at the interface between 

the coating自� 1mand epoxy glue or in the interior of the 

epoxy glue. Therefore， it can be concluded that the bonding 

strength between the coating fiJm and the polished titanium 
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causethe surface 巴1mand the titanium substrate b計he ACP'1 

of th巴� titaniumwas detected after the adherence tests. The 

reason for the severe decrease of bondling strength in the ACP 

film may bじ� itshigh di悩� o¥utionrate in PBS(一).� 
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Figure 5. Scanning electron micrographs of the su巾� ceof 
SpeClllli?nぉ� cO<lredwirh an ACP lilm afrer immersion in PsS(ー)� for 
(a) 1，(b) 5 and (c) 7 days. 

28 (CuKα) 

c-OAp coated (c)OAp and (b)，ACP(α)XRD pattems of 4. Figure 
forー)PBS( 1'0ionin Hanks' so]ution 市r immer'teImsbdore and at品� 

5days. 3.4. ALP activity and bone-implant contact 

The ALP production per DNA production (ALP /DNA) of 

plate is greater than 60 MPa before immersion in PBS(一).� SaOS-2 cells in the OAp-coated titanium plate is shown in 

Some studies have been performed on the bonding strength of table 1， in which ALP /DNA of the control at the beginning 

sputrered calcium phosphate自� Ims r6， 11， 17] with bonding stage of the culture is refe汀� edto as the standard state 

strengths comparable to the present resu1ts. Figure 7(b) (100%). When compared with the uncoated titanium plate，an 

suggests that the detachment occurred at the interface between increase in the ALP activity (ALP /DNA) was observed on the 
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Table 1. ALP activity ofcultured SaOS-2 cells observed after 3，7，14 and 21 days. 

ALPjONA士� SO(%) 

Materia1 3d 7d 14 d 21d 

Control 208.9士� 3.0 46.9士1.6 22.5士� 0.4 17.6士� 0.8 
Ti without coating 330.7土� 7.3 144.7土� 2.6 15.7土� 0.5 11.8土� 0.3 
Ti with coat.ing 948.6土� 12.3 775.3土� 73.3 72.4土1.2 16.5士� 0.3 
HAp pellet 1978.1士� 26.0 95.7土1.1� 59.8土1.4 17.9土� 0.7 

Table 2. Bone-imp1ant contact of uncoated and ACP-coated 
titanium implants. 

Bone-出� lp1antcontact土� SO(%) 

80 2-4 weeks 8-12 weeks 

ErLu Uncoated 17.09土� 3.8(N= 8) 30.66士4.5(N=4) 

士3.7(N= 8) 40.35土5.0(N= 4)
1 60 

ACP-coated 19.56

40 4. Conclusionq=c33昔ロi

ロc3 

∞cコてo 

20 

O 
OAp c-OAp ACP 

Figure 6. Bonding strl巴ngthbefore and after immersion in PBS(ー)� 
for 3 days ca1culated using the maximum load in the adherence test 

OAp-coated titanium plate 3 and 7 days after the cells 

were cuJtured. The bone-implant contact reflects the 

biocompatibility of implants，which is shown in table 2. At 

the early stage of implantation (2-4 weeks)，there were no 
signiticant changes in the bone-implant contact between the 

uncoated and ACP-coated titanium cylinders. On the other 

hand，at a later stage of implantation (8-12 weeks)，the bone 

implant contact of the ACP-coated titanium cylinders was 

greater than that of the uncoated one 

The calcium phosphate 品Ims were fabricated on CP-Ti 

substrates heated up to 773 K using RF magnetron sputtering 

under various deposition conditions. In vivo and in vitro 

evaluations wer巴� conducled using lh巴自�  Ims，� yielding the 

following results. 

(1) The deposition rate decreased with increasing oxygen 

gas concentration，showing maxima at a total pressure of 

1Pa.Theeffect ofsubstratetemperature on thedeposition 

rates was smalJ. The films prepared at room temperature 

consisted of the ACP andjor OAp phases. At substrate 

temperatures of 573 K and 773 K，OAp was detected at 

an oxygen gas concentration of0%，while α-TCP，s-TCP 
and CaTi4P6024 phases were detected at an oxygen gas 

concentration of 20%. The preferred orientation (002) 

for OAp was detected at lower substrate temperatures. 

(2) The formation of apatite crystals was detected on the 

specimen sutt.ace coated with calcium phosphate fiJms 

after immersion in PBS(ー)，� and it was more signi白cant 

on ACP tilms.The rapid dissolution of the ACP tilms in 

-、
司.

，， 

/大
~ 

r:m~ 

. 

h 

Figure 7. Scanning electron micrographs ofthe fracture surface of the ACP-coated specimen in the adherenωtest (a) before and (b)after 
immersion in PBS(ー)� for 3 days. 
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PBS(一)� had a bene自� cialeffect on the precipitation of the 

apatite crystals. 

(3) The bonding strength of the calと� ium phosphate film 

fabricated on a polished titanium plate was evaluated to be 

greater than 60 MPa. After conducting immersion tests in 

PBS( -) for 3 days， a decrease in the bonding strength 

of the 自� Ims011 the polished titanium substrates was 

detected. 

(4) The calcium phosphate白� 1mincreased the ALP activity of 

SaOS-2 ceIls on the titanium plates 3 and 7 days after they 

were cultured. An increase in the percentage of bone-

implant contact was demonstrated in titanium cylinders 

coated with an ACP coating film after 8-12 weeks 

following their implantation in the mandibles of beagle 

dogs. 
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Abstract: Hydroxyapatite (HAp), a major inorganic component of hard tissues, has been widely used as a novel scaffold 

for bone or tooth tissue regeneration. However, the effects of HAp on dental cells at the molecular level are poorly under-

stood. In the present study, we evaluated the effects of HAp on differentiation- and mineralization-related gene expression 

in the dental epithelial cell line (HAT-7). HAT-7 cells were observed to spread on the surface of HAp sintered disks and 

to increase the expression of several differentiation- and mineralization-related genes. Furthermore, amelogenin and HAp 

synergistically induced differentiation resulting in increased amelogenin mRNA expression in HAT-7 cells. The results 

from this study provide important information to develop novel biomaterials for enamel regeneration. 

INTRODUCTION  

 Amelogenin is a major component of enamel matrix pro-
teins, accounting for more than 90% of enamel matrix pro-
teins [1]. We have previously reported that amelogenins in-
duce differentiation of the dental epithelial cell line (HAT-7) 
and in an autocrine manner increase levels of amelogenin 
mRNA by enhancing its stability [2, 3]. Through this unique 
auto-regulatory mechanism amelogenins are produced in 
large quantities by ameloblasts and accelerate enamel forma-
tion. Ameloblastin, is another enamel matrix protein that 
comprises 5-10% of enamel matrix proteins [1]. It is a cell 
adhesion molecule that plays a role in maintaining the differ-
entiation state of secretory ameloblasts [4]. 

 Enamel formation is a unique matrix protein-mediated 
biomineralization process. In the early stage the enamel ma-
trix primarily comprises enamel matrix proteins, but the 
composition shifts from enamel matrix proteins to hy-
droxyapatite (HAp), the major non-organic component of the 
enamel matrix, and by the maturation stage is finally entirely 
replaced by HAp. HAp, as a major inorganic component of 
hard tissues, has been widely used as a novel scaffold for 
mineral-related tissue engineering [5-9] and as carrier for 
delivery of some growth factors [10-15]. HAp-coated dental 
implants had been investigated clinically [16-23]. The data 
suggest that HAp-coated implants may be able to maintain 
optimal osseointegration over time, though the molecular 
mechanisms by which HAp affects dental cell differentiation 
and mineralization are poorly understood [23]. 

 In present study, we evaluated the effects of HAp sin-
tered disks on expression of cell differentiation- and miner-
alization-related genes in a dental epithelial cell line, and 
also evaluated the combined effects of amelogenin and HAp 
on differentiation. The data from this study will provide im-
portant information for tooth regeneration. 
 

*Address correspondence to this author at the Cell-Sensing, Biomaterials 

Center, National Institute for Materials Science, 1-1 Namiki, Tsukuba, Iba-

raki 305-0044, Japan; E-mail: XU.Liming@nims.go.jp 

MATERIALS AND METHODS 

Preparation of HAp Sintered Disk 

 Single phase HAp powder was prepared by wet method 
from Ca (OH)2 suspension adjusted to a pH 8 with H3PO4 
solution [24]. Spherical particles were obtained with a spray-
dryer and were calcined at 800°C for 1-3 h. Polyvinyl alco-
hol and triethylene glycol were then incorporated as binders. 
The green bodies were fabricated under a uniaxial pressure 
of 30 MPa and were then sintered in air at 1200°C for 3 h. 
HAp disks were polished with diamond abrasives (particle 
size, 3 m) to reduce the surface roughness and to obtain a 
mirrored surface. The polished disks were washed three 
times in distilled water in an ultrasound bath and were then 
annealed at 800°C for 1 h. The surface of the HAp sintered 
disks was imaged by scanning electron microscopy (SEM). 

Cell Culture 

 HAT-7 cells, a dental epithelial cell line originating from 
apical bud of a rat incisor [25] were cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM)/F-12 (GIBCO BRL, 
USA) supplemented with 10% fetal bovine serum and peni-
cillin (100 units/ml)/streptomycin (100 μg/ml). All cultures 
were maintained in humidified atmosphere of 5% CO2 at 
37°C. 

Sample Preparation for Observation of Cell Morphology 
by Atomic Force Microscopy  

 Cells cultured on the surface of a HAp sintered disk were 
washed two times with PBS. Then the samples were fixed 
with 2.5% glutaraldehyde in PBS solution for 30 min, and 
then dehydrated in graded alcohol baths (50%, 70%, 90% 
and 100%) for 15 min, respectively. Samples were vacuum 
dried overnight then observed under an atomic force micro-
sope (AFM) (Digital Instruments, Dimention 3100). The 
image was generated by simultaneous acquisition of height 
and phase signals.  
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RNA Extraction and Real-Time RT-PCR 

 The mRNA expression of differentiation- and mineraliza-
tion-related marker genes was determined by quantitative 
real-time RT-PCR using SYBR green, as previously de-
scribed [2]. Briefly, total RNA was extracted at various time 
points with ISOGEN (Nippon Gene, Japan). Total RNA (4 
μg) was reverse transcribed into cDNA with Super Script 
First-Strand Synthesis System (Invitrogen, USA) according 
to the manufacturer’s protocol. Expression data was normal-
ized to the housekeeping gene, glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) as an endogenous control. The 
primers for real-time RT-PCR were designed with Primer-
Express software (Applied Biosystems, USA) and are pro-
vided in Table 1. 
 

Table 1. Real-time PCR Primers 

 

amelogenin Forward 5'-TGGGAGCCCTGGTTATATCAA-3' 

Reverse 5'-GCTGCCTTATCATGCTCTGGTA-3'

ameloblastin Forward 5'-TTCACCCAAGGGAGGAGACTT-3'

Reverse 5'-CTCTCCTTTCTCAGGGCCTTTAGT-3'

Osteopontin Forward 5'-GTTTTGGGCCCTGAGCTTAGTT-3'

Reverse 5'-AGAAGCGAAATGCTGAAACTTCTAG-3'

BSP Forward 5'-AACTCAGAGGATCCGGAAACAC-3'

Reverse 5'-GATGATTCTGCCCTCCGTAGTC-3'

Forward  5'-CCGTGCTCAGCTTCCATCA-3'

Reverse 5'-GGGAAGTTTTCCCACTCATT TCT-3'

ALP Forward 5'-GCAGGATCGGAACGTCAATTA-3'

Reverse 5'-CTCGCTGGAGCCCAGATG-3'

GAPDH Forward 5'-GCCCCCAACACTGAGCAT-3'

Reverse 5'-CCAGGCCCCTCCTGTTGT-3'  

Statistical Analysis 

 Data are presented as means ± SD. Single group com-
parisons were evaluated with the Student’s t-test method. 
Statistical significance was set at * P < 0.01, ** P < 0.001. 

RESULTS  

Structure of HAp Sintered Disk Surface and Morphology 

of the HAT-7 Cell Cultured on the HAp Surface  

 To evaluate the effects of hydroxyapatite sintered disk on 
expression of cell differentiation- and mineralization-related 
genes in a dental epithelial cell line, we first visualized the 
surface structure of the HAp sintered disk by SEM. The 
SEM revealed various size hydroxyapatite crystals and 
smooth roughness in the surface of the disk (Fig. 1, left 
panel). HAT-7 cells cultured on the surface of a HAp sin-
tered disk were spread taut (Fig. 1, right panel). The attach-
ment of the cells cultured on the surface of HAp sintered 
disk did not differ from that of cells cultured on the tissue 
culture polystyrene (TCP) plate (data not shown). 

Effects of HAp on HAT-7 Cell Gene Expression  

 To investigate the effects of HAp on gene expression in 
dental epithelial cells, HAT-7 cells were cultured on the sur-
face of a HAp sintered disk and the mRNA expression levels 
of various genes were determined. Amelogenin mRNA ex-

pression was found to be slightly increased at day 3 and day 
7. Ameloblastin, osteopontin, bone sialoprotein, bone 
morphogenetic protein-2 and alkaline phosphatase mRNA 
expression increased significantly when the cells were cul-
tured on the surface of a HAp sintered disk compared with 
that of cells cultured on a TCP plate (Fig. 2). Up-regulation 
of these mRNAs was observed at day 1 and increased ex-
pression levels were maintained for the two-week experi-
mental period (Fig. 2). These results suggested that HAp 
contributes to dental epithelial cell differentiation and miner-
alization. 

Fig. (1). SEM image of the surface of HAp sintered disk (Left 

panel), and AFM image of HAT-7 cell cultured on this surface 

(Right panel). The preparation of HAp sintered disks is described in 

Materials and Methods. 

Amelogenin Protein and HAp Synergistically Increase 
Amelogenin mRNA Expression  

 We have previously demonstrated that amelogenin pro-
tein induces HAT-7 cell differentiation and in an autocrine 
fashion results in an increase of amelogenin mRNA expres-
sion [2]. To determine whether amelogenin protein and HAp 
cooperate in inducing dental epithelial cell differentiation 
and mineralization, HAT-7 cells were cultured on a HAp 
sintered disk and in the presence of exogenous amelogenin 
proteins. Endogenous amelogenin mRNA expression was 
significantly and synergistically increased when the cells 
were cultured on HAp in the presence of amelogenin pro-
teins (Fig. 3). The synergistic effects of HAp and amelo-
genin protein application were not observed in the expres-
sion of mineralization-related genes such as ameloblastin 
and osteopontin (data not shown). These results suggested 
that amelogenin protein and HAp cooperate to induce differ-
entiation of dental epithelial cells resulting in increased 
amelogenin mRNA expression. 

 Tooth tissue engineering, like other tissues, requires inte-
gration of three key elements: the responding progeni-
tor/stem cells, growth factors, and the extracellular matrix 
scaffold. In a previous study, we demonstrated that BMP-2 
induced dental epithelial cell differentiation resulting in in-
creased amelogenin and ameloblastin mRNA expression in 
vitro [26], suggesting that the BMPs have important role in 
the controlling differentiation of dental epithelial cells. We 
also previously reported that the enamel matrix protein 
amelogenin induced differentiation of the dental epithelial 
cell line (HAT-7) resulting in increased levels of amelogenin 
mRNA through enhancing mRNA stabilization in an 
autocrine manner [2, 3]. The current study, reveals that the 
primary inorganic component of enamel matrix, HAp, in-
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creases differentiation of HAT-7 cells and induces expres-
sion of mineralization-related genes (Fig. 2), suggesting that 
HAp plays a role in dental epithelial cell differentiation and  
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Fig. (2). mRNA expression of HAT-7 cells cultured on the surface 

of HAp sintered disk. A: Amelogenin; B: Ameloblastin; C: Osteo-

pontin; D: Bone sialoprotein (BSP); E: Bone morphogenetic pro-

tein-2 (BMP-2); F: Alkaline phosphatase (ALP). HAT-7 cells were 

seeded on the surface of a HAp sintered disk with 600 l culture 

medium containing 2.5 x 10
5 

cells. After the cells attached, medium 

was adjusted to 1 ml and cells were cultured for 0, 1, 3, 7, 14 days. 

Media were changed at every two days. mRNA expression was 

determined by real-time RT-PCR. The results are representative of 

three separated experiments. Error bars indicate mean±SD. The 

cells cultured in tissue culture polystyrene plate (TCP) were served 

as control. 

mineralization. Furthermore, we find that amelogenin pro-
teins and HAp cooperate to induce differentiation of dental 
epithelial cells resulting in even further induction of amelo-
genin mRNA expression, suggesting that cell-matrix interac-
tions are important in enamel formation. 

 

 

 

 

 

 

 

 

 

Fig. (3). Amelogenin mRNA expression. HAT-7 cells were cul-

tured on tissue culture polystyrene plate (TCP) or the surface of a 

HAp sintered disk (HAp), in the presence or absence of amelogenin 

protein for 3 days. The results are representative of three separated 

experiments. Error bars indicate mean±SD. *, p<0.01; **, p<0.001.  

DISCUSSION 

 The mechanisms involved in biological effects of HAp 
on the cells have been previously discussed [27, 28]. Cal-
cium is a key component of the mineralized enamel matrix. 
The morphology of human ameloblast lineage cells is altered 
by increased calcium in the media, and differentiating 
ameloblast-lineage cells can be maintained in a functional 
state by culturing in the presence of 0.05 mM calcium [29, 
30]. The calcium sensing receptor in enamel organ epithelial-
derived cells has been identified [31, 32]. These observations 
suggested a signal role for calcium in ameloblast lineage cell 
differentiation and mineralization. In the case of present 
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study, when dental epithelial cells (HAT-7) were cultured on 
the surface of a HAp sintered disk, calcium released from the 
HAp sintered disk would able to promote HAT-7 cell differ-
entiation and mineralization resulting in upregulation of dif-
ferentiation and mineralization-related genes expression.  

 The excellent adsorptive capability and biocompatibility 
of HAp are believed to help adsorb activation factors from 
the medium, thereby inducing cell attachment, proliferation 
and/or differentiation. The data from in vitro organ culture 
suggests that BMP-2-soaked apatite induces functional dif-
ferentiation of ameloblasts resulting in amelogenin secretion 
[33]. We have previously demonstrated that amelogenin pro-
tein was retaken up by the HAT-7 cells resulting in increased 
endogenous amelogenin mRNA expression through enhanc-
ing mRNA stabilization in the cytoplasm [2]. In the case of 
HAp and amelogenin protein co-application, HAp may ad-
sorb exogenous amelogenin from the media facilitating the 
reuptake of amelogenin into the cytoplasm. In this way, HAp 
and amelogenin protein synergistically increase amelogenin 
mRNA expression.  

 In conclusion, we evaluated the biological effects of HAp 
on dental epithelial cells at the molecular level. The data 
from this study showed that HAp induced dental epithelial 
cell differentiation and mineralization through inducing ex-
pression of some genes. We proposed that amelogenin pro-
tein and HAp cooperate to induce differentiation of dental 
epithelial cells resulting in increased amelogenin mRNA 
expression. These results provide important information to 
develop novel biomaterials for enamel regeneration. 
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We previously demonstrated that the uptake of M180 amelogenin protein in dental
epithelial cells (HAT-7) results in increased levels of amelogenin mRNA through
enhanced mRNA stabilization. To determine the processes involved in the uptake of
extracellular M180 amelogenin by cells and in amelogenin intracellular trafficking in
the amelogenin protein-mediated amelogenin mRNA expression pathway, we inves-
tigated the effects of LAMP1 and LAMP3, which are candidate M180 amelogenin
receptors, on M180 amelogenin uptake, localization and amelogenin mRNA induction
by amelogenin protein, using anti-LAMP-1 and anti-LAMP-3 antibodies and siRNA
analysis. The results indicate that LAMP3 blocking by anti-LAMP-3 decreases M180
amelogenin uptake, but does not affect amelogenin mRNA induction by amelogenin
protein, suggesting that LAMP3 is related to amelogenin degradation. Down-
regulation by siRNA of LAMP1, which is the receptor for small amelogenin protein
(LRAP), does not affect M180 amelogenin uptake, localization or amelogenin mRNA
induction by amelogenin protein. Thus, while LAMP1 is the specific receptor for
LRAP, it is not a receptor for M180 amelogenin. These findings will aid further
research into the understanding of M180 amelogenin function and expression.

Key words: amelogenin, LAMP1, LAMP3, ameloblast, tooth development.

Abbreviations: FITC, fluorescein isothiocyanate; LAMP, lysosomal associated membrane protein; LRAP,
leucine-rich amelogenin peptides.

Amelogenin is the major protein component of enamel
matrix. The expression of amelogenin is spatially tem-
porally regulated at both the transcription– and post-
transcription levels in tooth development (1–5). We
demonstrated in a previous study that the uptake of
amelogenin protein in dental epithelial cells (HAT-7)
results in increased levels of amelogenin mRNA through
enhanced mRNA stabilization (5, 6). This finding is
important for understanding amelogenin overexpression
in tooth development. However, little is known about the
processes involved in the uptake of extracellular amelo-
genin by cells and amelogenin intracellular trafficking
in the amelogenin protein-mediated amelogenin mRNA
induction pathway.

Alternative splicing of amelogenin pre-mRNA leads to
the production of many isoforms (7–13). The smaller
splice products, produced upon the deletion of exon
6ABC are known as the leucine-rich amelogenin pep-
tides, LRAP or [A-4]/M59 and have been shown to act
differently, as signalling molecules affecting odontogenic
and other cell types (14–17). The larger forms, such as
M180 amelogenin protein, contain the intact proline-
rich, hydrophobic exon 6 domains, and are important

for enamel mineralization (18). Thus, LRAP and M180
amelogenin have different functions, and the regulation
of M180 amelogenin protein expression appears to differ
from the regulation of LRAP expression.

The mammalian endocytic system plays a number of
important roles, including the processing of extracellu-
larly derived nutrients, regulation of activated surface
receptors, maintenance of membrane homeostasis and
defence against external pathogens. In these endocytic
processes, internalized ligands are first delivered to
endosomes. Subsequently, ligands, or ligand–receptor
complexes, are either delivered to lysosomes for degrada-
tion or recycled to the plasma membrane or Golgi (19).
Several highly glycosylated lysosomal membrane pro-
teins have been identified (20), and are known to be
related to cell endocytosis (21, 22). Lysosomal-associated
membrane protein-1 (LAMP-1) and LAMP-2 are major
protein components of the lysosomal membrane (23). At
steady state, LAMP1 is highly expressed in late endo-
somes and lysosomes. However, in many cell types,
LAMP1 can also be observed in early endocytic compart-
ments (19). Moreover, LAMP1 immunoreactivity is also
observed at the plasma membrane of most cell types
(23–25). Recently, LAMP1 was identified as a cell surface
receptor for a mouse small amelogenin protein, [A-4]/M59
(LRAP) (26). A previous study reported that LAMP1 is
expressed by ameloblasts at all stages of amelogenesis,
and extracellular Emdogain (the major component of

*To whom correspondence should be addressed. Tel: +81-29-860-
4505, Fax: +81-29-860-4714, E-mail: taniguchi.akiyoshi@nims.go.jp
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which is amelogenin) is transferred into the cell cyto-
plasm via direct passage of amelogenin into LAMP1-
positive vesicles (27). Amino acid sequence of M180
amelogenin almost overlaps to LRAP, without exon 6
ABC. This suggests that LAMP1 could bind to M180
amelgenin, so LAMP1 is the candidate for the cell sur-
face receptor for M180 amelogenin.

A member of the tetraspanin superfamily, LAMP-3
(also known as CD63) is a well-understood lysosomal
integral membrane glycoprotein (28–30). Tetraspanins
mediate signal transduction events that play a role in
the regulation of cell development, growth, mobility and
activation (30, 31). LAMP3 localizes not only in late
endosomes, lysosomes and secretary vesicles, but also
expresses in the plasma membrane of most cell types
(32–34). LAMP3 has been shown to internalize anti-
LAMP3 antibodies in HUVECs, and then transport these
antibodies to late endosomes and Weibel–Palade bodies
(32), suggesting that LAMP3 plays a role in trafficking
LAMP3-binding molecules between different parts of the
cytoplasm. LAMP3 has also been shown to interact with
amelogenin by yeast two-hybrid analysis (35), and endo-
cytosed amelogenin co-localizes in CD63-positive cells (27).
These findings suggest that LAMP1 and LAMP3 are
candidate cell surface receptors for M180 amelogenin.

To elucidate the uptake pathway of M180 amelogenin,
we examined the effects of LAMP1 and LAMP3 on M180
amelogenin uptake, localization and amelogenin mRNA
induction by amelogenin protein. Our results suggest
that LAMP3 is important for M180 amelogenin uptake
and localization, but not for amelogenin mRNA induction
by amelogenin protein, and that LAMP1 is not involved
with M180 amelogenin uptake, localization or amelo-
genin mRNA induction by amelogenin protein.

MATERIALS AND METHODS

Cell Culture—A rat dental epithelial cell line, HAT-7,
which is an ameloblast-like cell line originating from the
apical bud of rat incisor (36), was used in this study and
was cultured as previously described (5, 6, 37, 38).

FITC Labelling of Recombinant Amelogenin Protein—
The recombinant mouse amelogenin (M180) used in this
study was expressed using the baculovirus insect cell
protein expression system as previously described (5).
The FluoReporter FITC Protein Labeling Kit (F6434)
was purchased from Molecular Probes (USA). FITC-
amelogenin labelling was performed as previously
described (5).

LAMP1 or LAMP3 Blocking and Uptake of FITC-
amelogenin—Rabbit anti-LAMP1 polyclonal antibody
(ab24170, Abcam, MA, USA) and rabbit anti-LAMP3
polyclonal antibody (sc-15363, Santa Cruz, CA, USA)
were used to block LAMP1 and LAMP3, respectively.
Rabbit polyclonal IgG-isotype control (ab27478, Abcam)
was used as the control. Briefly, HAT-7 cells were seeded
on coverglass slips the day before the experiment and
cultured to 40–60% confluence. The cells were washed
with serum-free culture medium and then incubated
in anti-LAMP3 or anti-LAMP1 antibody at 40 mg/ml in
serum-free medium for 16 h at 378C. After antibody
blocking, 10 mg/ml of FITC-amelogenin was added and

the cells incubated for 4 h at 378C. Subsequently, the
cells were washed three times with phosphate-buffered
saline (PBS), and then fixed in 4% paraformaldehyde
for 20 min at room temperature. The nuclei were
stained with Hoechst dye. After PBS washes, the cover-
slips were mounted on slides and the cells were observed
under a confocal laser scanning microscope (Zeiss,
LSM 510).

LAMP1 and LAMP3 Immunofluorescent Staining—
Rabbit polyclonal anti-LAMP3 (FL-238) antibody (Santa
Cruz) was used for LAMP3 immunostaining and rabbit
polyclonal anti-LAMP1 antibody (ab24170, Abcam) was
used for LAMP1 immunostaining. Alexa Fluor 594, goat
anti-rabbit IgG (H+L) (A11037, Molecular probes, OR,
USA) was used as the secondary antibody. Briefly, cells
cultured on coverglass slips were washed three times
with PBS and fixed in 4% paraformaldehyde for 20 min
at room temperature. After PBS washes, the cells were
blocked in 1% BSA–PBS for 1 h at room temperature and
then incubated for 1 h at 378C with the primary anti-
body diluted 1:50 in 0.1% BSA–PBS. The cells were then
washed and incubated for 1 h at 378C with the secondary
antibody diluted 1:200 in 0.1% BSA–PBS. The nuclei
were stained with Hoechst dye. The coverslips were
mounted and the cells were observed under a laser
confocal microscope (Zeiss, LSM 510).

LAMP1 siRNA Knockdown—The LAMP1 ds-siRNA
oligonucleotide sequence was GGA GAA GGA UAU
UUA CUG ATT (Rat LAMP1, accession No: M34959,
371–389 nt, designed and constructed by Takara, Ohtsu,
Japan). The LAMP1 siRNA control sequence was AGG
UAA UCA AGG UGG UAU ATT. The RNA interference
was performed by transient transfection of the ds-siRNA
into the cells using Lipofectamine RNAiMAX transfection
reagent (Invitrogen, Carlsbad, CA, USA). Briefly, HAT-7
cells were incubated in a 6-well plate the day before
the experiment and cultured to 50–70% confluence. A
dilution of 5ml of Lipofectamine RNAiMAX in 250ml of
Opti-MEM was mixed with a dilution of 4 ml of LAMP1
ds-siRNA in 250ml of Opti-MEM and then incubated at
room temperature for 20 min. After changing the medium
to antibiotic-free medium, the Lipofectamine RNAi
MAX/LAMP1 ds-siRNA mixture (ds-siRNA final concen-
tration: 32 nM) was applied to the cells. The knockdown
efficiencies were confirmed by determining the decreases
in the levels of LAMP1 mRNA and protein expression.
LAMP1 mRNA expression was determined using the
real-time RT–PCR SYBR method. The decreased levels of
LAMP1 protein expression were confirmed using immu-
nofluorescent (IF) staining, as described above.

Real-Time RT–PCR—Amelogenin and LAMP1 mRNA
expression levels in rat HAT-7 cells were determined
using the real-time RT–PCR SYBR method described
previously (5). The house-keeping gene GAPDH was
used as the endogenous control. The primers used in this
study were as follows: for amelogenin, forward 50-TGG
GAG CCC TGG TTA TAT CAA-30, and reverse 50-GCG
GCT GCC TTA TCA TGC T-30; for GAPDH, forward
50-GCC CCC AAC ACT GAG CAT-30, and reverse 50-CCA
GGC CCC TCC TGT TGT-30; for LAMP1, forward 50-AGT
GTC CAG CAC ATG TAT TTC ACA TAT-30, and reverse
50-AGT GTC GGG CCC TTT GG-30.
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RESULTS

Effects of Anti-LAMP1 and Anti-LAMP3 Antibody on
M180 Amelogenin Uptake and Localization—We showed
in previous studies that extracellular M180 amelogenin
is taken up by HAT-7 cells and localizes in the peri-
nuclear region near the ER, where amelogenin protein
increases its own mRNA expression level through
enhanced mRNA stabilization (5, 6). Recently, amelo-
genin-binding proteins have been cloned using the
yeast two-hybrid assay (35). In that study, an integral
membrane protein, LAMP3, was observed to interact
with amelogenin. Moreover, LAMP1 was identified as
a cell surface receptor for a mouse small amelogenin
protein, LRAP (26). In the present study, to analyse the
M180 amelogenin uptake pathway, LAMP1 or LAMP3
expression was blocked by anti-LAMP1 or anti-LAMP3
antibody and FITC-labelled M180 amelogenin was sub-
sequently added. After 4 h, the uptake and localization
of FITC-amelogenin was observed by laser scanning
microscopy. The signals of FITC-amelogenin in the cyto-
plasm and perinuclear were significantly decreased by
anti-LAMP3 antibody treatment when compared to the

IgG control (Fig. 1A). Prior to antibody treatment FITC-
amelogenin was localized in the perinuclear region near
the ER; however, upon antibody treatment the local-
ization of FITC-amelogenin changed to the cytoplasm
(Fig. 1B). No significant differences in the uptake and
localization of FITC-amelogenin were observed by
anti-LAMP1 antibody treatment when compared with
the IgG control (Fig. 1A). These results indicate that
LAMP3 is involved in the uptake and localization of
M180 amelogenin in HAT-7 cells, but LAMP1 is not.

Effect of LAMP3 Overexpression on M180 Amelogenin
Uptake and Localization—Next, we found that LAMP3
overexpression resulted in significantly greater uptake
of FITC-amelogenin (Fig. 2, left panel) compared with
transfection of the control vector (Fig. 2, right panel).
These results also suggest that LAMP3 is important for
M180 amelogenin uptake in HAT-7 cells.

FITC-labelled M180 Amelogenin Co-localizes with
LAMP3 in the Perinuclear Region in HAT-7 Cells—To
elucidate the uptake pathway, we determined the
localization of LAMP3 and amelogenin in HAT-7 cells.
Exogenously added FITC-labelled M180 amelogenin

Control IgGLAMP1 antibody

DIC CompositeDIC CompositeDIC

Nuclear staining FITC-Amelogenin

Composite

LAMP3 antibody

(a) (a) (a)(b) (b) (b)

(c) (c) (c)(d) (d) (d)

Nuclear staining FITC-Amelogenin Nuclear staining FITC-Amelogenin

Control IgGLAMP1 antibody LAMP3 antibody

A

B

Fig. 1. Effects of anti-LAMP1 and anti-LAMP3 antibody on
amelogenin uptake and localization. (A) Confocal images of
uptake and localization of exogenously added FITC-amelogenin in
HAT-7 cells. Left panel: anti-LAMP-1 antibody; Center panel:
anti-LAMP3 antibody addition; right panel: rabbit IgG as control.
HAT-7 cells were treated with 40mg/ml of antibody for 16 h and
then 10mg/ml of FITC-labelled amelogenin protein was added

exogenously to the cells for 4 h, after which they were observed
under a laser scanning confocal microscope (Zeiss, LSM 510). (a)
Split images of nuclear staining, (b) FITC-amelogenin signals, (c)
differential interference contrast image, (d) composite of a, b and
c. (B) The Z-section images of FITC-labelled amelogenin protein
localization. The arrows indicate the localization of endocytosed
FITC-amelogenin in the perinuclear region.
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co-localized with endogenous LAMP3 at the perinuclear
region, and LAMP3 was expressed throughout the cyto-
plasm as well as at the plasma membrane in HAT-7 cells
(Fig. 3). These results suggest that LAMP3 is closely

involved in extracellular M180 amelogenin uptake and
M180 amelogenin intracellular trafficking in HAT-7 cells.

LAMP1 Down-regulation does not Affect the Uptake
and Localization of M180 Amelogenin—Anti-LAMP1
antibody treatment did not inhibit the uptake of extra-
cellular amelogenin. Because it was possible that the
epitope specificity of the LAMP1 antigen was differ-
ent from the amelogenin binding site, LAMP1 was
down-regulated using siRNA to further clarify the
involvement of LAMP1 in exogenous amelogenin uptake.
LAMP1 siRNA efficiency was confirmed by mRNA expres-
sion level analysis, as shown in Fig. 4A. LAMP1 siRNA
did not affect the uptake of extracellular amelogenin or
its localization in the cytoplasm (Fig. 4B, left panel)
compared to control siRNA transfection (Fig. 4B, right
panel). These results indicate that LAMP1 is not involved
in the uptake of extracellular M180 amelogenin or in
its intracellular trafficking in HAT-7 cells.

Down-regulation of LAMP1 and LAMP3 does not Affect
Up-regulation of Amelogenin mRNA Expression by M180
Amelogenin Protein Treatment—To determine the effect
of LAMP1 and LAMP3 down-regulation on amelogenin
mRNA expression, amelogenin mRNA induction by M180
amelogenin protein treatment was determined under
LAMP1 siRNA or anti-LAMP3 antibody treatment. In
the case of LAMP1 siRNA, after 6 h of LAMP1-siRNA
transfection, amelogenin was added and the cells sub-
sequently cultured for 24 h. The LAMP1 mRNA level
was then determined to verify knockdown efficiency.
Amelogenin mRNA induction was determined with or
without LAMP1-siRNA treatment (Fig. 5A). No signifi-
cant difference in amelogenin mRNA induction was
observed between LAMP1 siRNA treatment and the con-
trols. In the case of LAMP3, after 6 h of anti-LAMP3

ControlLAMP3 over expression

LAMP3Nuclear staining Nuclear staining

FITC-Amelogenin DICDIC

LAMP3

(a) (b)

(c) (d)

(a) (b)

(c) (d)

FITC-Amelogenin

Fig. 2. Effect of LAMP3 overexpression on amelogenin
uptake and localization. Confocal images of uptake of
exogenously added FITC-amelogenin and LAMP3 immunofluor-
escent staining of HAT-7 cells transfected with LAMP3

expression vector (left panel) or control vector (right panel).
(a) Split images of nuclear staining, (b) LAMP3 signals, (c) FITC-
amelogenin signals and (d) differential interference contrast
image.

FITC-Amelogenin Nuclear staining

LAMP3 Composite

(a) (b)

(c) (d)

Fig. 3. Co-localization of endocytosed FITC-amelogenin
and LAMP3 expression. (a) FITC-amelogenin signals, (b) split
images of nuclear staining, (c) LAMP3 signals, (d) composite
of a, b and c.
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antibody treatment, amelogenin was added and the
cells subsequently cultured for 24 h. Amelogenin mRNA
induction was then determined with or without anti-
LAMP3 antibody treatment. No significant difference in
amelogenin mRNA induction was observed between anti-
LAMP3 antibody treatment and the control (Fig. 5B).
These results suggest that although LAMP3 is important
for M180 amelogenin uptake, neither LAMP1 nor
LAMP3 are involved in amelogenin mRNA induction by
M180 amelogenin protein.

DISCUSSION

Amelogenin is a major component of the enamel matrix
proteins, and plays an important role in enamel forma-
tion. In the process of amelogenesis, amelogenin
dynamics include two pathways: amelogenin over expres-
sion in the pre-secretory/secretory ameloblasts and
amelogenin degradation in the late stage of enamel

formation. In this study, we examined the effects of
LAMP1 and LAMP3 on M180 amelogenin uptake,
localization and amelogenin mRNA induction by amelo-
genin protein. Our results suggest that LAMP3 is
important for M180 amelogenin uptake and localization,
but is not involved in amelogenin mRNA induction by
amelogenin protein, and that LAMP1 is not involved in
M180 amelogenin uptake, localization or amelogenin
mRNA induction by amelogenin protein. Our findings
increase our understanding of M180 amelogenin expres-
sion and degradation.

The re-uptake of extracellular amelogenin in amelo-
blasts is believed to play a role in both amelogenin
expression in the pre-secretory/secretory stages and in
amelogenin degradation in the post-secretory stage. In a
previous study, immunohistochemistry of developing
mouse mandibular incisor teeth showed higher levels of
LAMP3 expression in late-stage amelogenesis compared
to secretory or pre-secretory ameloblasts. We found in
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Fig. 4. Effect of LAMP1 siRNA on amelogenin uptake and
localization. (A) Endogenous LAMP1 mRNA expression by
LAMP1 siRNA and control-siRNA transfection. The siRNA
knockdown efficiencies were confirmed by mRNA expression
levels. Values from at least three independent experiments
are represented in (A). Error bars indicate mean�SD.

(B) Confocal images of uptake of exogenously added FITC-
amelogenin and LAMP1 immunofluorescent staining in HAT-7
cells transfected with LAMP1 siRNA (left panel) and control-
siRNA (right panel) transfection. (a) FITC-amelogenin signals,
(b) split images of nuclear staining, (c) LAMP1 signals and
(d) composite of a, b and c.
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the present study that LAMP3 is involved in uptake of
exogenous M180 amelogenin but not with induction of
amelogenin mRNA by amelogenin protein, suggesting
that LAMP3 is related to amelogenin degradation. Thus,
an as yet unknown receptor is involved with amelogenin
protein-mediated amelogenin mRNA induction.

Previous studies have shown that LAMP1 co-localizes
to internalized small amelogenin protein, LRAP, in the
perinuclear region of cells (26, 39, 40). Exogenous LRAP
transfer into the cytoplasm involves the direct passage of
LRAP into LAMP1-positive vesicles, suggesting that
LAMP1 may function as a specific, endocytosing ligand-
binding receptor for LRAP. LAMP1 may also be involved
in the trafficking of amelogenin to late endosomes or
lysosomes (26, 27). We found here that LAMP1 down-
regulation by siRNA does not affect M180 amelogenin
uptake in HAT-7 cells, which suggests that while LAMP1
may be the specific receptor for LRAP, it is not a receptor
for M180 amelogenin.
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Hardness and Composition of Solution-Treated Ag-Pd-Cu-Au Alloy Microstructures 
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mlcrostructu陀� andthe Vickershardness of the whol巴a1� 10ywere measured to inv巴� stigatetheir relationship with changes in metal and crystal 
巴structure of the a¥l oy and microsttuctul百� 1elemental concentration羽� 1sampJesfol1 owing soJution treatment at 650， 700， 750， and 8000 C 

an is!and-like struc1ure (Structure C). StructuresA andand 1. rstructure(Structure B巴arough-Iay，A)巴(Slructur巴ne-layerstructur両consisted ofa 
thatofthe a¥l oy. Structures B and C were 10 erysimilar'i出¥¥ were indistinguishabJe. Thecomposition ofStructure A，ntat 850oC巴aftrtreatm巴，B

Ag-richjPd-poorjCu-poorand Ag-poorjPd-richjCu-rich， respectively.The COOl pO川� ionofStructures B and C approached that of Structure A 
with increasing treatment temperatur巴� Thedynamic hardness，which was higheslinStructureA. lowerin Struc1ure C，and lowest in Stfllcture B 

increased with increasing treatm巴� nttemperatu問 。� These findings suggesttha1 solid soJutio日 市出�  19thening.due to elemenlal diffusion between 
sttucturesduring heating， contlibutes to hardening at eleva1ed soJuti口� ntrcatmenlt [doi:10.2320jmatertrans.MRA20081911t.' mpぜ悶lU� ro、� 

即日、lPublished September 3.~ 8;200，2008;Accepted JuJy 23，16巴(Received Jun

varioustemperatures. The dynamic hardness ofeach resultantatSolUlion treatment 10 oy was subjected¥lAn Ag-Pd-Cu-Au casting a 

Keywords: silν'er palladi"m copper gold allo)'， SOIUl iol1 IreaUlI e!l l.問� IcrMIr肱� 

1. Introduction 

The mechanical prope口� iesand corrosion resistance of 

Ag-Pd-Cu-Au casting alloys vary according to the structures 

formed during casting and subsequent heat treatment. I，2) 

There are numerous repo口� son post-casting heat-treatment-

induced changes in the structure and mechanical strength 
6) examined 1. Seol et a3-6)Aucasting alloys.・of Ag-Pd-Cu

isothermal age-hardening b巴� havior，� phase transfonnation， 

investigated 7)l.et aand related microstructural changes.Guo 

hardness and microstructure of heat-treated Pd-Ag dental 

alloys containing Sn and In， exammmg the relationship 

between precipitation and change in hardness. Increasing 

tensile strength and hardness ofAg-Pd-Cu-Au al1 0ysby high-

temperature solution treatment has been reported. Ruptured 

surface observation and X-ray di仔� ractionstudies suggested 

that one cause of this strengthening is that solution treatment 

converts theαI and s phases to the αsolid solution phase4J 

However， the details of the diffusion process by which 

multiphase structures convert to a single phase and the 

hardness change of each resulting microstructure remain 

unclear 

Ag-Pd-Cu-Au alloy castings are applied as dental restora-

tions after heat treatment， either for softening or hardening， 

according to clinical requirements. It is c1 ear that the solution 

treatments of this alloy at temperatures around 700 and 

8500 C lead to softening and hardening， respectively. How-

ever， the cause and mechanism of hardness change of 

multiphase alloy castings by means of solution treatment 

temperature remain unclear 

For the as-cast sample and samples solution-treated at 

500C intervals from 650 to 8500C， we observed the metal and 

crystal structures by scanning electron microscopy (SE恥� 1) 

and X-ray diffraction (XRD)， and measured the elemental 

distribution and dynamic hardn巴� ss of individual micro-

structures by us巴� ofelectron probe microanalysis (EPMA) 

and dynamic ultra-micro hardness tester， respectively. The 

purpose of this investigation is to explore the possibility 

of a reasonable and e仔巴� ctive heat treatment method 

applicable to the Ag-Pd-Cu-Au alloy that fulfills necessary 

IU'<'.Jmam;，Irllr;必� I<H. t"lIl11 pmiliOlI. I eningmechanislη凶� wぱ� 

requirements by cI arifying the hardness change mechanism 
of this alloy 

2. Materials and Metbods 

2.1 恥� 1aterials 

A commercial dental Ag-Pd-Cu-Au casting alloy (CAST 

WELL M.C. 12% GOLD: 46Ag-20Pd-20Cu-12Au-2tr.， GC， 

Tokyo， Japan) was used. 

2.2 SampJe preparation 

Cast plates (1 0 mm x 10 mm x 1. 5 mm and 20 mm x 

20 mm x 0.4 mm) were prepared. After castingmolds were‘� 

allowed to cool to room temperature， and the plates were 

removed (as-cast sample). The plates were heated in an 

electric fumace at 650， 700， 750， 800， or 8500C， each for 30 

minutes， and then rapidJy cooled in water (solution treat-

ment). The surface of the plates was metallographically 

polished with SiC pap巴� rs(#400 →� #800 →� #1000)， and 

then with 0.3μm aJuminum suspension. 

2.3 Measurement and analysis 

2.3.1 Hardness test 

A dynamic ultra-micro hardness tester (DUH-20 1S， 

Shimadzu， Tokyo， Japan) was used for the dynamic hardness 

test. Dynamic hardness (DH) is defined as follows:8) 

DH(GPa) = 3.8584PjD 2 

P and D repr巴� sentthe indentation load (mN) and depth (μm)， 

and 3.8584 is the coeffi. cient using a triangular pyramid 

indenter with a tip angle of 1150
• 

The indenter was pressed into th巴� platespecimen at a 

loading velocity of 13. ， until the load r巴� acheda2mN.cl

specified value (25 rnN) where it was held for 5 s， after which 

the indentation depth was measured with a differential 

transducer. The hardness was obtained at 80 sites， spaced 

20μm apart. Indents observed by SEM to occupy two or 

more microstructures were excI uded， so that only hardness 

values calculated from single-structure indents were eval-

uated. The mean value for each structure with suffi. cient 
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画面� 

Hardn巴� ssand COl11 position ofHeal-Trealed Ag-Pd-Cu-Au A110y MicrOSlructures 

Fig. 1 SEM images ofthesal11 p1(a)es as-じ� ast，(b) 6S0oC nd(η8S0QC f，品� oC(e) 800，7S0oC(d)， oC(c) 700， hardnessicl11owing the dyna11o 
tesl 

available meas山� ements (n ~ 4) was obtained. The Vick巴� rs 

hardn巴� ssof the alloy was m巴� asuredon the same sample， 

using a Vickers hardness test巴� r(MVK-E， Akashi， Tokyo， 

Japan) at a load of 50 g (490 mN) and a retention time of 15 s 

(n = 3). For statistical analysis， a t-t巴� st was performed 

(pく� 0.05). 

2.3.2 SEM 

To confirm the metal structure and the location (micro-

structure) of the indents made during the dynamic hardness 

test， the samples were observed after th巴� t巴� stby SEM (S-

4700， Hitachi， Tokyo， Japan)， at an acceleration voltage 

of 20kV and magni白� cationof 1500 times 

2.3.3 SE恥ljEP恥� lAanalysis 

The as-cast and solution-treated samples were subject巴� dto 

surfac巴� (50μmx 50μm) and point analysis at an acceler-

ation voltage of 15 kV and a probe current of 2.95 x 10-8A， 

using an SEMjEPMA (JXA-8900L， JEOL， Tokyo， Japan). 

Point analysis was performed at thr巴� esites in each micro-

structure， and the mean value was regarded as the compo-

sition of the microstructure. 

2.3.4 X-ray diffraction 

百� leas-cast and solution-treated samples were subjected to 

X-ray diffraction using an X-ray diffractometer with CuKα 

rays (JDX-3500， JEOL， Tokyo‘� Japan). The glancing angle 

was fixed at 30 from the incident angle. The profile of 

di仔� ractionpeaks was obtained and the peak sources wer巴‘� 

determined from references. 

3. Rcs凶� ts 

3.1 SEM imagcs 

Fi伊� re1shows SEM images of sample surfaces foUowing 

the dynamic hardness testof the as-cast sample and samples 

solution-treated at 650， 700， 750， 800， and 8500 C for 30 
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Fi呂� 2 Change in concentration of the elements (a) Au， (b) Pd. (c) Ag， and (d) Cu in sample microstrllctures with solution treatl11 ent 
temperature 

minutes. The as-cast sample consisted of three different 

ffilcrostructures: a eutectlc，日� ngerprint-likestructure (Struc-

ture A)，a white matrix phase with wider layers (Structure B)， 

and a black island-like phase with Widmanstatten struct陀巴印� ur

(Str 陀巴� 山h巴� 包巴� rnaryphas巴 凶agrams，9印� uctωur C). Fromη1 t Ag-Pd-Cu t di

l日ti 町1おsconリJ巴� cturedthat Structures A and B consist of both αl 

(dark r巴� gions)and α2 (l ight r巴� gions)phases， while Structure 

C is the αI phase with s (PdCu) phase.IO) Structure C was 

sUlTounded by Structure B. The metal structures after 

treatment at 650 and 7000C were similar to those of the 

as-cast sample. The tr巴� atmentat 7500C tended to cause the 

layer structure of Structure B to disappear. Solution treatment 

at 8000C produced a 1 ~2- f.1m wide-striped phase， while the 

layer structure of Structure B was lost. In the sample treated 

at 8500C， Structures A and B were indistinguishable; that 

is， th巴� boundaries between Structures A and B b巴� came 

indistinct and the structures tended to homogenize. Structure 

C no longer had a Widmans凶� ttenstructure. 

3.2 SE恥� 1jEPMAanalyses 

Figure 2 shows elemental concentration (at%) of each 

microstructure of as-cast and solution-treated samples. The 

Au concentrations in all three structures were consistent 

with each other and independent of treatment temperature 

The Pd concentrations in Structures A and C were nearly 

treatment temperature. 1' 0and were independent ，equivalent 

1n Structure B， the Pd concentration of the as-cast sample 

was lower than in Structures A and C， but tended to incr巴� ase 

slightly with increasing treatment temperature， approaching 

the concentration of Structures A and C at 8500 C. 

Ag was unevenly distributed among the st印� ctur巴� s.The 

Ag concentration was highest in Structure B， followed by 

Structures A and C， regardless of treatm巴� nttemperature. 

The Ag concentration in Structure A remained relati vely 

constant with increasing treatment temp巴� rature.1n Structure 

B， the Ag concentration was unaffected by heat treatment 

b巴� low8000C， with an exception at 7000C treatment. The Ag 

concentration in Structure B decreased after treatment at 

8500C， falling to a level near the concentration of Structure 

A. The Ag concentration in Structure C remained constant 

at as-cast 1巴� velsfor samples heated to 8000C or less， but 

increased with 8500C treatment， coming close to the 

concentration of Structure A. 

The Cu concentration also varied among structur巴� S 

lt was highest in Structure C， where Ag concentration was 

lowest. followed by Structures A and B .The Cu concen 

tration in Structure A did not change significantly with 

increasing treatment temperatures， while the conc巴� ntrationin 

Structure B decreased after heat treatment between 650 

and 8000 C. Cu concentration in Structure B incr巴� asedafter 

http:rature.1n
http:phase.IO
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Fig. 3 X-ray diffraction profilesofas-c呂� stand samples following solulion 
treatment at vanous lemperalures 

tr巴� atm巴� ntat 8500C， r巴� achingalmost the concentration of 

Structure A. 1n Structure C， the C u concentration did not 

change after tr巴� atmentbelow 800'C，and dropped、� approach-

ing the conc巴� ntration of Structur巴� A after treeltment at 

8500C. 

a¥¥ entratlonこno change inλg or Cu con，1n summary 

obs巴� rvedin Structur巴� Aaft己� rsolution treatmenl. bUI rapid 

equalization of Ag and Cu concentrations occurて己dduring 

treatm巴� nt at 850cC in Ag-rich Structure B and Cu-rich 

Structure C. 

3.3 X-ray diffraction analyses 

Figure 3 shows X-ray diffraction pro創出�  ofas-cast and 

heat-treated samples. 1n the as-cast sample，four peaks were 

detected at 2e angle between 300 and 500
. A vertical section 

of the three-dimensional diagram of the Ag-Pd-Cu ternary 

daround the巴generat巴shows that α1 and α2 phases ar 9)alloy 

composition of the used alloy. Further寸� nore，th巴� 2θanglesof 

the peaks were consist巴� ntwith thos巴� inthe references.I0--13l 

Thusす� peaksat angles 2θ= 38.40 and 44.60 were assigned to 

Ag-rich α2 (1 11) and (200)， r巴� spectively.Peaks at angles 

2e = and 48.20 were assigned to Cu-rich α1 (1 11) and41.50 

(200). The intensity of these peaks incr巴� asedmarkedly and 

their FWHM (full width at half maximum) decreased at 

6500C. The 2e angles of the α2 (1 11) and (200) peaks shifted 

to 0.30 higher than those of the as-cast sampl巴，� and theαl 

(111) and (200) peaks shifted by 0.1 0
• Additionally，a peak 

4 12arising from s (PdCu) appeared at 42.2 0
. • , 13) After 700 and 

7500C heat treatment， the int巴� nsityof thes巳自� vepeaks 

decreased， relative to 6500 C. The 28 of th巴� α2� (1 11) and 

(200) peaks at 7500C shifted higher by 0.20 and 0.10， 

respectively，while theα1 (1 11) and (200) p巴� aksshifted lower 

by 0.50 and 0.70，respectively，from those of 6500 C. The s 
(PdCu) peak disappeared at 8000 C. At 850cC a new peak， 

assumed to arise from α， appeared with a reduction in the 

α2 and α1 peak intensities. 

3.4 Dvnamic hardness and Vickers hardness 

Figure 4 shows the dynamic hardness of the individual 

microstructure and Vickers hardness of the as-cast and 

solution-treated samples.The Vick巴� rshardness of the as-cast 
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Fig. 4 Dynamic and Vick巴� rshardness of samples， both as- ldc呂� sl訂� 

solution-treat巴� dat varioustemperatures 

sample was 198 Hv. The lowest hardness (156 Hv) was 

oblained from the sample lreated at 650:C. Hardn巴� ssslowly 

and mark-，ilh increa<;.ing lreatment lcmperature ¥¥ increased 

dh increased 10 271H¥' after850ニ� Clreatment. According to 

a I-test. no statistically significant diff巴� r巴� nceswer巴� pres巴� nt 

among samples h巴� atedto 650， 700， and 750oC， but the 

hardness aft巴� r8500C treatment was significantly higher 

than the others (pく� 0.05) 

The mean dynamic hardness was highest in Structure A， 

followed by Structllres C and B in all samples tested. 1n 

contrast， the dynamic hardness of the as-cast sample was 

245-260 DH in all structures，with no significant difference 

between structures (p > 0.05). The hardness of Structures A， 

B and C decreased with heat treatment temperature lIP to 

7000 C. They increased with treatment above 750oC，st巴� eply 

increasing to their maxima of 344， 325， and 340 DH at 

8500 C，respectively. A t-test shows no significant differenc巴� s 

in single-structure hardness between samples treated at 650， 

700 and 7500 C (p > 0.05). Th巴� hardnessof Structllres A and 

B after treatment at 8000 C were signi自� cantlyhigher than 

those after treatm巴� ntat lower temperatures (pく� 0.05)，and 

the hardness of Structure C after treatment at 800cC was 

significantly higher than that after 700QC treatment 

(pく� 0.05).The hardnesses of all the structllres of samples 

treated at 8500C were remarkably higher than those of 

samples treated lInder other conditions (pく� 0.05).Solution-

treatment-induced changes in dynamic hardness of th巴� 

individllal structllre were parallel to changes in the Vickers 

hardness 

4. Discussion 

The Ag-Pd-Cu-Au dental alloy，which was allowed to cool 

aft巴� rcasting， had a multiphase structure. Thus， the as-cast 

alloy has a risk of corrosion in the oral environment 

according to the electrochemical activity arising from 

heterogeneity in th巴� metalstructure. 1t is well known that 

Pd plays an important role in improving th巴� corrosion 

resistance of this alloy. However， obtaining a homogenous 
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structure from this alloy should allow for improved stabiJi ty 

under a corrosive environment. Furthermore， the alloy has a 

Vickers hardness of around 200， and further improvement 

in the mechanical strength of the alloy would allow for 

prosthetic devices with superior characteristics 

Isothermal heat treatment and quenching of the as-cast 

sample brought changes in metal structure， hardness， crystal 

structure， and chemical composition of th巴� nllcrostructures，� 

depending on treatment temperature.Th巴� metalstructure of 

th巴� alloyaft巴� rsolution-tr巳� atmentat low temperature， from 

650 to 750oC， is the same as that of the as-cast sample， 

although the hardn巴� ssdecreases. X-I可� idiffraction profilesof 

solution-treated alloy show that the intensities of theαI and 

，the as-cast sample 1' α2 peaks increase compared to that 0 

suggesting that heat treatment releases the strain generated by 

casting， improving crystallinity and reducing hardness. On 

the other hand， elemental distribution in each structure 

remained constant. and no diffusion between structures 

occurred in this temperature range. However， elemental 

rearrangement and short-range diffusion within each struc-

ture probably do occur， since the α2 and α1 peaks shifted to 

higher and lower angles， decreasing and increasing lattice 

parameters， respectively， and changing the dynamic hard-

ness.In addition， solution treatments lead to the formation 

of a s (PdCu) ordered phaseLessof this s (PdCu) phase目� 

forms as treatment temperature increases， and the phase is 

not present after 8000C treatment， where a distinct change 

is observed in SEM images. The layered αI compnslD g 

Structure B tends to disappe3I、 anddi仔� usionwithin th巴� 

structure is veIi fied 
When the treatment temperature is increased to 850oC， the 

diffusion occurs not only within each structure， but also 

between the structures.The di仔� erencesin elemental concen-

tration betw巴� enstructures after 8500 C treatment ar巴� obvi 

ously smaller than these differences after lower temperatur巴� 

treatment.SEM images show an appearance of uniformity; 

that is，in addition to disappearance of the layered structure of 

Structure A， Structure A becomes fused with Structure B 

Furtherrnore， the change in crystal structure from α1 and α2 to 

αconfirms diffusion. Therefore， the mutual diffusion of 

elements between structures contributes to increased hard-

ness， sugg 

5. Conclusions 

(1) The as-cast structure has high hardness because of 

intemaI casting strain. The hardness di仔巴� rencebetween 

microstructures was small 

(2) Solution treatment at temperatur巴� sbelow 7500 C con-

tribut巴� sto the r巴� leaseof strain， but not to the diffusion 

of巴� lementsbetween microstructures.However， atomic 

rearrangement within a phase in each microstructure 

does bring about changes in lattice parameter and 

dynamic hardness 

(3) The PdC u ordered phase appeared below 6500 C and 

disappeared at 800oC， and chang巴� dto a disordered 

phase 

(4) Solution treatment at a temperature of 8500C contrib-

utes to significant diffusion between microstructures 

and results in a crystal change to αphase， leading to a 

hardness increase due to solid solution strengthening. 

(5) Solution treatment at lower temperatures (650-750oC) 

of this allo)' would be applicable to softening heat 

treatments， while that of higher temperature (850oC) 

would be applicable to hardening heat treatments. 
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The anginosus group of streptococci,
which is also referred to as the milleri
group, consists of several related species
of Streptococcus anginosus, Streptococcus
constellatus, and Streptococcus intermedi-
us (14, 33). The members of this group are
generally regarded as commensal microfl-
ora of the body and are found at various
sites including the mouth, genitourinary
tract, and gastrointestinal tract (25). They
are also frequently encountered in suppu-
rative infections at a range of clinical sites,

such as liver and brain abscesses, and
along with Streptococcus oralis, they are
involved in infective endocarditis (11, 13,
21, 32, 34). Thus, these species are
considered to share a remarkable propen-
sity to cause abscesses (6, 13, 34). Despite
increasing awareness of the clinical signif-
icance of the anginosus group, little is
known about the pathogenesis, virulence
factors, or protective antigens.
The bC-S lyases are pyridoxal-5¢-phos-

phate (PLP)-dependent enzymes that cata-

lyze the a,b-elimination of sulfur amino
acids containing aC-N and bC-S linkages,
such as l-cysteine, l-cystathionine,
l-cystine, S-(2-aminoethyl)-l-cysteine,
and S-methyl-l-cysteine, to the sulfur-
containing molecules, pyruvate and
ammonia (12) (Fig. 1). bC-S lyase is
encoded by the lcd gene. Cystathionine
c-synthase, which is encoded by the cgs
gene, is cotranscribed with lcd, and it
functions in the biosynthesis of methionine
in S. anginosus (36, 38). In this pathway,
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Background/aims: Streptococcus anginosus and Streptococcus constellatus are fre-
quently isolated from dental abscesses and other suppurative lesions. We previously
reported that bC-S lyase from a strain of S. anginosus produced significantly more
hydrogen sulfide than bC-S lyases from other streptococci. The purpose of this study
was to establish the molecular and enzymatic features of the bC-S lyase in S. constellatus
and to elucidate whether this unique capacity is common to many strains of
S. constellatus and S. anginosus.
Methods: The capacity of crude extract to produce hydrogen sulfide was evaluated among
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the deduced amino acid sequences. The recombinant bC-S lyases of three representative
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the bC-S lyase cleaves l-cystathionine
formed from l-cysteine by Cgs, to produce
homocysteine, which is subsequently
methylated to form methionine. Interest-
ingly, the bC-S lyase from a single labo-
ratory strain of S. anginosus (strain FW73)
was shown to produce an extraordinary
amount of hydrogen sulfide from l-cyste-
ine, compared to bC-S lyases from
various oral streptococci, such as Strepto-
coccus gordonii, S. oralis, Streptococcus
mutans, Streptococcus sobrinus, and
Streptococcus salivarius (37). Because
hydrogen sulfide is highly toxic to mam-
malian cells (4) and induces the modifica-
tion and release of hemoglobin from
erythrocytes (16, 36), abscess formation
by members of the anginosus group of
streptococci may be associated with ele-
vated hydrogen sulfide production. How-
ever, it not known whether this unique
capacity is common to the other strains of
this species or to the two remaining species
of the anginosus group S. constellatus and
S. intermedius.
In this study, crude extracts from refer-

ence and clinical strains of S. constellatus
and S. anginosus were evaluated for their
capacity to degrade l-cysteine to hydrogen
sulfide. The lcd genes encoding bC-S
lyase were cloned from all of the
anginosus group strains tested, and
then sequenced. Moreover, recombinant

S. constellatus and S. anginosus proteins
were purified and characterized.

Materials and methods

Bacterial strains, culture conditions, and

genetic methods

StreptococcusconstellatusandS. anginosus
isolates indicated by the prefix IMU were
collected from clinical specimens submitted

for culture to the Division of the Central
Clinical Laboratory, Iwate Medical Uni-
versity Hospital, Morioka, Japan (Table 1).
All of the strains were isolated from distinct
specimens. The assignment of each strain
to either S. constellatus or S. anginosus
was confirmed by polymerase chain reac-
tion (PCR), as previously described (30).
The type strains of the anginosus group of
streptococci (i.e. S. constellatus ATCC
27823 and S. anginosus ATCC 33397)
were also included in this study. Clinical
isolates of S. gordonii, which were ob-
tained from three healthy volunteers, were
identified by sequencing the sodA gene
(15). The source of S. gordonii Challis has
been described elsewhere (38). The strep-
tococci were grown anaerobically in brain–
heart infusion broth (Difco Laboratories,
Detroit, MI) at 37�C. The Escherichia coli
strains DH5a (Invitrogen, Carlsbad, CA)
and BL21 (Promega, Madison, WI), which
were used for DNA manipulation and
protein purification, respectively, were
grown aerobically in 2 · tryptone–yeast
extract broth at 37�C. When required,
kanamycin or ampicillin was added to the
media at 100 lg/ml.

Preparation of crude enzyme extracts

Crude enzyme extracts were obtained as
previously described (37). Briefly, each
strain was grown to an optical density at
600 nm (OD600) of about 0.8. The cells
were then harvested from 200 ml culture
and washed with phosphate-buffered sal-
ine (0.12 m NaCl, 0.01 m Na2HPO4,
5 mm KH2PO4, pH 7.5) three times.
A 500-ll aliquot of the cell suspension
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products released via a,b-elimination.

Table 1. Streptococcal strains used in this study

Strain Isolation source/description

Accession no. assigned

16S rRNA lcd

S. constellatus ATCC 27823 Type strain AB355605 AB327000
S. constellatus IMU104 Ascites fluid AB355606 AB327001
S. constellatus IMU106 Abscess, abdomen AB355607 AB327002
S. constellatus IMU108 Abscess, mouth AB355619 AB327003
S. constellatus IMU116 Pleural fluid AB355608 AB327005
S. constellatus IMU120 Abscess, throat AB355618 AB327006
S. anginosus ATCC 33397 Type strain AB355609 AB326994
S. anginosus IMU102 Abscess, skin AB355610 AB326995
S. anginosus IMU103 Abscess, abdomen AB355611 AB326996
S. anginosus IMU107 Abscess, tonsil AB355612 AB326997
S. anginosus IMU112 Abscess, peritoneum AB355613 AB326998
S. anginosus IMU114 Abscess, skin AB355614 AB326999
S. gordonii Challis Laboratory strain AB355601 AB089923
S. gordonii NUK38 Supragingival dental plaque AB355602 AB327007
S. gordonii NJ122 Supragingival dental plaque AB355603 AB327008
S. gordonii NY126 Supragingival dental plaque AB355604 AB327009

The clinical strains of the anginosus group of streptococci identified using Streptogram (Wako) were
precisely assigned to S. anginosus or S. constellatus by the method of Takao et al. (30). The strains
of S. gordonii that were isolated on Todd–Hewitt agar plates were identified by sequencing sodA
(15). The identification was supported by sequencing of the 16S rRNA gene.
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was transferred to a screw-cap microcen-
trifuge tube containing 0.5 g glass beads
with diameters between 0.1 and 0.15 mm.
After vortexing the cells with the glass
beads 10 times for 30 s each time at 1-min
intervals, the supernatant was centrifuged.
The concentration of proteins in the crude
extracts was determined using a protein
assay reagent (Bio-Rad, Hercules, CA)
with bovine serum albumin as a standard.
The samples were stored at )20�C after
adding an equal volume of 80% glycerol.

Cloning and sequencing of the lcd and

16S ribosomal RNA (rRNA) genes

PCR fragments (c. 1.3-kb) containing the
lcd gene of the S. constellatus or S. ang-
inosus strains were cloned using primers
(Table 2) designed based on the flanking
regions of the S. intermedius UOEH301
lcd gene (Y. Yoshida & S. Ito, unpublished
data; Accession no. AB271060). The cor-
responding fragments from three clinical
strains of S. gordonii were amplified using
primers (Table 2) designed on the basis of
the S. gordonii Challis genomic database
(http://www.tigr.org/). The partial se-
quence (1.4 kb) of the 16S rRNA gene
was PCR amplified as previously de-
scribed (29). The primers used are shown
in Table 2. Each amplified fragment was
cloned into pCR-Blunt II-TOPO (Invitro-
gen), and then sequenced with an ABI 310

Genetic Analyzer (Applied Biosystems,
Foster City, CA). The sequences were
assembled and analyzed using Vector

NTI software (Invitrogen).

Reverse transcription (RT)-PCR analysis

Total RNAwas isolated from streptococcal
cells using FastPrep Blue tubes (MP
Biomedicals, Solon, OH), as previously
described (38). Contaminating DNA was
eliminated by digestion with RNase-free
DNase (Takara Bio, Otsu, Japan). RNA
(10 ng) was reverse transcribed into single-
stranded complementary DNA using
PrimeScript Reverse Transcriptase (Takara
Bio Inc.), according to the manufacturer’s
instructions. The gene-specific primers
used in RT-PCR are listed in Table 2. Each
reverse primer for RT-PCR analysis was
also used to synthesize complementary
DNA from specific mRNA in total RNA.
Reaction mixtures that were used as
negative controls contained no reverse
transcriptase to evaluate the presence of
contaminated genomicDNA in the samples.

Purification of recombinant bC-S lyases

Recombinant Lcd from S. constellatus
ATCC 27893, S. constellatus IMU106,
and S. anginosus ATCC 33397 were puri-
fied using the expression vector pGEX-6P-
1 (GE Healthcare, Buckinghamshire, UK)

as previously described (36). Briefly, each
lcd gene was amplified by PCR with
primers containing BamHI, SalI, or XhoI
sites at their 5¢ ends (Table 2). Each
amplicon was digested with the appropri-
ate restriction enzymes, and then inserted
in-frame with the glutathione S-transferase
gene into the same sites of pGEX-6P-1.
The recombinant E. coli clones were
grown in 2· tryptone–yeast extract broth
containing ampicillin to an OD600 of about
0.8, and isopropyl-b-thiogalactopyrano-
side was added at a final concentration of
1 mm. The cells were harvested 2 h after
induction, suspended in phosphate-buf-
fered saline, and lyzed by ultrasonication.
Cell lysates were collected after centrifu-
gation at 15,000 g for 30 min at 4�C and
incubated with glutathione Sepharose 4B
beads (GE Healthcare). After extensive
washing, the beads were treated with
PreScission protease (GE Healthcare) and
Lcd was recovered. The protein concen-
tration was determined using the Bio-Rad
protein assay reagent. The purity of the
samples was checked by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE).

Visualization of enzymatic activity

l-Cysteine desulfhydrase activity was
visualized in non-denaturing polyacryl-
amide gels as previously described (5).

Table 2. Oligonucleotide primers used in this study

Designation Sequence (5¢ to 3¢) Target specificity

For cloning of lcd
Lcdgene-Forward1 ACAGATTTAACATTTGCTTTGGAGGT S. anginosus strains ATCC 33397, IMU102, IMU103,

IMU107, IMU112 and IMU114
Lcdgene-Forward2 CTAGCGAAGATATCAAGATGCTATGG S. constellatus strains ATCC 27823, IMU104, IMU106,

IMU108, IMU116 and IMU120
Lcdgene-Forward3 GGGAGGAGTGGAGAGTTTGAT S. gordonii strains NUK38, NY122 and NY126
Lcdgene-Reverse1 CTCCACTTAAGAATGATTGT S. anginosus strains ATCC 33397, IMU102, IMU103,

IMU107, IMU112 and IMU114 and S. constellatus
strains ATCC 27823, IMU106, IMU108, IMU116
and IMU120

Lcdgene-Reverse2 CATACTCCACTTAAGAATGATTGTCAA S. constellatus IMU104
Lcdgene-Reverse3 GGTTTCTTGCATAGGAAGCTG S. gordonii strains NUK38, NY122 and NY126

For sequencing of 16S rRNA gene
16S-Foward GGAATTCAGAGTTTGATCMTGGYTCAG All strains used in this study
16S-Reverse CGGGATCCAAGGAGGTGATCCADCCVCA All strains used in this study

For reverse transcription–polymerase chain reaction
RT-Sc-Forward AGCAAATACAATTTTCAAACAG S. constellatus ATCC 27823
RT-Sc-Reverse ATCCAACACCGCTTGGA S. constellatus ATCC 27823
RT-Sa-Forward CCGAATCGCTTATCTCATC S. anginosus ATCC 33397
RT-Sa-Reverse GCTTGGAGCAACTCATCA S. anginosus ATCC 33397
RT-Sg-Forward GAGCTTGATAGAGCGAGCA S. gordonii Challis
RT-Sg-Reverse ATACCTATGCTAGTGAGGAGTTGAT S. gordonii Challis

For production of the recombinant Lcd
Lcdprotein-Forward1 TCCGGATCCAGCAAATACAATTTTCAAACAG S. anginosus ATCC 33397 and S. constellatus strains

ATCC 27823 and IMU106
Lcdprotein-Reverse1 TTAGTCGACTTATTGTGGCAAACAATGC S. anginosus ATCC 33397
Lcdprotein-Reverse2 TTACTCGAGTTATTTGGGCAAGCAACACAC S. constellatus ATCC 27823
Lcdprotein-Reverse3 TTACTCGAGTTATTTGGGCAAACAACGC S. constellatus IMU106

Nucleotides underlined in each primer show the positions of the restriction endonuclease sites incorporated to facilitate cloning.
M, nucleotides A and C; Y, nucleotides C and T; D, nucleotides A, G and T; V, nucleotides A, C and G.
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The samples were electrophoresed at
10 mA per gel at 4�C for 3 h on 12.5%
resolving (pH 8.8) and 3% stacking (pH
6.5) polyacrylamide gels. After electro-
phoresis, the gel was incubated in visual-
izing solution [100 mm triethanolamine–
HCl, 10 lm PLP, 0.5 mm bismuth trichlo-
ride, 10 mm ethylenediamineteraacetic
acid (EDTA) and 5.0 mm l-cysteine, pH
7.6] at 37�C to produce a black band at the
position of the enzyme.

Enzyme assay

The enzymatic activity of the bC-S lyases
was examined by measuring the formation
of hydrogen sulfide or pyruvate. A meth-
ylene blue formation assay was performed
to estimate the production of hydrogen
sulfide, following the method of Schmidt
(26). Briefly, the reaction mixture con-
tained the following in a final volume of
200 ll: 40 mm potassium phosphate buf-
fer (pH 7.6), 2.5 mm dithioerythritol,
10 lm PLP, 2.0 mm l-cysteine, and
53.6 lg crude enzyme extract. After a
10-min incubation at 37�C, the reaction
was terminated by adding 20 ll solution
I (20 mm N¢,N¢-dimethyl-p-phenylenedi-
amine dihydrochloride in 7.2 m HCl) and
20 ll solution II (30 mm FeCl3 in 1.2 m

HCl). After incubation for 30 min at room
temperature, methylene blue formation
was determined spectrophotometrically at
670 nm using the molar extinction coeffi-
cient of 28.5 · 106 (/m/cm).
Pyruvate formation was detected as

previously described (28). The assay was
carried out in a reaction mixture (100 ll)
of 50 mm potassium phosphate buffer (pH
7.6) containing 1 nmol PLP, 170 or 40 ng
purified enzyme and various amounts of
l-cysteine or l-cystathionine. After a
2-min incubation at 37�C, the reaction
was terminated by adding 50 ll of 4.5%
trichloroacetic acid. The reaction mixture
was centrifuged, and 100 ll of the super-
natant was added to 300 ll of 0.67 m

sodium acetate (pH 5.2) containing
0.017% 3-methyl-2-benzothiazolinone hy-
drazone. After incubation for 30 min at
50�C, the amount of pyruvate was deter-
mined at OD335. The kinetic parameters
were computed from the Lineweaver–Burk
transformation (V)1 versus S)1) of the
Michaelis–Menten equation, where V
(lmol/min/mg) is the formation of pyru-
vate and S (mm) is the concentration of
each substrate.
The effects of various inhibitors were

determined by preincubating the purified
enzyme fraction with each inhibitor at the
indicated concentration in assay buffer for

10 min at room temperature. Enzymatic
activity was determined in the presence of
1 mm l-cysteine or l-cystathionine, as
described above.

Statistical analysis

The data obtained were analyzed by Stu-
dent’s t-test. A P-value of <0.01 was
considered significant.

Nucleotide sequence accession number

The sequences of the lcd and16S rRNA
genes reported here were submitted to the
EMBL and GenBank databases through
the DDBJ. The accession numbers are
listed in Table 1.

Results

Hydrogen sulfide production capacity of

the crude enzyme extract

One reference strain and five clinical
strains each for S. constellatus and
S. anginosus were tested for their capac-
ity to produce hydrogen sulfide from
l-cysteine. The capacity of each of the
crude extracts was significantly higher
(4.8–29.6 times) than that of S. gordonii
Challis (Fig. 2), which is known to have
a low capacity for hydrogen sulfide
production, similar to the other oral
streptococci, including S. salivarius,
S. mutans, S. oralis, and S. sobrinus
(37). Like S. gordonii Challis, incubation
of crude extracts of the clinical strains of
S. gordonii with l-cysteine resulted in
only a little hydrogen sulfide production.
The results suggested that abundant

hydrogen sulfide production from l-cys-
teine is a common property of S. con-
stellatus and S. anginosus. Cysteine
desulfhydrase activity in the crude ex-
tracts of S. constellatus ATCC 27823,
S. constellatus IMU106, and S. anginosus
ATCC 33397 was assayed by in situ
staining. Hydrogen sulfide reacts with
bismuth to produce an insoluble product,
which forms brown–black bands on non-
denaturing polyacrylamide gels (5). Each
crude extract contained a single band
associated with hydrogen sulfide produc-
tion from l-cysteine (Fig. 3B). The find-
ings also suggested that no other enzymes
in the cells interfered with the assay.

Cloning and molecular analysis of the

lcd gene

The gene responsible for l-cysteine des-
ulfhydration was amplified by PCR using
genomic DNA obtained from all strains
of S. constellatus, S. anginosus, and
S. gordonii and then sequenced. All lcd
homologues in the sequenced fragment
were 1164 bp long. A possible Shine–
Dalgarno sequence (27) was identified just
upstream of the potential start codon of
each gene. It is noteworthy that the intact
lcd gene was also conserved in all the
tested strains of S. gordonii, crude en-
zymes of which had a low capacity to
produce hydrogen sulfide from l-cysteine
(Fig. 2). RT-PCR analysis showed expres-
sion of the lcd gene in S. gordonii,
suggesting that the low production of
hydrogen sulfide by S. gordonii was not
attributed to transcriptional interference on
the lcd gene (Fig. 4).
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A phylogenetic tree based on lcd, which
was constructed with the corresponding
published sequences of several strepto-
cocci, was compared with a phylogenetic
tree based on the 16S rRNA gene
sequences (Fig. 5). The trees were con-
structed using the neighbor-joining meth-
od. The rate of genetic divergence of the
lcd sequence differed slightly from that of
the 16S rRNA sequence. Compared with
the tree of the lcd genes, the analysis of the
16S rRNA genes showed a 2- to 11-fold
increase in the length of branches between

strains of S. constellatus and S. anginosus,
suggesting that the lcd gene was more
highly conserved in S. constellatus and
S. anginosus strains than the 16S rRNA
gene.
Greater than 89.9% amino acid se-

quence identity was noted among the
respective species, S. constellatus, S. ang-
inosus, or S. gordonii, and the consensus
sequence of S. constellatus was 92.0%
identical to that of S. anginosus. These
results show that the primary sequence
encoded by lcd is also highly conserved in
the seemingly unrelated strains of S. con-
stellatus and S. anginosus. An interroga-
tion of the database, using the consensus
amino acid sequence of S. constellatus
Lcd, revealed significant homology to
previously reported bC-S lyases, including
the YtjE protein of Lactococcus lactis
(59%) (18), the PatB protein of Bacillus
subtilis (38%) (3), the PatC protein of
Lactobacillus delbrueckii (34%) (2), and
the MalY protein of E. coli (29%). Amino
acid sequence alignment showed that the
Lys-233 residue by which the cofactor
PLP is covalently attached to MalY, as
well as many residues that had been
reported to stabilize the cofactor, were
conserved in the Lcd of all the tested
strains of S. constellatus (7). Of three
residues (Tyr-121, Asp-201, and Ser-36),
which are essential for the MalY b-lyase
activity, the first two residues were also
conserved in Lcd from the S. constellatus
strains, while the last one was substituted
by Ala in those strains. PLP-dependent
enzymes have been classified into a, b,
and c families based on sequence align-

ments and the construction of protein
profiles (1, 19, 20). The alignment of amino
acid sequences of the S. constellatus
Lcd with the other PLP-dependent
enzymes indicated that the product
belonged to the a family of PLP-depen-
dent enzymes (36).

Purification and characterization of the

bC-S lyase

To obtain purified proteins for enzymatic
analysis, the entire lcd genes from
S. constellatus ATCC 27823, S. constell-
atus IMU106, and S. anginosus ATCC
33397 were amplified by PCR and
cloned in-frame with glutathione S-trans-
ferase into pGEX-6P-1. The resulting
plasmids were then used to transform
competent E. coli BL21 cells. Each puri-
fied protein was obtained by cleaving the
glutathione S-transferase–fusion protein
bound with glutathione–Sepharose 4B
medium. SDS–PAGE analysis (Fig. 3A)
indicated that the purity of the recombi-
nant Lcd agreed well with the predicted
molecular mass (44 kDa). By non-dena-
turing PAGE, the purified recombinant
Lcd proteins were shown to be associated
with the production of hydrogen sulfide
from l-cysteine (Fig. 3B). To evaluate
the bC-S lyase activity of the purified
Lcd proteins, the breakdown of l-cyste-
ine and l-cystathionine was determined
by assaying the production of pyruvate,
which is a by-product of the reactions
that degrade these substrates. The kinetics
for the decomposition of these substrates
by the Lcd proteins is shown in Fig. 6.
The capacities of the purified bC-S lyases
from the three strains of the anginosus
group to degrade l-cysteine were com-
parable and significantly higher than that
of S. gordonii. When incubated with
l-cystathionine, bC-S lyase catalyzes
a,b-elimination of l-cystathionine to
homocysteine, pyruvate, and ammonia
(36). The capacity of the anginosus group
bC-S lyases to degrade l-cystathionine
was also high, although it was not as
great as that of the bC-S lyase from
S. gordonii. The Km and Vmax values of
the bC-S lyases, which were calculated
from Lineweaver–Burk plots, are sum-
marized with those from S. gordonii in
Table 3. The values for both l-cysteine
and l-cystathionine were comparable
among the three bC-S lyases from the
strains of the anginosus group of strep-
tococci. These results suggest that the
relative activity of Lcd from the angino-
sus group favors l-cysteine over
l-cystathionine as a substrate.
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Fig. 3. Polyacrylamide gel electrophoresis (PAGE) analyses showing the expression of the lcd genes
from S. constellatus ATCC 27823, S. constellatus IMU106, and S. anginosus ATCC 33397.
(A) Samples were subjected to sodium dodceyl sulfate (SDS)–PAGE, and the gel was subsequently
stained with Coomassie brilliant blue. (B) Samples were subjected to non-denaturing PAGE, and the
enzyme activity was visualized. The resolving gel contained 12.5% acrylamide. Lane 1, cell lysate of
S. constellatus ATCC 27823; lane 2, cell lysate of S. constellatus IMU106; lane 3, cell lysate of
S. anginosus ATCC 33397; lane 4, recombinant purified bC-S lyase of S. constellatus ATCC 27823;
lane 5, recombinant purified bC-S lyase of S. constellatus IMU106; and lane 6, recombinant purified
bC-S lyase of S. anginosus ATCC 33397. The positions of the molecular mass markers are indicated
(in kDa).
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Fig. 4. Reverse transcription–polymerase chain
reaction (RT-PCR) analysis of the lcd gene
expression in exponentially growing cultures of
streptococcal strains. Total RNA was prepared
from mid-log-phase cultures of S. constellatus
ATCC 27823, S. anginosus ATCC 33397, and
S. gordonii Challis. Lanes marked with + are
standard RT-PCR amplifications. Lanes marked
with ) are negative controls that contained no
cDNA. The positions of DNA size standards (in
bp) are indicated on the left.
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The effects of selected inhibitors on the
activity of the bC-S lyase from S. con-
stellatus ATCC 27823 are shown in
Table 4. Both l-cysteine and l-cystathio-
nine were used to compare the inhibitory
effect on the different substrates. The
enzymatic activity of Lcd was strongly
inhibited by carbonyl reagents such as
hydroxylamine and 3-methyl-2-benzo-

thiazolinone hydrazone, which are known
inhibitors of PLP-dependent enzymes.
Another carbonyl reagent, dl-penicilla-
mine, also had an inhibitory effect on the
activity of the enzyme. dl-Cycloserine
inhibited the action of S. constellatus Lcd,
while dl-propargylglycine, the chelating
reagent EDTA, and NaCl had no inhibi-
tory effect. The sulfhydryl-reactive agent

iodoacetic acid strongly inhibited the
activity of Lcd, suggesting that a thiol
group is essential for the activity. A
difference in the substrate, either l-cyste-
ine or l-cystathionine, did not greatly
influence the effect of the inhibitors.
Similar results were obtained for the
bC-S lyase of S. anginosus ATCC 33397
(data not shown).

Discussion

The bC-S lyase from a single strain of
S. anginosus was previously shown to
have a high capacity for degrading l-
cysteine and l-cystathionine to hydrogen
sulfide and homocysteine, respectively
(37). Our data suggest that this enzymatic
property appears to be common to the
strains of S. constellatus and S. anginosus.
Indeed, the nucleotide sequence of lcd and
the amino acid sequence of lcd-encoded
bC-S lyase, which is the only enzyme
associated with the production of hydro-
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Fig. 5. Phylogenetic trees based on DNA sequences of (A) the lcd gene and (B) 16S rRNA gene.
The trees were constructed by the neighbor-joining method, using the computer program clustal W
(http://www.ebi.ac.uk/clustalw/) and TreeView X (http://darwin.zoology.gla.ac.uk/~rpage/tree-
viewx/). The scale indicates the percentage of nucleotide difference (i.e. percent divergence). The
sequence data for the lcd gene from S. anginosus FW73, S. oralis ATCC 10557, S. salivarius HT9R,
S. mutans UA159, and S. sobrinus MT8246 and for the 16S rRNA gene from S. mutans UA159
were taken from the GenBank database.

Fig. 6. Kinetics of pyruvate formation by
incubating the recombinant lcd product
from S. constellatus ATCC 27823 (closed
square), S. constellatus IMU106 (closed
triangle), S. anginosus ATCC 33397 (closed cir-
cle), or S. gordonii Challis (open circle) with
l-cysteine (A) or l-cystathionine (B). The data
are given as the means ± standard deviations of
three independent experiments.
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gen sulfide from l-cysteine in strains of
both species, were highly conserved in
those strains. By contrast, the bC-S lyases
from the S. gordonii strains did not resem-
ble those from the S. constellatus or
S. anginosus strains; instead, they showed
similarity with those from common oral
streptococci, such as S. oralis, S. salivari-
us, S. mutans, and S. sobrinus. However,
the low production of hydrogen sulfide by
S. gordonii was not attributed to disruption
of transcript because the gene was ex-
pressed in S. gordonii as well as in
S. constellatus and S. anginosus (Fig. 4).
The findings are not surprising because
homocysteine that is synthesized from
cystathionine by bC-S lyase is an inter-
mediate indispensable for the methionine
biosynthetic pathway.
The migration rate of the purified Lcd

product from S. anginosus ATCC 33397 in
SDS–PAGE was slightly different from the
rates of those products from S. constella-
tus strains (Fig. 3A). This may be a result
of differences in the primary structure of
the Lcd protein. In native-PAGE (Fig. 3B),
the migration rate of purified recombinant
Lcd did not perfectly agree with that of

l-cysteine desulfhydrase in the respective
crude enzyme extract. This difference may
be attributed to the effect of five amino
acid residues (Gly-Pro-Leu-Gly-Ser)
attached to the N-terminal of each protein,
which are added for the production of
recombinant proteins or by posttranscrip-
tional modification of the Lcd product.
The Km values (0.67–0.99 mm) of Lcd

from S. constellatus ATCC 27823, S. con-
stellatus IMU106, and S. anginosus ATCC
33397 for l-cysteine were all comparable
to those from the other oral streptococci,
including S. salivarius (1.16 mm), S. oral-
is (1.08 mm), and S. sobrinus (0.75 mm),
although the value from the S. mutans Lcd
was exceptionally high (2.46 mm) (37). In
contrast, the Km value of Lcd from
S. gordonii Challis was much lower
(0.23 mm), indicating that the enzyme
from S. gordonii exhibited a high affinity
to l-cysteine. Nevertheless, the Vmax of
S. gordonii Lcd for the same substrate was
much lower compared with those from the
anginosus group strains described above
(<5.7%). On the other hand, the Vmax of
S. gordonii Lcd for l-cystathionine was at
least four times higher. Since pyruvate and

ammonia, which are common by-products
in the degradation reaction of l-cysteine
and l-cystathionine, appear to have no
inhibitory effect on the enzyme, hydrogen
sulfide may inhibit the enzymatic reaction
of S. gordonii Lcd. Taken together, it is
possible that Lcd from strains of the
anginosus group is much more resistant
to hydrogen sulfide than that from
S. gordonii. The primary sequences of
the Lcd proteins were more than 70%
identical between S. constellatus or
S. anginosus and S. gordonii. Those re-
sults suggest that the difference in the
substrate specificity possibly depends on
minor differences in amino acid sequences.
It would be interesting to know what
structure determines the substrate specific-
ity among such closely related enzymes.
The effects of inhibitors on the S. con-

stellatus Lcd activity were comparable to
those reported previously for cystathionine
lyases in L. lactis (18) and Bordetella
avium (10). These enzymes are strongly
inhibited by carbonyl reagents but are not
inhibited by EDTA, indicating that metal
ions are not required for their activity. The
sulfhydryl reactive reagent iodoacetic acid
caused marked inhibition of the enzyme.
Five Lcd proteins of S. constellatus strains
used in this study contained three cysteinyl
residues (at positions 167, 189, and 254).
In contrast, the last residue (i.e. Cys-254)
was substituted by Tyr in the protein of
S. constellatus IMU106, although the first
two were conserved. These data suggest
that oxido-reaction of -SH groups at
positions 167 and/or 189 may be involved
in catalysis.
Hydrogen sulfide, a toxic gas with the

smell of rotten eggs, is one of the
predominant volatile sulfur compounds in
periodontal pockets (23). Moreover, it was
recently reported that the gas is associated
with endotoxin-induced inflammation (17)
and apoptosis (35). Thus, the high pro-
duction of hydrogen sulfide in periodontal
pockets may be the result of the bC-S
lyases of the anginosus group strains,
many of which are found in subgingival
plaque (8). Interestingly, Okayama et al.
(22) reported that the majority of bacteria
isolated from abscesses that were experi-
mentally formed by the injection of native
dental plaque into mice were of the
anginosus group of streptococci, which
are usually minor members of induced
plaque samples. Taken together, it is
possible that the high capacity of the
anginosus group to produce hydrogen
sulfide is associated with abscess forma-
tion. This hypothesis may be supported by
a report that detected the members of the

Table 3. Kinetic properties of the lcd products from streptococcal species

l-Cysteine l-Cystathionine

Km (mm)
Vmax

(lmol/min/mg) Km(mm)
Vmax

(lmol/min/mg)

S. constellatus ATCC 27823 0.67 330 0.71 104
S. constellatus IMU106 0.99 492 0.87 99
S. anginosus ATCC 33397 0.99 354 0.41 130
S. gordonii Challis 0.23 19.1 0.48 526

Values are given as the means of three determinations.

Table 4. Effects of inhibitors on bC-S lyase activity of the Lcd proteins from S. constellatus ATCC
27823

Inhibitor Inhibitor concn

Relative activity of degradation
for (%)1

l-Cysteine l-Cystathionine

Hydroxylamine 1 mm 7.7 ± 0.4 12.7 ± 0.3
10 mm 0.0 ± 0.3 2.0 ± 0.6

3-Methyl-2-benzothiazolinone hydrazone 1 mm 75.4 ± 2.0 85.0 ± 2.0
10 mm 12.6 ± 0.8 12.8 ± 0.6

dl-Penicillamine 1 mm 98.4 ± 1.0 93.5 ± 1.2
10 mm 71.1 ± 0.8 72.5 ± 1.1

dl-Propargylglycine 1 mm 106.7 ± 3.6 101.8 ± 2.2
10 mm 108.0 ± 0.1 96.0 ± 0.4

dl-Cycloserine 1 mm 75.9 ± 1.5 77.7 ± 2.3
10 mm 40.5 ± 1.2 38.7 ± 0.5

Iodoacetic acid 1 mm 83.3 ± 1.0 83.8 ± 1.5
10 mm 9.1 ± 0.3 12.2 ± 1.1

EDTA 1 mm 107.7 ± 1.4 106.8 ± 2.9
10 mm 110.0 ± 1.9 104.8 ± 1.0

NaCl 1 mm 97.2 ± 1.0 99.1 ± 2.8
10 mm 103.1 ± 1.9 103.2 ± 1.5

1100% activity is the enzyme activity toward l-cysteine or l-cystathionine at the concentration of
1 mm with no inhibitor added.
Data are given as the means ± standard errors of three independent experiments.
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anginosus group of streptococci in a
gas-containing cystic mass in four of nine
deep neck abscesses by computed
tomography (9). However, critical evi-
dence of a relationship between the high
production of hydrogen sulfide by this
group of bacteria and abscess formation is
lacking. Persson et al. (24) reported that
incubation of intact cells of strains belong-
ing to the anginosus group of streptococci
with l-cysteine did not result in high
production of hydrogen sulfide, suggesting
that this group of bacteria, like other
oral gram-negative bacteria, may use
peptides more efficiently than free amino
acids (31).
We recently found that two of six

S. intermedius strains, which belong to
the anginosus group of streptococci, have
an extremely low capacity to produce
hydrogen sulfide from l-cysteine (S. Ito,
T. Sasaki & Y. Yoshida, unpublished data).
It would be interesting to evaluate the
capacity for abscess formation using those
strains. Additional studies are necessary to
obtain precise information on the virulence
of the anginosus group of streptococci.
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Abstract: Further development of bio-compatible, bio-absorbable, and osteo-conductive bio-

materials is desired for bone grafts in dental and medical clinics. One candidate material

might be a high-density apatite/collagen composite, which cures relatively large bone defects.

To produce such a composite, we freeze-dried type I collagen solution, cross-linked the formed

sponge by 2 wt % glutaraldehyde, immersed the insoluble sponge in CaCl2 and Na2HPO4

solutions alternately five times, and compacted the sponge by Newton press at 5000 kgf. For

comparison, cross-linked collagen without alternate immersion was also pressed. SEM/EPMA,

XRD, and FTIR analyses clarified that alternate immersion successfully coated the collagen

sponge with hydroxyapatite. Packed apatite/collagen composite and collagen disks 6 mm in

diameter and 0.5 mm in height were implanted in the subperiostea of rabbit tibiae for 2, 4, 8,

and 12 weeks to assess bio-compatibility, bio-absorbability, and osteo-conductivity.

Histological observations showed that the packed apatite/collagen composite was biocompa-

tible, osteo-conductive for up to 8 weeks, and largely bio-absorbed at 12 weeks, while the

packed collagen sponge caused an undesirable foreign body reaction, which worsened with the

implantation period. The overall findings suggest that this packed apatite/collagen composite

might be used as a new bio-absorbable bone graft material. ' 2009 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 90B: 566–573, 2009

Keywords: composite/hard tissue; calcium phosphate(s); collagen; dental/craniofacial

material; foreign body reactions (response)

INTRODUCTION

Apatite/collagen composite is regarded as an excellent

bone-graft or scaffold material for repair of osseous defect

because its composition resembles that of natural bone and

facilitates bone regeneration.1 Alternate immersion in cal-

cium ion and phosphate ion solutions is regarded as a sim-

ple, cost effective, and reliable method to coat the collagen

surface with apatite, thereby forming apatite/collagen com-

posite,2,3 although several other techniques such as disper-

sion,4 biomimetic process5–9 and thermal self-assembly10

exist. The shape and morphology of apatite/collagen com-

posites also vary, including sponge,2 particulate,11 coating,9

and bulk.12 Highly pressed bulky apatite/collagen compos-

ite has, however, not been prepared and evaluated as a bio-

material. The Newton press exerts a huge pressure exceed-

ing 5000 kgf while facilitating homogeneous co-axial bi-

directional pressing of powder in the ceramic industry, but

its feasibility for the production of apatite/collagen compos-

ite has not been investigated.

The purpose of this study was, therefore (1) to evaluate the

material characteristics of packed apatite/collagen composite

prepared by lyophilizing type I collagen solution, followed

by cross-linking with glutaraldehyde, alternate immersion in

calcium ion and phosphate ion solutions, and Newton press;

and (2) to examine its biocompatibility and osteo-conductiv-

ity in rabbit tibial periosteum for up to 12 weeks.
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MATERIALS AND METHODS

Preparation of Collagen Sponge

Aqueous type I collagen solution from porcine tendon (5

mg/g in diluted HCl solution, pH 5 3.1, BMS brand, Nitta

Gelatin, Osaka, Japan) (15 mL) was poured into a 100 mL

glass bowl, frozen at 2808C for 2 h, and freeze-dried with

a freeze-drier (FD-5N, EYELA, Tokyo, Japan) for 12 h.

The formed collagen sponge was then chemically cross-

linked with 2 wt % glutaraldehyde, diluted from 25 wt %

aqueous solution (Nisshin EM, Tokyo, Japan) with distilled

water (75 mL) at 48C for 10 h, washed twice with distilled

water (100 mL) for removal of residual glutaraldehyde, and

freeze-dried for an additional 12 h. The final product was

cross-linked collagen sponge.

Preparation of Apatite/Collagen Composite by
Alternate Immersion Method

The collagen sponge was processed by an alternate immer-

sion method, as described briefly below. The sponge pro-

duced from 15 mL type I collagen solution was immersed

in 20 mL of Tris-HCl buffered solution containing 200 mM
CaCl2 (pH 7.5) for 1 h at 378C, blot-dried with paper cloth,

then immersed in 20 mL of Tris-HCl buffered solution con-

taining 120 mM Na2HPO4 (pH 9.3) for 1 h at 378C, and
blot-dried with paper cloth, this constituting one cycle of

the alternate immersion method. The immersion cycle was

successively repeated 5 times. The composite was finally

dried in a vacuum dry oven (VO-300, AS ONE, Tokyo,

Japan) at 568C for 48 h.

Newton Press

Figure 1(a,b) show the Newton press machine (NT-100H,

Sansho Industry, Osaka, Japan) and the exclusive die as-

sembly used, respectively. The inner dimensions of the die

were 9.95 mm diameter and 20 mm height. This machine

enabled the material in the die to be homogeneously

pressed, while the manual and oil-generated pressure (max-

imum, 98 kN (10,000 kgf)) were applied simultaneously

from the top and bottom sides (i.e. co-axial bi-directional

pressing). The detail of the mechanism of the Newton press

is explained on the manufacture’s Internet site.13 In this

study, we pressed both cross-linked collagen sponge (con-

trol material, 0.02 g) and apatite/collagen composite sponge

(test material, 0.06 g) at a force of 49 kN (5000 kgf) for 1

min. The resultant pressed specimens were then punched

out to obtain disks 6 mm in diameter and 0.5 mm in

height. The density of pressed collagen and apatite/collagen

composite were 0.55 and 1.59 g/cm3, respectively. The

swelling ratios, determined by the difference between the

wet weight in distilled water at 208C for 3 h and the dry

weight being divided by the dry weight, of pressed colla-

gen and apatite/collagen composite disks were 48.3% and

5.7%, respectively.

Material Characterization

Hydroxyapatite powder (100–200 mesh, grade for fast flow

type chromatography, Necalai Tesque, Kyoto, Japan) was

also condensed with the Newton press at 49 kN (5000 kgf)

for 1 min and used as a reference for chemical analyses of

apatite.

Collagen and apatite/collagen composite sponges before

and after Newton press were sputtered by carbon and mi-

croscopic morphological observations were conducted with

SEM (S-4700, Hitachi, Ibaragi, Japan). EPMA analysis

(JXA-8900L, Jeol, Tokyo, Japan) combined with SEM was

further carried out on the pressed apatite/collagen compos-

ite and apatite reference.

Fourier transform infrared spectroscopy (FTIR) analyses

(Spectrum One, Perkin Elmer Japan, Kanagawa, Japan)

were also performed on pressed apatite/collagen composite

and apatite reference by the KBr pellet method and diffuse

reflectance mode.

Thin-film X-ray diffraction (TF-XRD) (JDX-3500,

JEOL, Tokyo, Japan) was performed on the pressed apatite/

collagen composite and apatite reference, using CuKa radi-

ation as an X-ray source and a 3 degree glancing angle of

the specimen against the incident beam (h angle).

Animal Study

The animal experiment followed the rules of the Ethics

Committee of Tohoku University Graduate School of Den-

tistry. We used four 1-year-old male New Zealand white

rabbits (Kumagaya Shigeyasu Shoten, Miyagi, Japan) with

an average weight of 3 kg. Before surgery, the rabbits were

anaesthetized by an intravenous injection of phentanyl/flua-

nizon (Phenobal, Sankyo, Tokyo, Japan) at a dose of 0.6

mL/kg. The central portions of the bilateral hind legs of

each rabbit were shaved and disinfected with 5% Chlorhex-

idine (Hibitane concentrate, Dainippon Sumitomo Pharma,

Osaka, Japan); skins were cut longitudinally 5 cm in

Figure 1. (a) Newton press machine used. (b) Exclusive die assem-
bly used.
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length; muscles were carefully pulled out from the central

tibiae; tibiae 4 cm in length were exposed; and two pressed

apatite/collagen composite disks and two pressed collagen

disks sterilized by ethylene oxide gas were inserted in the

middle subperiosteal portions of the right and left tibia,

respectively. The incisions were neatly closed with sterile

synthetic absorbable sutures (coated VICRYL U.S.P. 4-0

(Polyglacin 910), Ethicon, NJ).

After scheduled intervals (2, 4, 8, and 12 weeks), rabbits

were sacrificed and the tibiae including implanted materials

and surrounding periosteum were removed, fixed in 10 %

formaldehyde solution (10% formaldehyde neutral buffer

solution (pH 7), Nacalai Tesque, Tokyo, Japan) for 1 week,

dehydrated with graded alcohols for 9 days and xylene for

14 days, embedded in a mixture of two resins (70% Rigo-

lac 2004 and 30% Rigolac 70F, Showa Denko, Tokyo,

Japan) for 3 days and cured at 608C for 3 days. The speci-

mens were cut with a cutting machine (BS-300CP,

EXAKT, Norderstedt, Germany), glued on plastic plates,

and polished to 50 lm thickness using a grinding machine

(MG-400CS, EXAKT, Norderstedt, Germany). The sec-

tioned specimens were then stained with Toluidine Blue O

(Waldeck Division Chroma GmbH & CO KG, Muenster,

Germany) for 30 min for histological viewing with light

microscopy (PMG 3, Olympus Optical, Tokyo, Japan).

RESULTS

Material Characterization

The alternate immersion successfully caused the surfaces of

the collagen sponges to be coated with low-crystallized ap-

atite, and subsequent Newton pressing provided a highly

compacted substance including many tiny apatite crystals

about 1–2 lm in size embedded in inter-crystal collagen.

This statement was confirmed by the following morphologi-

cal observations and instrumental analyses.

Figure 2 shows SEM photo-micrographs of apatite/colla-

gen composite. Before Newton pressing, the surfaces of the

composite were densely coated with flake-shaped (apatite)

crystals [Figure 2(a), secondary electron image]. After

Newton pressing, the pressed composite was composed of

highly compacted and flat bodies including many interior

(apatite) crystals having horizontal size of about 1–2 lm
which appeared white while the collagen matrix appeared

black [Figure 2(b), back scattering image]. EPMA analyses

revealed that the mean weight compositions of four meas-

urements of pressed apatite/collagen composite were 28.7

wt % for C (which included sputtering C), 0.5 wt % for Si,

14.3 wt % for P, 0.8 wt % for Cl, 19.9 wt % for Ca, and

35.8 wt % for O, while those of apatite reference were

18.9 wt % for C, 16.8 wt % for P, 24.4 wt % for Ca, and

39.8 wt % for O. The Ca/P weight ratio of the former was

1.39 while that of the latter was very close, 1.45, suggest-

ing that the apatite in the apatite/collagen composite was

slightly calcium-deficient.

Figure 3 depicts SEM photo-micrographs of apatite/col-

lagen composite. Before Newton pressing, the collagen

sponge was porous and irregular-shaped [Figure 3(a), sec-

ondary electron image]. After Newton pressing, the colla-

gen sponge changed its morphology into a dense material

consisting of large and long fiber networks [Figure 3(b),

secondary electron image].

Figure 4 shows the FTIR charts of pressed apatite/colla-

gen composite and apatite reference, which assured that the

former had PO4
2 and OH2 bands, characteristic of and

attributed to hydroxyapatite.

Figure 5 shows the TF-XRD profiles of pressed apatite/

collagen composite and apatite reference, which implied

that the former was low-crystallized and slightly preferen-

tially-oriented in the (002) direction (i.e. along the colum-

nar Ca) at a 2h angle of 268, with respect to highly-

crystallized non-oriented apatite reference.

Results of the Histological Evaluation

In the case of the apatite/collagen composite: Figure 6 left

panels indicate low magnification histological views of

Figure 2. SEM photo-micrographs of apatite/collagen composite (a) before Newton press and (b)

after Newton press.
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pressed apatite/collagen composite implanted in rabbit sub-

periosteal tibiae for 2, 4, 8, and 12 weeks. The pressed apa-

tite/collagen composite was bio-compatible and osteo-

conductive, showing with new bone formation up to 8

weeks and largely disappearing with small residues (frag-

ments) in the subperiosteum at 12 weeks. Figure 7 shows

high magnification histological views of pressed apatite/col-

lagen composite implanted for [Figure 7(a)] 8 weeks and

[Figure 7(b)] 12 weeks. At 8 weeks [Figure 7(a)], around

the top apatite/collagen composite, we observed new bone

(NB) formation and bone marrow cells (BM) between the

new bone and the original tibia. We found many osteo-

clasts around the absorbed composite residue from 4 to 12

weeks, as in the typical image shown in Figure 7(b). How-

ever, we hardly observed macrophages around the absorbed

composite residue. There were no signs of inflammation

during 12 weeks. These results indicate that the pressed

apatite/collagen composite was bio-compatible and osteo-

conductive, and osteoclasts played a major role in bio-

absorption of the composite.

In the case of pressed collagen: Figure 6 right panels

indicate low magnification histological views of pressed

collagen implanted in rabbit subperiosteal tibiae for 2, 4, 8,

and 12 weeks. The pressed collagen was not bio-compati-

ble, nor osteo-conductive, but rather provoked a foreign

body reaction. It became separated from the tibia and

encapsulated by fibrous tissue with time, especially after 8

weeks. We observed swelling and infiltration of many

inflammatory cells (granulocytes) around the pressed colla-

gen that thickened with time and maximized at 12 weeks.

We did not observe new bone formation near the pressed

collagen. Figure 8 indicates high magnification histological

views of the pressed collagen disks implanted in rabbit sub-

periosteal tibiae for 8 weeks. The pressed collagen was

encapsulated by thick fibrous tissues (F) [Figure 8(a)] and

many blood vessels (V) [Figure 8(b)]. A part of the pressed

collagen was absorbed by small macrophages which

appeared black in Figure 8(b), but much of it remained un-

absorbed even at 12 weeks (Figure 6, right panels). We

hardly observed osteoclasts around the pressed collagen.

These results indicate that pressed collagen is not effi-

ciently bio-absorbed, and does not contribute to bone re-

generation.

Figure 4. FTIR charts of pressed apatite/collagen composite and
apatite reference.

Figure 5. TF-XRD profiles of pressed apatite/collagen composite
and apatite reference.

Figure 3. SEM photo-micrographs of pressed collagen (a) before Newton press and (b) after New-

ton press.
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DISCUSSION

The alternate immersion method in calcium ion and phos-

phate ion solutions is now recognized as an established

coating method for collagen2,3 as well as for other sub-

strates.14–16 This study re-confirmed that the collagen

sponge was completely coated with hydroxyapatite flake

crystals by alternate immersion in calcium ion and phos-

phate ion solutions. The immersion cycle number of five

employed in this study appeared to be adequate for thin

complete coverage on the collagen surface. An increase in

the immersion cycle number might produce a thicker apa-

tite coating and coarsening of apatite crystals.

The originality of this study lies in the application of the

Newton press to the preparation of the apatite/collagen com-

posite. The Newton press is unique because it can produce

very homogeneous dense materials pressed from the top

and bottom simultaneously (i.e. co-axial bi-directional

press) at very high pressure. A conventional single-axial,

uni-directional press machine cannot provide equivalent

compact homogeneous samples due to heterogeneous press-

ing and low pressure. A press load of 5000 kgf was selected

in the preliminary experiments. This corresponded to 50%

power of the Newton Press machine. Due to this pressing,

the composite did not physically break down for over 4

weeks in vivo, which seems to be advantageous for fixing

relatively large osseous defects. With loads of more than

5000 kgf, both condensed apatite/collagen composite and

pressed collagen became solid, secured masses that could

be implanted in the rabbit subperiosteal tibiae without early

Figure 6. Histological views with low magnification of pressed apatite-collagen composite (left) and

collagen (right) implanted in rabbit subperiosteal tibiae for 2, 4, 8, and 12 weeks. [Color figure can

be viewed in the online issue, which is available at www.interscience.wiley.com.]
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fragile breakdown in vivo. With loads of less than 5000 kgf,

the composite was too fragile to secularly implant in rab-

bits. Fragments deviating from the pressed composite might

migrate and hinder the bone recovery. We also refrained

from increasing the condensed load above 5000 kgf,

because we were concerned that a further increase in the

press load might lead to prolonged presence of the compos-

ite in the subperiosteal tibiae far beyond 12 weeks. Studies

to examine the effects of an increase in the pressed load on

the bio-absorption time course of the apatite/collagen com-

posite are anticipated in the future.

The animal experiment site selected in this study was

the subperiosteal zone of the rabbit tibia, because this is an

osseous site containing bone itself (tibia) and subperiosteal

tissue with many lining (sleeping) osteoblasts leading to os-

seous recovery soon after bone breakage, and because the

in vivo reaction between the apatite/collagen composite and

the osseous tissues can be well monitored.17 In the next

phase of animal experiments, however, the composite

should be placed into artificial defects (holes) created in

the tibia, larger than the critical size, and the healing pro-

cess of the damaged bone structure should be eval-

uated.18,19

Although porous (scaffold) materials have attracted

much attention in recent tissue engineering treatment stud-

ies,20 the pressed apatite/collagen composite prepared here

could be used as a bone graft material because the prepared

composite was bio-compatible without causing strong

inflammation reaction, was osteo-conductive accompanied

by formation of new bone and marrow cells up to 8 weeks,

and largely disappeared at 12 weeks. It can be speculated

that osseous defects with a certain size larger than the disk

size (i.e., 6 mm in diameter and 0.5 mm thick) will be

restored (e.g., for cure of cleft palate) by placement of the

prepared osteo-conductive composite, reflecting the situa-

tion that recovery from osseous defects of the concerned

size usually takes longer than 2–3 months.1

We here consider the in vivo reaction of the pressed apa-

tite/collagen composite implanted in rabbit’s subperiosteum.

First, low-crystallized apatite (about 1–2 lm in horizontal

size homogeneously embedded in inter-crystal collagen) of

the pressed apatite/collagen composite might first attract and

activate osteoblasts which form new bone vigorously in the

Figure 7. Histological views with high magnification of pressed apa-

tite-collagen composite implanted in rabbit subperiosteal tibiae for

(a) 8 weeks at 340 magnification and (b) 12 weeks at 3200 magnifi-
cation. NB: New bone; BM: Osteo-conductive bone marrow.

Figure 8. Histological views with high magnification of pressed col-

lagen implanted in rabbit subperiosteal tibiae for 8 weeks at two dif-

ferent magnifications (a) 340 and (b) 3200. F: Fibrous tissue

encapsulation; V: Blood vessel. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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period up to 8 weeks. (Although data was not shown here,

we confirmed in the in vitro cell culture tests that the SaOS-2

osteoblastic cell line actually adhered on the apatite/collagen

composite and accelerated the osteogenic activity (ALP ac-

tivity),21 while SaOS-2 cells were less differentiated on

pressed collagen.). Secondly, apatite in the composite might

cause osteoclasts to be formed and activated, especially in

the period from 8 to 12 weeks. It should be noted here that

osteoclasts played an important role in bio-absorption of the

apatite/collagen composite.22 Osteoclasts erase not only apa-

tite by acid, but also cross-linked collagen by enzymes

including collagenase,23 and do not induce inflammation.

Preceding osteoblast adhesion to the apatite/collagen com-

posite, macrophage and combined multi-nucleated cells

might adhere to the apatite surface, partially dissolving the

apatite and secreting BMP24 which mediates chemo-attrac-

tion of osteoblasts, induces differentiation of neighboring

mesenchymal stem cells to osteoblasts, and later causes

osteoclasts to be formed and activated. The newly formed

bone clearly observed beneath the apatite/collagen composite

that was implanted in the subperiosteum of rabbit tibiae for 8

weeks was, however, lost after 12 weeks of implantation dur-

ing the normal bone re-modeling process modulated by

osteoblasts and osteoclasts.25 Once the osteo-conductive apa-

tite/collagen composite was largely lost, the size and shape

of the tibia might naturally return to their original forms,

regulated by daily movement, etc. of rabbits.

In contrast, it was somewhat astonishing to see that

pressed collagen provoked an undesirable foreign body

reaction in the rabbit periosteal tibiae, characterized by

encapsulation by thick fibrous tissues, infiltration of inflam-

matory cells (mostly, macrophages) and active formation of

blood vessels. In the case of pressed collagen, osteoclasts

did not appear and the only major phagocytizing cells were

macrophages which could not function sufficiently to

quickly eliminate the cross-linked pressed collagen. Macro-

phages tried to phagocytize packed collagen sponge, but

failed, and then secreted inflammatory cytokines, causing

strong inflammation. An un-pressed cross-linked collagen

sponge is like a cotton ball (i.e., very porous), would be

absorbed by surrounding tissues due to extensive contact

between collagen fibers and collagenase enzymes secreted

by surrounding cells, as reported by Levy et al.,26 and

would not induce the undesirable foreign body reaction.

The highly condensed (physical) condition reduced the con-

tact of the collagen with enzymes, and altered the in vivo
reactivity of the collagen material from a bio-absorbable

material to a non-bio-absorbable foreign body. Physical

aggregation by Newton press might change the surface

energy (e.g., Zeta potential)27 and outer-most protein con-

formation28 of the cross-linked collagen, which might

hinder adhesion of cells that secrete collagenase enzyme,

provoking the foreign body reaction. Studies to evaluate

these aspects are also highly anticipated.

Finally, the use of glutaraldehyde is considered. We

used (2 wt %) glutaraldehyde to cross-link the collagen

sponge because it has been used for a long time and is

regarded as a standard chemical.2,7,11 It could fully cross-

link the collagen sponge in our experiment. We consider

that this degree of cross-linking (i.e. the glutaraldehyde

concentration of 2 wt %) for the apatite/collagen composite

was reasonable for the purposes of the study, although

others used the lower concentrations of glutaraldehyde such

as 0.2–0.5 wt %2,29 for cross-linking of collagen. Distilled

water containing 0.2 and 1 wt % glutaraldehyde, however,

instantaneously dissolved the un-cross-linked collagen

sponge and thus failed in producing cross-linked collagen

sponge in our preliminary experiments. The relatively high

but still acceptable glutaraldehyde concentration of 2 wt

%26 was, therefore, adopted in this study. It should how-

ever be noted that residual glutaraldehyde in the collagen-

based material is cytotoxic, and there is always a health

risk in the use of collagen-based bio-materials cross-linked

by glutaraldehyde. The safety of the apatite/collagen com-

posite cross-linked by glutaraldehyde must be thoroughly

evaluated prior to clinical usage. In future studies, there-

fore, the cross-linking might be performed in other ways

such as by chemical cross-linking using (less toxic) carbo-

diimide,5,30 thermal cross-linking31 or UV radiation cross-

linking,32 etc.
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HEMATOPOIESIS AND STEM CELLS

Concentration-dependent inhibition of angiogenesis by mesenchymal stem cells
Keishi Otsu,1 Shonit Das,1 Sandra D. Houser,1 Sadiqa K. Quadri,1 Sunita Bhattacharya,1 and Jahar Bhattacharya1

1Lung Biology Laboratory, College of Physicians and Surgeons, Columbia University, New York, NY

Mesenchymal stem cells (MSCs), which
potentially transdifferentiate into multiple
cell types, are increasingly reported to be
beneficial in models of organ system in-
jury. However, the molecular mechanisms
underlying interactions between MSCs
and host cells, in particular endothelial
cells (ECs), remain unclear. We show
here in a matrigel angiogenesis assay
that MSCs are capable of inhibiting capil-

lary growth. After addition of MSCs to
EC-derived capillaries in matrigel at EC:
MSC ratio of 1:1, MSCs migrated toward
the capillaries, intercalated between ECs,
established Cx43-based intercellular gap
junctional communication (GJC) with ECs,
and increased production of reactive oxy-
gen species (ROS). These events led to
EC apoptosis and capillary degeneration.
In an in vivo tumor model, direct MSC

inoculation into subcutaneous melano-
mas induced apoptosis and abrogated
tumor growth. Thus, our findings show
for the first time that at high numbers,
MSCs are potentially cytotoxic and that
when injected locally in tumor tissue they
might be effective antiangiogenesis
agents suitable for cancer therapy.
(Blood. 2009;113:4197-4205)

Introduction

Intense interest in the therapeutic application of bone marrow–
derived mesenchymal stem cells (MSCs) arises from the possibility
that MSCs promote vascular repair. In animal models, intravenous
injections of MSCs protected against heart failure by enhancing
cardiac myocyte survival1 and blocked lipopolysaccharide-induced
acute lung injury by reducing total cell and proinflammatory
cytokines in the lung.2 In a collagen gel model, MSCs promoted
survival of capillaries grown from human umbilical vein endothe-
lial cells (HUVECs).3 Despite these findings, the lack of conclusive
evidence supporting a beneficial effect of MSCs in the clinical
setting4 indicates that mechanisms underlying MSC–endothelial
cell (EC) interactions require better understanding.

Several reports indicate that these interactions result from direct
contact between MSCs and host cells. The MSC-induced responses
include induction of gene transcription in ECs,3 mitochondrial
transfer in A549 cells,5 and interleukin-10 (IL-10) secretion in
alveolar macrophages.6 In the context of tumor growth, MSCs
recruit ECs to induce angiogenesis in stable tissue7 as well as in
tumors,8 raising the possibility that MSCs might promote tumor
growth. By contrast, intravenously injected MSCs are capable of
abrogating growth of the Kaposi sarcoma,9 suggesting that MSCs
potentially possess cytotoxic properties. However, the mechanisms
by which MSCs engage ECs are not understood and might involve
gap junctional communication (GJC), as proposed for MSC-
cardiomycyte interactions.10

Here, we addressed MSC-EC interactions in a capillary culture
with the expectation that MSCs would enhance angiogenesis.
However, surprisingly, addition of MSCs caused dose-dependent
EC cytotoxicity that was attributable to the formation of MSC-EC
GJC and the production of MSC-derived reactive oxygen species
(ROS). The combined effect of these responses was capillary
destruction. Further, in an in vivo melanoma model, MSCs

inhibited tumor growth by abrogating growth of the tumor vascula-
ture. These results indicate a novel property of MSCs, namely as
cytotoxic agents that inhibit the formation of neocapillary networks.

Methods

Reagents

Cell culture. M199 medium, F-12 nutrient mixture medium, lipofectin,
Opti-MEM, and antibiotics (50 U/mL penicillin G and 50 �g/mL streptomy-
cin) were obtained from Invitrogen (Carlsbad, CA). G418 were obtained
from Calbiochem (San Diego, CA). Dulbecco modified Eagle medium
(DMEM) was obtained from Mediatech (Herndon, VA). Fetal bovine serum
(FBS) and bovine calf serum were obtained from Hyclone (Logan, UT).

Fluorophores. Mito Tracker Deep Red (MTDR) (500 nM), calcein
red-orange AM (13 �M), Hoechst 33342 (5 �g/mL), and dichlorodihy-
drofluorescein diacetate (DCFH-DA) (10 �M) were obtained from Molecu-
lar Probes (Eugene, OR).

Inhibitors. Glycerrhetinic acid (GA) (5 �M), N-acetyl-L-cysteine
(NAC) (10 mM), and polyethylene glycol polyethylene glycol-conjugated
(PEG)–catalase (100 U/mL) were obtained from Sigma-Aldrich (St Louis,
MO). Cx 43 peptides gap 26 (VCYDKSFPISHVR; 160 �M), and gap 27
(SRPTEKTIFII; 190 �M) were purchased from Alpha Diagnostic Interna-
tional (San Antonio, TX).

Antibodies. Antibodies against CD11b/c (integrin �M and �X chains;
macrophage common antigen), CD29 (integrin �1 chain), CD45 (leukocyte
common antigen), CD54 (intracellular cell adhesion molecule-1; intercellu-
lar adhesion molecule 1 [ICAM-1]), CD59 (membrane attack complex-
inhibitory protein), and CD90 (Thy-1) were obtained from BD Biosciences
(San Jose, CA). Antibodies against CD31 (platelet/endothelial cell adhesion
molecule 1; PECAM1), CD34 (hematopoietic stem cells antigen), CD44
(homing cell adhesion molecule; H-CAM), p-Tyr, and vascular endothelial
(VE)–cadherin polyclonal antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti–Tie-2 monoclonal antibody was
purchased from Santa Cruz. Anti-connexin 43 monoclonal antibody was
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obtained from Invitrogen. Cleaved caspase-3 monoclonal antibody was
obtained from Cell Signaling Technology (Danvers, MA). Alexa Fluor 488–
conjugated donkey anti–goat Ab and Alexa Fluor 546–conjugated goat
anti–mouse Ab were purchased from Invitrogen.

MSC harvesting and culture

Sprague-Dawley rats (Taconic, Hudson, NY) and C57BL/6J mice (The
Jackson Laboratory, Bar Harbor, ME) were MSC donors. Animal proce-
dures were approved by the Institutional Animal Care and Use Committee
of St Luke’s-Roosevelt Hospital Center (New York, NY). Under sterile
conditions, animals were anesthetized (pentobarbital 35 mg/kg intraperito-
neally), the femur and tibia excised, the epiphyses removed, and, through
needles inserted in the bone lumen, bone marrow was flushed out in a
solution consisting of DMEM containing 10% FBS and 1% of an antibiotic
mixture. The marrow was plated in tissue culture flasks, and nonadherent
hematopoietic cell populations were removed at day 3, followed by new
media replenishment every 2 days. Adherent MSCs were harvested and
passed at low density (100-200 cells/cm2) and maintained in a humidified
incubator (37°C; 5% CO2) under subconfluent conditions to prevent cell
differentiation. For flow cytometry (FACscan; BD Biosciences), trypsinized
MSCs were incubated with fluorescein isothiocyanate (FITC)–labeled
monoclonal antibodies (30 minutes, 4°C).

Cell culture

Rat lung microvascular endothelial cells (RLMECs) were cultured and
characterized as we previously described.11,12 Rat neonatal lung fibroblasts
(RNLFBs) were provided by Dr Kevin Costa (Columbia University, New
York, NY). Mouse lung fibroblasts (MLFBs) were harvested from C57BL/6J
mouse lung.13 Chinese hamster ovary (CHO) cells and mouse B16F10
melanoma cells were obtained from ATCC (Manassas, VA). Media were
DMEM for fibroblasts and melanoma cells and F-12 for CHO cells. Culture
conditions were in 5% CO2 at 37°C.

RLMECs were transfected with one of the following: pEGFP-C1 vector
(Clontech, Palo Alto, CA),14 mutant Cx43 (Cx43 T154A) obtained as a gift
from Dr G. Sosinsky (University of California, San Diego), and empty
vector. To make the empty vector, the Cx43T154A region was removed by
digestion of pcDNA3.1 GFP-Cx43mt at the HindIII restriction site. The
observed band representing the Cx43T154A region was visualized on 1%
agarose gel (data not shown). The vectors were transfected using lipofectin
(Invitrogen) following the manufacturer’s instructions. Green fluorescence
protein (GFP)–positive cells were sorted (FACSAria Cell Sorter; BD
Biosciences) and maintained with G418 (500 �g/mL).

Matrigel assays

Capillary growth. Aliquots (300 �L) of growth factor–containing matri-
gel matrix (phenol red free, BD Biosciences) were plated into individual
wells of 24-well tissue culture plates (BD Biosciences) and allowed to
polymerize at 37°C for at least 30 minutes. GFP-expressing rat lung
microvascular endothelial cells RLMECs (excitation 488 nm) were seeded
(1.25 � 105 cells/cm2) with RLMEC culture media on the polymerized
matrigel. After 1 day, once capillary networks had formed, MTDR-stained
MSCs (excitation, 644 nm), CHO cells, or RNLFBs were seeded with
RLMECs culture media on the capillaries. Inhibitors (GA, gap peptides,
NAC, and PEG-catalase) were added simultaneously with MSCs, CHO
cells, or RNLFBs. The same view fields were observed periodically over
time under an inverted fluorescence microscope (IX 81; Olympus America,
Melville, NY) or a laser scanning microscope (LSM 510 Meta; Zeiss,
Thornwood, NY). For quantification of capillary number, the total circum-
scribed area surrounded by GFP-EC capillaries from 5 randomly chosen
areas per well were counted and analyzed using Metamorph software
(Universal Imaging, Downingtown, PA).

Insert experiments. To prevent physical contact between RLMECs
and MSCs, RLMECs were cultured in matrigel at the bottom of a well,
while MSCs were cultured in the same well inside a cell culture insert
(3.0 �m, BD Biosciences). We visually confirmed the absence of physical
contact between the insert and the matrigel. At the end of the experiment,

we removed the insert to confirm that no fluorescence from the MTDR-
loaded MSCs had leached into the underlying matrigel.

Time-lapse microscopy. To detect MSC migration toward EC-derived
capillaries, we microscopically imaged matrigel cultures in a temperature-
controlled culture dish (Delta T4; Bioptechs, Butler, PA) held at 37°C.
Humidified air containing 5% CO2 flowed under the lid of culture dish
during image acquisition at 1 image per hour for 24 hours.

Apoptosis assay. Three days after seeding MSCs or RNLFBs on
day-old capillaries, TdT-mediated dUTP nick end labeling (TUNEL)
staining and cleaved caspase-3 expression assays were performed. For
TUNEL staining, we used a commercially available kit (In situ Cell Death
Detection; Roche, Mannheim, Germany). For cleaved caspase-3 expression
assay, we recovered the capillaries from matrigel (Cell Recovery Solution;
BD Biosciences) and carried out immunoblotting with mAb against cleaved
caspase-3.

Fluorescence recovery after photobleaching

Quantification of GJC in matrigel capillaries was carried out by fluores-
cence recovery after photobleaching (FRAP) in targeted MSCs viewed by
confocal microscopy (Zeiss LSM 510 Meta, 40� water objective).
Capillary cultures were derived from GFP-expressing ECs. MSCs loaded
with MTDRs were added to the capillary network. For FRAP, capillaries
with embedded MSCs were loaded with calcein red-orange acetoxymethyl,
then the capillaries were washed 3 times with buffer. We confirmed the
absence of fluorescence interference among the 3 fluorophores. A targeted
MSC was subjected to high power laser excitation to photobleach calcein
fluorescence throughout the cell as confirmed by Z stack images. Subse-
quent fluorescence recovery was imaged at 1 image per minute for
20 minutes. Images were analyzed by Metamorph software.

Immunocytochemistry

We followed our previously described methods.14 Briefly, MSCs or
RLMEC monolayers grown on glass coverslips were fixed (3.7% formalde-
hyde in phosphate-buffered saline [PBS]), pH 7.4, 20 minutes, 22°C),
rinsed (3� PBS), and permeabilized (0.1% Triton X-100). After adding
blocking serum (5% normal horse serum in PBS, 1 hour at 22°C), cells were
incubated with diluted primary antibodies (1:50; 1 hour at 22°C), and
washed (3 � PBS). Fluorescence-conjugated secondary antibodies were
then added (1:200, 1 hour at 22°C) and washed 3� with PBS. The glass
coverslips were mounted upside down on object slides using fluorescent-
mounting medium (Dako, Carpinteria, CA). Images were taken by fluores-
cent microscopy.

Reactive oxygen species quantification

Reactive oxygen species (ROS) were detected by the DCF method.15 To
matrigel capillaries we added DCFH-DA, which de-esterifies intracellularly
to DCFH, the substrate that ROS oxidize to fluorescent DCF. Matrigel
capillaries were incubated with DCFH-DA in PBS at a final concentration
of 10 �M for 1 hour and washed 3� with PBS. Background subtracted
capillary fluorescence was acquired and analyzed using Metamorph software.

Mouse tumor growth

Mouse melanoma cells were mixed in matrigel (500 �L) containing heparin
(60 U/mL). The mixture was subcutaneously injected in the lower right
flank of age-matched male C57BL/6J mice (2-3 months old). Tumor size
was quantified by calipers and volume calculated in cubic millimeters as
reported.16 Tumors were recovered, photographed, and weighed. For
histopathologic analyses, tumor tissues were fixed with 4% paraformalde-
hyde and hematoxylin and eosin staining was performed (AML Laborato-
ries, Rosedale, MD). Blood vessels were identified by the presence of
lumens containing red cells. In minced tumor tissue, we assayed hemoglo-
bin by the Drabkin method (Sigma-Aldrich), and we detected endothelial
markers and cleaved caspase-3 by immunoblotting and immunoprecipitation.

Immunoblotting and immunoprecipitation

Tumor tissue was homogenized (Tissue Tearor; Biospec Products, Bartles-
ville, OK) and lysed with radioimmunoprecipitation assay (RIPA) buffer
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(1 mM sodium orthovanadate, 10 �g/mL aprotinin, 10 �g/mL leupeptin,
and 1 mM phenylmethylsulfonyl fluoride [PMSF]). Cultured cells were
lysed with RIPA buffer at 0°C. After clearing (16 000g, 20 minutes), lysate
protein concentration was determined (protein assay kit; Pierce, Rockford,
IL). For immunoprecipitation, lysates containing 2 mg total protein were
precleared with appropriate control IgG for 30 minutes at 4°C with 20 �L
of prewashed protein A/G and agarose reagent (Santa Cruz Biotechnology)
followed by incubation with primary antibodies (4 �g, overnight). Antibody-
antigen complexes were precipitated with 50 �L of prewashed protein A/G
and agarose reagent for 3 hours at 4°C. Unbound proteins were washed
3 times with RIPA buffer and once with PBS. Bound proteins were eluted
by boiling in 50 �L of sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer for 5 minutes. The proteins from
immunoprecipitation or for direct immunoblot were separated in SDS-
polyacrylamide gel electrophoresis, transferred overnight at 4°C onto
nitrocellulose membrane, and visualized by immunoblotting against appro-
priate antibodies.

Statistical analyses

All data are reported as mean plus or minus SD. Statistical significance was
assessed using 2-tailed Student t test for 2 groups and by the analysis of
variance (ANOVA)-Tukey test for more than 2 groups. Significance was
accepted at P values less than .05.

Results

MSCs intercalate in neocapillary networks

Analyses by fluorescence-activated cell sorting (FACS) and optical
immunofluorescence indicated that MSCs were positive for CD29,
CD44, CD54, CD59, and CD90, but negative for macrophage
(CD11b/c) and leukocyte (CD45) markers (Figure S1, available on
the Blood website; see the Supplemental Materials link at the top of
the online article), as well as for the hematopoietic stem cell marker
(CD34), Tie-2, and VE-cadherin (data not shown). These findings
are consistent with previous characterizations of MSCs.17-19

Within 1 day of seeding in matrigel, RLMECs formed stable
neocapillary networks with well formed lumens (Figures 1A,B).
Upon addition to day-old capillaries, MSCs immediately migrated
(24 � 6 �m/hour) toward the capillaries (Figure 1C) and subse-
quently, within 4 hours they intercalated among capillary ECs
(Figure 1C,D). Consistent with previous reports,5,20 confocal
microscopy of the matrigel cultures revealed mitochondrial transfer
from MSCs to ECs (Figure 1E).

MSCs induce apoptosis of neocapillary networks

In the report by Spees et al,5 mitochondrial transfer from MSCs
rescued aerobic respiration in mammalian cells with nonfunctional
mitochondria. However, here, addition of MSCs to day-old EC-
derived capillaries at EC:MSC ratio of 1:1 or 3:1 induced capillary
degeneration. On day 1, MSC fluorescence was distinct from the
capillary fluorescence (Figure 1F), indicating that MSCs lay
separate from the capillaries. However, by day 2, discreet MSCs
were no longer visible and the fluorescence staining was diffuse
(Figure 1F), indicating that the MSCs had merged in the capillary
network. By day 4, complete capillary collapse was evident
(Figures 1F,G). In contrast, nontreated capillaries (Figure S2) or
day-old capillaries treated with MSCs at EC:MSC ratio of 10:1
(Figure 1G) remained intact for more than 7 days. Addition of CHO
cells or RNLFBs to ECs at 1:1 ratio did not cause capillary
degeneration (Figure 1G), indicating that the effect was MSC
specific. For MSCs grown on inserts that were placed approxi-
mately 1 mM above the matrigel well, no capillary degeneration

was evident (Figure 1G), indicating that direct physical contact
between MSCs and ECs was necessary for the degenerative effect.

By TUNEL staining, capillaries undergoing MSC-induced
degeneration were more fluorescent than nontreated or RNLFB-
treated capillaries (Figure 2A). Expression of the apoptosis indica-
tor, cleaved (activated) caspase-321 was detectable in MSC-treated
capillaries, but not in nontreated or RNLFB-treated capillaries
(Figure 2B). These findings indicated that EC apoptosis caused the
capillary degeneration.

Connexin 43 (Cx43)–dependent GJC determines cell-cell signal-
ing in capillaries22 and cocultured MSCs and ECs establish
Cx43-containing gap junctional channels23 that are potentially
capable of communicating apoptosis-inducing signals.24-26 Immu-
nofluorescence confirmed the presence of Cx43 in both MSCs and
ECs (Figure S3). To determine GJC between capillary-embedded
MSCs and adjoining ECs, we quantified fluorescence recovery
after FRAP. For cell identification, we loaded MSCs with the
red-emitting fluorophore, MTDR, before adding the cells to
GFP-expressing capillaries (Figure 3A). We loaded capillaries with
the cytosolic fluorophore, calcein orange AM. Photobleaching
calcein fluorescence in a single MSC was followed by fluorescence
recovery (Figure 3A,B,D), indicating that the cytosolic dye dif-
fused from adjoining ECs to the photobleached MSCs. In contrast,
in the presence of the gap junctional blockers, GA, and the
Cx43-specific gap peptides, gap26/27,27 FRAP was completely
blocked (Figure 3A,B,D). These findings suggested the presence of
Cx43-dependent GJC between MSCs and ECs.

To further delineate the Cx43 role in RLMECs, we expressed
full-length GFP-Cx43 cDNA containing a mutation on threonine
154 (Cx43T154A), which blocks Cx43-dependent GJC,28 or the
GFP-linked empty vector. FRAP was absent in monolayers of
mutant RLMECs (Figure S4), indicating that GJC was completely
blocked in these cells. Although the mutant RLMECs formed
capillaries (Figure S5), FRAP was markedly inhibited in MSCs
embedded in the mutant capillaries (Figure 3C,D), but not in those
embedded in capillaries expressing the empty vector. These
findings indicate that MSCs and ECs formed functional, Cx43-
based GJC.

Importantly, when we added MSCs to day-old mutant capillar-
ies, capillary degeneration was markedly, but not completely
abrogated (Figure 3E), and cleaved caspase-3 expression was
diminished (Figure 3F). The degenerative response was also
inhibited in the presence of the gap junctional blockers (Figure
3E,F). Taking these findings together with the FRAP data, we
conclude that the MSC-induced capillary degeneration resulted
from formation of Cx43-based GJC between MSCs and ECs.

MSC-derived ROS cause capillary degeneration

Because ROS production induces apoptosis,29 we considered the
extent to which MSCs produce ROS. As different from EC-derived
capillaries, in matrigel seeded with MSC alone, capillaries formed
in one day, but degenerated in 3 days (Figure 4A). In MSC
capillaries loaded with 2�,7�-DCFH-DA, ROS-sensitive DCF fluo-
rescence steadily increased during the 3-day growth period,
indicating increasing ROS production (Figure 4A,B). Addition of
the antioxidant NAC abrogated both the ROS increase as well as
the capillary degeneration (Figure 4A,B), indicating that the effect
was ROS-dependent.

As different from MSCs, in day-old EC capillaries ROS
production was low for up to 4 days of culture (Figure 4C,D) and
no structural changes were evident by phase contrast. However,
addition of MSCs progressively increased ROS (Figure 4C,D).
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Figure 1. Incorporation of mitochondria-stained MSCs
in GFP-expressing EC capillaries in matrigel.
(A) Phase contrast (left) and fluorescence (right) images
show day-old, GFP-expressing, RLMEC-derived capillar-
ies. Bar � 500 �m. (B) Confocal microscopy of a capil-
lary shows the lumen (double-headed arrows) in z-axis
images. Bar � 50 �m. (C) Phase contrast images taken
at 1-hour intervals show migration of a single MSC (red
dot) toward capillaries (bracket). Bar � 20 �m. (D) High
magnification image shows Mito Tracker Deep Red
(MTDR)–loaded MSC (single arrow) intercalated be-
tween ECs (double arrows) in a single, day-old capillary.
The nucleus is Hoechst 33342-stained (blue).
Bar � 25 �m. (E) Confocal microscopy of a single EC
from a capillary network shows GFP fluorescence (EC-
GFP) and MTDR fluorescence of MSC mitochondria
(MSC-MITO). The merged image shows in different
planes the incorporation of MSC mitochondria (red) in EC
(green). Images were taken 1 day after adding MTDR-
stained MSC to day-old capillaries. Bar � 10 �m. All
imaging data replicated at least 6 times. (F) Images are
by phase contrast (top) and fluorescence (bottom) micros-
copy on days indicated after addition of mitochondria-
stained MSC (red) to day-old capillaries (green) at
EC:MSC ratio of 1:1. Bar � 500 �m. (G) Group data
show responses to addition of the indicated ratio of ECs
to MSC, CHO cells, or RNLFB (FB) to day-old capillaries.
Capillary density in capillaries to which no cells were
added (CT) was 7 (� 2) capillaries per low-power (4�)
field. In one group (INS), MSCs were grown in an insert,
which was placed adjacent to the matrigel culture. Data
are mean plus or minus SD. *P � .05, significantly
different from CT.
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Addition of CHO cells (Figure 4D) and RNLFB (data not shown)
did not cause capillary ROS production, indicating that the effect
was MSC specific. The time course of the ROS increase correlated
with the extent of capillary degeneration (Figure 4E).

Fluorescence images in Figure 4F show MSCs added to
day-old, NAC, or PEG-catalase–treated EC capillaries. The mito-
chondria-stained MSCs and the GFP-expressing ECs were easily
distinguished by their respective red and green fluorescence
emissions. However, on day 4 the fluorescence changed to yellow-
orange, indicating that MSCs had intercalated in the capillary
network. Despite the intercalation, the phase and fluorescence
images as well as the group data for DCF fluorescence and
capillary density indicated that both NAC and PEG-catalase
blocked both the MSC-induced ROS production and the capillary
degeneration. These findings affirm that the degeneration was ROS
induced. Because cells internalize PEG-catalase,15 we interpret that
the inhibition by PEG-catalase indicates intracellular H2O2 as the
critical factor underlying these responses.

MSCs inhibit tumor angiogenesis

MSCs are reported to both promote30 and abrogate9 tumor growth.
To determine the effects of MSCs on angiogenesis, we established
the mouse melanoma model in subcutaneously implanted matrigel
plugs seeded with B16-F10 melanoma cells.31,32 Implant melano-
mas grew steadily, reaching substantial dimensions in 18 days
(Figure 5A-C). However, in 7-day-old melanomas, at which point
tumor size was 700 mm3, direct inoculation of 106 MSCs abrogated
further tumor growth (Figure 5A-C). Inoculations of MLFBs were
without effect (Figure 5B,C), ruling out nonspecificity of the
MSC-induced response. Analyses of tumor histologic sections
indicated lower vascular density in MSC-inoculated than noninocu-
lated tumors (Figure 5D). Immunoblot analyses of the MSC-
inoculated tumors revealed decreases in the EC markers, PECAM1
and VE-cadherin. Tie-2 expression and phosphorylation that reflect
ongoing tumor angiogenesis33 (Figure 5E) and tissue hemoglobin
levels that indicate blood content (Figure 5F) were also each lower
in MSC-treated than nontreated tumors. Further, cleaved caspase-3
expression was higher in MSC-inoculated tumors than in both
noninoculated and MLFB-inoculated tumors (Figure 5G), suggest-

ing that MSCs induced apoptosis. Together, these results indicate
that MSCs inhibited tumor growth by inhibiting tumor angiogenesis.

Discussion

Our data are the first evidence that MSCs cause dose-dependent
apoptosis of capillaries in both matrigel cultures as well as in a tumor
model. The matrigel experiments indicated that the MSC-induced
capillary cytotoxicity required direct contact between MSCs and ECs.
Because MSCs secrete several growth factors and cytokines,34,35 we
placed an insert containing MSCs adjacent to the matrigel capillaries to
block direct contact but not the diffusion of soluble factors between the
cell types. Under these conditions no cytotoxicity occurred, ruling out a
role for MSC-secreted factors. Direct contact between these cell types
was evident in that after addition to capillary cultures, MSCs rapidly
intercalated between ECs.

Also critical was the formation of GJC between MSCs and ECs.
This was evident in our FRAP studies that showed the existence of
dye communication between embedded MSCs and their adjoining
ECs. We confirmed previous findings that wild-type MSCs express
Cx43 and are therefore, capable of forming GJC channels with
other cell types.23 Importantly, pharmacologic inhibition of GJC by
glycerrhetinic acid blocked the MSC-induced cytotoxic response.
Because pharmacologic inhibition might induce nonspecific ef-
fects, in separate experiments we treated the capillaries with a
mixture of the peptides gap26 and gap27 that ligate extracellular
loops of Cx43, thereby specifically inhibiting Cx43-dependent
GJC.27 In capillaries from both these treatment groups, the
MSC-induced network degeneration was markedly inhibited, indi-
cating that the cytotoxic effect was primarily Cx43-dependent.

The Cx43 role was further defined in experiments in which we
grew capillaries from ECs expressing the communication-blocking
Cx43 mutant, Cx43T154A.28 In these mutant capillaries, GJC
between embedded MSCs and ECs was markedly, but not com-
pletely blocked. The partial blockade might be attributable to
heterotypic GJC channels between Cx43 in MSCs and Cx37 or
Cx40 in ECs.36 As similar to the glycerrhetinic acid and the gap
peptide experiments, the MSC-induced network degeneration was
markedly inhibited in mutant capillaries. However, the inhibition
was partial, since as we discuss above, GJC was not completely
blocked. Nevertheless taken together, our findings indicate that the
MSC-induced cytotoxic effect was primarily Cx43 dependent. We
conclude that cell communication between MSCs and ECs24-26,37

transmitted a cytotoxic signal throughout the network.
Our DCF experiments identified ROS as the transmitted signal.

Although ROS production has been previously reported in bone
marrow–derived hematopoietic cells,38 we show here for the first
time that MSCs are capable of generating ROS. Because intracellu-
lar DCF remains cell bound after being formed by the oxidation of
its precursor, DCFH,39 constant levels of DCF fluorescence indi-
cate low ROS production. When grown as monolayers, ROS
production was low in both MSCs and ECs. ROS production was
also low in EC-derived capillaries grown in matrigel. By contrast,
ROS production increased progressively and at a markedly higher
rate in MSC capillaries, or when we added MSCs to EC-derived
capillaries. The augmented ROS response was not a nonspecific
matrigel effect, because ROS production was low in EC capillaries.
Thus, we show that MSCs trigger ROS production when either
themselves forming capillaries, or when migrating toward EC-
derived capillaries.

Figure 2. MSC-induced apoptosis of EC-derived capillaries in matrigel.
(A) Images are phase contrast (Ph) and TUNEL fluorescence in 4-day-old capillary
cultures to which no cells were added (CT), or MSCs were added after 1 day of
culture at 1:1 ratio to EC (MSC). Bar � 500 �m. Bar diagram shows corresponding
group data. FB, at EC:RNLFB ratio of 1:1. Data are mean plus or minus SD; n � 3 for
each group. *P � .05, significantly different from CT. (B) Immunoblot for cleaved
caspase-3 in 4-day-old capillaries exposed to no cells (CT), MSC, or FB as above.
Actin expression is shown in the bottom panel. Replicated 3 times.
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The origins of the MSC ROS are unclear. Cellular processes that are
generally considered a source for ROS include the mitochondrial, the
xanthine/xanthine oxidase and the NADPH oxidase systems.40 Because
MSCs transfer mitochondria to host cells,5 it is possible that the
transferred mitochondria are activated and thereby increase ROS
production. Here, this possibility was supported by fluorescence data

indicating that MSCs indeed transferred mitochondria to ECs. As
reported for trophoblast fusion,41 the underlying processes might entail
MSC-EC mitochondrial transfer as a result of cell fusion subsequent to
formation of Cx43-dependent GJC channels. The ROS were clearly
responsible for the capillary degeneration, because ROS production
correlated with the extent of the degenerative response and the ROS

Figure 3. Gap junctional communication between
MSCs and ECs in matrigel capillaries. (A) Images
show red fluorescence of mitochondria-stained MSCs
(arrow) juxtaposed with GFP-expressing capillaries
(green). MTDR, Mitotracker deep red. Capillaries were
loaded with calcein (purple). By switching fluorescence
filters, single MSC (dashed ovals) were identified by red
mitochondrial fluorescence under calcein loaded condi-
tions. Note that 20 minutes after calcein fluorescence in
the MSC was photobleached, fluorescence was recov-
ered in control (CT) but not in GA-treated capillaries.
Bar � 10 �m. (B,C) Time course of FRAP in single
EC-associated MSCs in untreated (CT), GA-treated (GA),
and gap peptide–treated (GP) cultures, and for single
EC-associated MSCs in GFP-Cx43T154A- (Cx43mt) or
empty vector–expressing capillaries (VECs). (D) Group
data show FRAP in MSCs 20 minutes after bleaching.
Mean plus or minus SD. *P � .05 relative to CT.
(E) Group data show capillary density in 4-day-old
capillaries to which MSCs were added at 1:1 ratio to EC
on day 1. WT, wild-type; other abbreviations are as
above. Mean plus or minus SD; n indicates number of
experiments. *P � .05 relative to WT. (F) Immunoblot for
cleaved caspase-3 in 4-day-old capillaries exposed to
MSCs as above. Actin expression is shown in the bottom
panel. Replicated 3 times.
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inhibitor, NAC blocked both the ROS production as well as the
MSC-induced cytotoxicity. These findings affirm that high levels of
ROS induced apoptosis.42 Taking these results together with the GJC
data, we conclude that MSCs established GJC with ECs to communi-
cate ROS generating signals in the capillaries,22 leading to capillary
degeneration.

We point out that the cytotoxic effects of MSCs were evident
only when the cells were added to matrigel in high numbers,
namely at EC:MSC ratio of 1:1 or 1:3. The cytotoxicity dropped off
when the number of cells added decreased by an order of
magnitude. This dose dependence might explain the difference
between our findings and those of reported studies in which MSCs
caused no cytotoxicity, but instead promoted angiogenesis by
secreting growth factors,8,43 stabilized engineered blood vessel due
to a differentiation into perivascular cells,3 or inhibited lymphocyte
and neutrophil apoptosis.44,45 In these reported studies the effective
numbers of MSCs interacting with host cells might have been
lower than the numbers required to effect cytotoxicity.

Nevertheless, our studies carry the caution that interaction of a
large number of MSCs with host cells might prove cytotoxic. The
potential for such interactions needs to be considered when MSCs
are given for therapeutic applications by either intravenous injec-
tion,2 or by intrapulmonary instillation.6 The large numbers of
MSCs that are required for cytotoxic effects, as shown here, are
unlikely to be achieved in capillary beds with normal blood flow,
because the cells are likely to be flushed away. However, cytotoxic
effects might become evident to the extent that administered MSCs
aggregate in say, the reticulo-endothelial system such as in liver
and spleen.

This prediction was realized to some extent when we directly
injected 106 MSCs in subcutaneous melanomas that had already
grown for a week. The MSC injections markedly retarded further
increase in tumor size. To the extent of this antitumorigenic effect,
our findings agree with those of Khakoo et al, who reported
inhibition of Kaposi sarcoma by vascular administration of MSCs.9

Our findings indicate, furthermore, that the antimelanoma effect

Figure 4. MSC-induced ROS production in matrigel. (A) Images show phase contrast (Ph) and DCF fluorescence (DCF) of MSC capillaries after indicated days of culture
under nontreated (CT) and NAC-treated (NAC) conditions. NAC was added simultaneous with MSC seeding. Fluorescence was background corrected. Bar � 500 �m. (B) Plot
shows time course of MSC ROS production in nontreated (CT) or NAC-treated (NAC) MSC capillaries. Mean plus or minus SD n � 3 (each group). *P � .05 versus NAC.
(C) Images show phase contrast (Ph) and DCF fluorescence (DCF) of EC capillaries after indicated days of culture under untreated conditions (CT), or after addition of MSCs to
day-old capillaries at 1:1 ratio (MSC). Bar � 500 �m. (D) Plots show time dependent effects of adding MSCs or CHO cells to day-old EC capillaries at 1:1 ratio. Mean plus or
minus SD. *P � .05 relative to control (CT) at same time point. (E) Exponential regression of mean capillary density against mean EC fluorescence (R2 � 0.9887; P � .05).
(F) Images show mitochondria-stained MSCs (red) juxtaposed with day-old EC-GFP capillaries (green) that were treated NAC or PEG-catalase (PC). Days of capillary culture
are indicated. Bar � 500 �m. Group data are mean plus or minus SD. *P � .05 relative to untreated group.
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was associated with loss of tumor hemoglobin, loss of tumor
vasculature, and depletion of several EC markers in tumor tissue.
Further, increased expression of cleaved caspase-3 in tumor tissue
indicated that as similar to matrigel-grown capillaries, MSCs
induced apoptosis in tumor tissue. Taking these findings together,
we suggest that the intratumoral MSC injections induced apoptosis
of the tumor vasculature, thereby decreasing tumor viability.

In conclusion, our findings indicate that MSCs, when adminis-
tered in large numbers, are cytotoxic to newly forming vessels. The
extent to which the cytotoxicity might extend to other cell types
and indeed to stable vasculature remains uncertain. Nevertheless,
we suggest that our findings are therapeutically relevant from at
least 2 standpoints. First, direct MSC injection in solid tumors, as
we show here might promote tumor regression to the extent that the
tumor vasculature undergoes apoptosis. Second, the potential
cytotoxicity to host cells must be taken into consideration when
designing MSC-based cell therapy. We believe that these cytotoxic
effects need to be better understood to develop effective MSC-
based therapeutic modalities.
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Figure 5. Abrogation of mouse tumor growth by MSCs. Data are for tumors grown for 18 days after subcutaneous injections of B16F10 melanoma cells. The tumors were
untreated (CT) or inoculated with 106 MSCs or mouse lung fibroblasts (FB) on day 7 of tumor growth. (A) Photographs show tumors in situ (top) and the excised tumor masses
(bottom). Replicated 4 times. (B,C) Time-dependent changes in tumors. Mean plus or minus SD; n � 4 for each group. *P � .05 relative to CT. (D) Histologic sections show
blood vessels in an untreated (left image, ➞ ) and MSC-inoculated (right image) tumors. Bar � 300 �m. Bar graphs show vessel density quantified in histologic sections. Mean
plus or minus SD; n � 4 each group. *P � .05 relative to CT. (E) Expression of indicated EC markers in tumor tissue. Lysates were subjected to immunoprecipitation (IP) and
immunoblot (IB) analyses as indicated. Replicated 3 times. (F) Group data show hemoglobin content of tumor tissue. Mean plus or minus SD; n � 4 each group. *P � .05
relative to CT. (G) Immunoblots for indicated proteins in tumor lysates. Replicated 3 times.
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Background and Objective: A blood supply is indispensable for the regeneration of

damaged or lost periodontal ligament (PDL) tissue. Mesenchymal stem cell-like

activity of cells derived from the PDL has been identified by their capacity to form

fibrous and osseous tissue and cementum. However, it remains to be clarified

whether the cells have an ability to build the capillary network of blood vessels.

This study evaluated the potential of cells derived from the PDL to construct a

blood vessel-like structure and examined how growth factors controlled the

multipotency of the cells.

Material and Methods: The ability of a swine PDL fibroblast cell line, TesPDL3,

to construct a blood vessel-like structure was evaluated on and in the self-

assembling peptide scaffold, PuraMatrixTM. In addition, the ability of the cells to

form mineralized nodules was evaluated on type I collagen-coated plastic plates.

In some cases, fibroblast growth factor (FGF)-2 and bone morphogenetic protein

(BMP)-2 were added to these cultures. The status of the expression of vascular and

osteoblastic cell-specific markers in the cells was evaluated using reverse trans-

criptase-polymerase chain reaction (RT-PCR), Western blotting and immuno-

fluorescence analyses.

Results: The TesPDL3 cells not only formed mineralized nodules in response to

BMP-2 stimulation but also constructed tube-like structures in response to FGF-2

stimulation. Intriguingly, FGF-2 inhibited the BMP-2-induced formation of

mineralized nodules. Conversely, BMP-2 inhibited the FGF-2-induced formation

of tube-like structures.

Conclusion: Periodontal ligament fibroblasts have the potential to differentiate not

only into osteoblastic but also into vascular cell lineages. The destiny of the cells

was reciprocally regulated by BMP-2 and FGF-2.
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The periodontal ligament (PDL) is

a fibrous connective tissue located

between the tooth root and alveolar

bone. The PDL contains hetero-

geneous types of cells including PDL

fibroblasts, cementoblasts, osteoblasts,

epithelial cells (rests of Malassez),

vascular endothelial cells (ECs),

smooth muscle cells (SMCs) and cer-

tain types of nerve cells (1). In response

to oral pathological and physiological

environmental alterations such as

periodontitis, wounding and tooth

movement by orthodontic treatment,

PDL cells have the capacity to recon-

struct the periodontal structure. For

tissue reconstruction, it is necessary

that multipotent progenitor cells or

putative stem cells are present in the

PDL. The paravascular zones in the

adult PDL contain the progenitors for

the fibroblastic lineages and mineral-

ized tissue-forming cell lineages, i.e. the

osteoblastic and cementoblastic lin-

eages (2). Recently, several studies

have indicated that PDL fibroblastic

cells have biological characteristics in

common with bone marrow mesen-

chymal cells, suggesting that the min-

eralized tissue-forming cell and

fibroblastic lineages may originate

from a common early progenitor cell

(3–6). Seo et al. (2004) also demon-

strated that the PDL cells showed

cementoblastic/osteoblastic and adi-

pogenic differentiation in vitro and had

the potential to generate cementum/

PDL-like tissue in vivo, suggesting that

multipotent stem cells are present in

the PDL (7). In contrast, it has been

shown that bone marrow mesenchymal

cells have the ability to give rise to both

osteoblasts and SMCs (8). Thus, it

seems reasonable to suppose that both

osteoblasts and SMCs may develop

from the same progenitor, and that

multipotent stem cells in the PDL may

differentiate not only into cemento-

blasts/osteoblasts but also into SMCs.

A blood supply is indispensable for

the regeneration of damaged or lost

PDL tissue (9). An understanding of

how PDL tissue recruits the precursors

of vascular cells and how the precursors

differentiate into vascular cells is neces-

sary for the establishment of a practical

strategy for regenerative therapy for the

damaged or lost PDL. However, it

remains to be elucidated whether the

multipotent cells in PDL have an ability

to build the capillary network of blood

vessels. The inner wall of the blood

vessel is constructed from two types of

cells, ECs and SMCs. Recently, it has

been identified that multipotent flk-1-

positive embryonic stem cells (ESCs),

pulmonary valve progenitor cells and

�side population� progenitor cells from

arteries give rise to ECs and SMCs (10).

In addition, transdifferentiation of ECs

to SMCs and that of SMCs to ECs has

been reported recently (11,12). Thus,

both ECs and SMCs develop from the

same progenitor.

These general views on a progenitor

of osteoblasts, ECs and SMCs lead to

the hypothesis that multipotent cells in

the PDL may give rise to a vascular cell

lineage other than osteoblastic/cemen-

toblastic cell lineages. We have previ-

ously shown that the TesPDL3 cell line

derived from swine PDL tissue shows

fibroblastic morphology and expresses

procollagen a(I), osteopontin, perio-

stin and alkaline phosphatase (ALP)

mRNA; these genes are expressed in

PDL tissue (13). Intriguingly, the cell

line has the ability to express EC-spe-

cific marker CD31, vascular endothe-

lial (VE)-cadherin, von Willebrand

factor (vWF) and osteoblast-specific

marker osteocalcin (OCN), and to

form extracellular mineralized nodules.

Thus, our data indicated that Tes-

PDL3 cells had unique properties in

expressing several phenotypes of

fibroblasts, vascular endothelial cells

and osteoblasts in the cultures.

Recently, Takahashi and Yamanaka

reported the induction of pluripotent

stem cells from mouse embryonic or

adult dermal fibroblasts by introducing

four transcription factors: Oct3/4,

Sox2, c-Myc and Klf4 (14). These cells

exhibited the morphology and growth

properties of ESCs and expressed ESC

marker genes. Subcutaneous trans-

plantation of the cells into nude mice

resulted in tumors containing a variety

of tissues from all three germ layers.

These data demonstrate that pluripo-

tent stem cells can be directly generated

from adult dermal fibroblast cultures

by addition of only a few defined fac-

tors. From these results, it seems rea-

sonable to suppose that fibroblastic

lineages may have the plasticity to

differentiate into various cell lineages.

However, it remains to be clarified

whether the fibroblastic lineage in PDL

tissue has the same plasticity. The

purpose of the present study was to

evaluate whether the cells derived from

PDL have the ability to build a capil-

lary network of blood vessels as ECs,

and how the expressions of osteoblast

and endothelial properties are affected

by various stimulants such as growth

factors identified in PDL.

Material and methods

Cell culture

Periodontal ligament fibroblasts from

TesPDL3 and TesPDL4 Clawn minia-

ture swine were isolated and estab-

lished as cell lines as described

previously (13). The TesPDL3 and

TesPDL4 cells were cultured on cell

culture plates coated with type I col-

lagen (Sumilon Celltight multi-well

plate; Sumitomo Bakelite Co., Tokyo,

Japan) with F-12 Ham�s medium (Sig-

ma, St Louis, MO, USA) supple-

mented with 10% fetal bovine serum

(FBS; Moregate Biotech, Bulimba,

Australia), with 1 or 20 ng/mL fibro-

blast growth factor (FGF)-2 (R&D

Systems Inc., Minneapolis, MN,

USA), with or without 50 ng/mL bone

morphogenetic protein (BMP)-2

(Astellas, Tokyo, Japan), with or

without 5 lM SU5402 (Calbiochem,

Darmstadt, Germany), and with 2 mM

L-glutamine and 200 lg/mL kanamy-

cin in a humidified atmosphere of 5%

CO2 and 95% air at 37�C.
For two-dimensional cell culture on

the PuraMatrix� self-assembling pep-

tide scaffold (15; 3-D Matrix Japan,

Ltd, Tokyo, Japan), 30 lL of the 1%

peptide scaffold solution was dispensed

into each well of a 96-well culture plate

after supersonic treatment. Exposure

of the peptide solution to the growth

medium at pH 7.1, by dropping the

growth medium gently onto the pep-

tide scaffold, resulted in scaffold for-

mation within 5 min. The TesPDL3

and TesPDL4 cells were subsequently

seeded onto the scaffold at a cell den-

sity of 8 · 104 cells per well with the

growth medium.
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For three-dimensional cell culture in

the peptide scaffold (16), TesPDL3

cells were suspended in one volume of

10% sucrose solution (to maintain

osmolarity) and mixed with four vol-

umes of 22.5% sucrose solution and

five volumes of 1% peptide scaffold

solution, so that the final peptide con-

centration was 0.5%, and the final cell

concentration was 3 · 106 cells/mL.

The cell–peptide suspension was sub-

sequently loaded into a Millicell� cul-

ture plate insert (Millipore Corp.,

Bedford, MA, USA; 10 mm inner

diameter, 0.6 cm2 membrane area,

pore size = 0.4 lm). The culture plate

insert was immediately transferred into

the well of 24-well plates and moist-

ened with 500 lL of the growth med-

ium, in order to initiate peptide gel

formation via a self-assembling

process.

Immunocytochemistry

The TesPDL3 cells were subcultured

into each well of poly-D-lysine-coated

eight-chamber slides (1 · 105 cells per

well; BD Biosciences, Bedford, MA,

USA). In some cases, the surface of the

eight-chamber slide was firstly coated

with the PuraMatrix�, and the cells

were seeded on it. The cells were fixed

in 4% paraformaldehyde for 30 min or

in acetone for 10 min, and permeabi-

lized with 0.2% Triton X-100 in

phosphate-buffered saline (PBS). After

background inhibition in bovine serum

albumin, cells were double-labeled with

anti-vWF rabbit polyclonal antiserum

(1:500; Dako, Carpinteria, CA, USA)

and anti-calponin mouse monoclonal

antibody (clone hCP; 1:500; Sigma) or

anti-human osteopontin monoclonal

antibody (1:750; Immuno-Biological

Laboratories Co., Ltd, Gunma, Japan)

at room temperature for 1 h. After

washing off the primary antibodies

with 0.2% Triton X-100 in PBS, the

cells were incubated with Alexa Fluor�

568-conjugated goat anti-rabbit

immunoglobulin G (IgG) or Alexa

Fluor� 488-conjugated rabbit anti-

mouse IgG (1:200; Molecular Probes,

Leiden, The Netherlands) for 45 min at

room temperature. The cells were

washed three times with 0.2%

Triton X-100 in PBS. The signals were

subsequently detected using a confocal

laser scanning microscope (Nikon

TE2000-E; Nikon Corp., Tokyo, Japan).

Transfection of green fluorescent
protein (GFP) and Smad7 expression
vectors into cells

The TesPDL3 and TesPDL4 cells were

transiently trasnsfected with GFP-

expression vector pTracerTM-CMV2

(Invitrogen, Grand Island, NY, USA)

and TesPDL3 cells with Smad7

expression vector pcDNA-FLAG-

Smad7 (17) using FuGENE HD

(Roche Diagnostics, Indianapolis, IN,

USA) in 24-well cell culture plates

coated with type I collagen in accor-

dance with the protocol provided by

the manufacturer. Firstly, FuGENE

HD (2 lL) diluted in 25 lL of Opti-

MEM� I medium (Invitrogen) was

mixed with 1 lg of purified pTracerTM-

CMV2, pcDNA3 or pcDNA3-FLAG-

Smad7. The DNA–FuGENE HD

mixtures were vortex mixed and incu-

bated for 15 min at room temperature.

The cells were cultured for 48 h in a

humidified atmosphere of 5% CO2 and

95% air at 37�C and subsequently

seeded on or in the peptide scaffold to

form the capillary-like structure.

Evaluation of the ability of cells to
form a lumen in the capillary-like
structure

A cell–peptide scaffold complex of the

three-dimensional cell culture was

rinsed with PBS and then embedded in

a Tissue-Tek� OCT compound (Sak-

ura Finetek Co. Ltd, Tokyo, Japan)

and frozen. Specimens were prepared

as 10-lm-thick frozen sections using a

microtome. The TesPDL3 cells in each

specimen were subsequently fixed using

acetone and observed under a light-

field microscope (Nikon Eclipse-E600;

Nikon Corp.) following hematoxylin

and eosin staining or under the confo-

cal laser scanning microscope (Nikon

TE2000-E; Nikon Corp.).

Alizarin Red staining of mineralized
extracellular matrix

The TesPDL3 cells were fixed with 4%

paraformaldehyde in PBS (pH 7.2) at

room temperature for 30 min. The

monolayers were washed with distilled

water three times and treated with

40 mM Alizarin Red solution for

30 min. They were washed again with

distilled water at least three times.

Alizarin Red was extracted from the

monolayer by incubation of the

monolayers in 10 mg/mL cetylpyridi-

um chroride (CPC) buffer for 1 h. The

dye was subsequently removed, and

150 lL aliquots were transferred to a

96-well plate prior to reading at

577 nm with a plate reader (Bio-Rad

Laboratories, Boston, MA, USA).

Measurement of alkaline
phosphatase (ALP) activity in
TesPDL cells

The TesPDL3 cells were lysed with

0.2% IGEPAL CA-630 (Sigma) in

10 mM Tris-HCl (pH 7.5), and centri-

fuged at 4500 g at 4�C for 10 min.

The lysate was added with buffered

substrate (5 mM phenylphosphate-2-

sodium, 2.5 mM 4-aminoantipyrine,

25 mM sodium carbonate and 20 mM

sodium hydrogen carbonate). Total

cellular ALP activity in the lysate was

measured with p-nitrophenyl phos-

phate as the substrate. The amount of

DNA in the lysate was measured with

a DNA quantitative kit (Hokudo Co.,

Ltd, Tokyo, Japan) in accordance

with the protocol provided by the

manufacturer.

Reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis

Total RNA was extracted from the

TesPDL3 cells using Isogen (Nippon-

gene Co., Toyama, Japan) according to

the manufacturer�s protocol. Comple-

mentary DNA (cDNA) was synthe-

sized with Omniscript reverse

transcriptase (Qiagen, Valencia, CA,

USA) using (dT)15 primer (1 lM).

Subsequent amplification for the

detection of TesPDL3 cell cDNAs was

performed using the requisite number

of cycles, under the following condi-

tions: 94�C for 30 s, annealing tem-

perature optimized for each primer

pair for 30 s, and 72�C for 90 s. The

primer sequences used for PCR

amplification (Table 1) were designed
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using cDNA sequences of swine

mRNA for vWF, vascular endothelial-

cadherin, CD31, calponin, a-smooth

muscle actin, smoothelin, osterix, runt-

related transcription factor (Runx) 2,

and b-actin. All of the primers were

synthesized by Hokkaido System Sci-

ence (Sapporo, Japan). Amplified

products were separated by agarose gel

electrophoresis and stained with ethi-

dium bromide. The PCR experiments

were performed using samples from at

least three different cell preparations

and the results were confirmed by

triplicate PCR experiments from the

same cell samples.

Western blotting

The TesPDL3 cells were lysed in

25 mM Tris-HCl (pH 6.5), 1% sodium

dodecyl sulphate (SDS) and 5% glyc-

erol, and boiled for 5 min. Equal

amounts of protein from each cell

lysate were separated on a 4–8% tris-

glycine SDS-polyacrylamide gel elec-

trophoresis (PAGE) gel. The separated

proteins were transferred onto PVDF

membranes (Millipore Corp.) and

blocked for 1 h at room temperature

in 3% (w/v) skimmed milk. Anti-

vWF rabbit polyclonal antiserum was

added directly to the blocking solution

(dilution of 1:1000) at 4�C over-

night. Membranes were washed and

incubated with a 1:1000 dilution

of horseradish peroxidase-conjugated

anti-rabbit IgG affinity-purified goat

antibody (CHEMICON International

Inc., Temecula, CA, USA) for 30 min

at room temperature. Peroxidase

activity on the membrane was visual-

ized by means of the ECL Western

blotting detection system (Amersham

Biosiences Corp., Piscataway, NJ,

USA) in accordance with the protocol

provided by the manufacturer.

Statistical analysis

Statistical differences were evaluated

with respect to Alizarin Red staining

and ALP activity between the various

culture conditions using analysis of

variance (ANOVA) with Tukey’s HSD

tests.

Results

TesPDL3 cells showed a unique
property in simultaneously expressing
several specific markers of osteoblasts,
vascular ECs and SMCs

The TesPDL3 cells were found to

express the vascular EC marker vWF

(Fig. 1Aa,Ba), the SMC marker calpo-

nin (Fig. 1Ab) and the osteoblastic

marker osteopontin (Fig. 1Bb). No flu-

orescence signal was detected from the

TesPDL3 cells labeled with the second

antibodies without the first antibodies

against each cell-specific marker (data

not shown). These cell-specific markers

were expressed simultaneously in the

TesPDL3 cells (Fig. 1Ad,Bd).

Table 1. Primers used for RT-PCR

Specificity Oligonucleotide sequence (5¢–3¢)

Annealing

temperature

(�C)
Predicted

size (bp)

vWF GCTCTGGGTTCGTCAGAGTC

CAGGCACCGTTATGGAGAAT

58 308

VE-cadherin CGACTCATCCGACTCTGACA

CCCAGACAGAACACCATCCT

58 355

CD31 GCAAGGTGGTCAAGAGAAGC

GCCTGGGTGTCATTCAAAGT

55 493

Calponin GGCTGAGGTCAAGAACAAGC

CCAGTTCTGGGTGGACTCAT

55 202

aSM actin ATCACCAATTGGGACGACAT

GGGACGTTGAAGGTCTCAAA

55 164

Smoothelin GAAGCCACAGGAACAAGAGC

CTTAGCACGGATAGGGAACG

55 435

Osterix CAATGGGCTCCTGTCACCT

CACTGGGCAGACAGTCAGAA

60 161

Runx2 GGTACCAGATGGGACTGTGG

ATGCGCCCTAAATCACTGAG

58 315

b-Actin CGCACCACTGGCATTGTCAT

GCCGTGATCTCCTTCTGCAT

55 518

Abbreviations: vWF, von Willebrand factor; VE-cadherin, vascular endothelial-cadherin;

aSM actin, a-smooth muscle actin; and Runx2, Runt-related transcription factor 2.

A

B

(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

Fig. 1. The TesPDL3 cells were cultured on cell culture plates coated with type I collagen for

3 days and fluorescently labeled with antibodies for vWF (Aa,Ba; red), calponin (Ab; green)

and osteopontin (Bb; green). The nuclei were counterstained with DAPI (Ac,Bc; blue). The

images were merged (Ad,Bd). Signals were detected using a confocal laser scanning micro-

scope. Magnification: ·400 (A) and B ·100 (B); Bar, 100 lm.
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TesPDL3 cells expressed an ability to
construct tube-like networks on
stimulation with FGF-2

The TesPDL3 cells have a fibroblastic

spindle shape on type I collagen-

coated plastic culture dishes (data not

shown). In contrast, TesPDL3 cells

migrated actively, constructed many

multicellular dense structures and

formed networks with tube-like struc-

tures (Fig. 2Ba,Bb) on the peptide

scaffold only with 20 ng/mL FGF-2

stimulation for 5 days (Fig. 2Aa,Ab).

A specific inhibitor of the FGF recep-

tor-1, SU5402 (5 lM), suppressed the

FGF-2-induced construction of multi-

cellular dense structures and the for-

mation of tube-like networks

(Fig. 2Ca,Cb). The TesPDL4 cells did

not share this ability of TesPDL3 cells

(Fig. 2Da,Db,Ea,Eb).

Bone morphogenetic protein-2
inhibited the FGF-2-induced tube-like
network formation by TesPDL3 cells

Bone morphogenetic protein-2 did not

affect the FGF-2-induced construction

of multicellular dense structures

(Fig. 3Ba,Bb). However, it clearly

inhibited the FGF-2-induced forma-

tion of tube-like networks (Fig. 3-

Aa,Ab). Overexpression of Smad7,

a specific inhibitor of BMP-induced

signal transduction, clearly suppressed

the BMP-2-induced inhibition of

the tube-like structure formation

(Fig. 3Ca,Cb).

TesPDL3 cells showed an ability to
construct tube-like structures on
stimulation with FGF-2

The TesPDL3 cells fluorescently

labeled by transfection of GFP-

expression vector were embedded in

the peptide scaffold and cultured with

FGF-2 (20 ng/mL) for 7 days. Tube-

like structures with a lumen (red

arrows) were observed in the section

stained with hematoxylin and eosin

(Fig. 4A). Various sizes of lumen were

observed in the multicellular dense

structure under the confocal laser

scanning microscope (Fig. 4B).

Fibroblast growth factor-2 reduced
BMP-2-induced mineralized nodule
formation and Alizarin Red staining
in TesPDL3 cells

Mineralized nodule formation was

induced by BMP-2 (50 ng/mL) treat-

ment (Fig. 5B) compared with the

untreated control (Fig. 5A). Fibroblast

growth factor-2 (20 ng/mL) reduced the

BMP-2-induced nodule formation

(Fig. 5C), while the addition of SU5402

suppressed the FGF-2-induced inhibi-

tion of the nodule formation (Fig. 5D).

Mineralization of the extracellular

matrix was measured with respect to

intensity of Alizarin Red staining, and

the results confirmed the significant

observations described above (Fig. 6).

Fibroblast growth factor-2 reduced
the ALP activity enhanced by BMP-2
in TesPDL3 cells

Fibroblast growth factor-2 (20 ng/mL)

revealed a tendency to reduce the

BMP-2-enhanced ALP activity in Tes-

PDL3 cells, while the addition of

SU5402 significantly suppressed the

FGF-2-induced reduction of ALP

activity (Fig. 7).

Fibroblast growth factor-2 and
BMP-2 controlled the expression
levels of osteoblast and vascular
cell-specific markers in TesPDL3
cells

Reverse transcriptase-polymerase chain

reaction analysis revealed: (a) that the

swine mRNA expression levels of the

EC markers, vWF and VE-cadhelin,

were dose-dependently upregulated by

FGF-2; (b) vWF was suppressed by

BMP; (c) the vascular SMC markers,

calponin and aSM-actin, were down-

regulated by FGF-2 or BMP-2; (d) the

osteoblastic marker, osterix, was

downregulated by FGF-2; and (e) the

EC marker, CD31, the SMC marker,

smoothelin, and the osteoblastic mar-

ker, Runx2, were not affected by FGF-2

or BMP-2 (Fig. 8A). Western blot

analysis revealed that BMP-2 signifi-

cantly suppressed the protein expres-

sion levels of vWF (Fig. 8B). Taking

these results together, it is suggested that

BMP-2 inhibits the differentiation of

TesPDL3 cells into vascular cell lineages

and that FGF-2 promotes the differen-

tiation of TesPDL3 cells into ECs, but

inhibits the differentiation into SMCsor

osteoblasts.

Discussion

Therapies with biologically active, sol-

uble factors such as cytokines and

growth factors are being evaluated for

clinical use in the regeneration of

periodontal tissue damaged or lost as

a result of periodontitis. Fibroblast

growth factor-2 is a multifunctional

growth factor which has a variety of

effects, including induction of prolif-

FGF-2 (20 ng/mL)

SU5402 (5 µM) – – – –

–+ + +

+

–

A B C D E
(a) (a) (a) (a) (a)

(b) (b) (b) (b) (b)

Fig. 2. TesPDL3 cells overexpressing GFP were cultured on the peptide scaffold for 5 days

(A), with 20 ng/mL FGF-2 (B) and with 20 ng/mL FGF-2 and 5 lM specific inhibitor of

FGF receptor 1, SU5402 (C). TesPDL4 cells overexpressing GFP were cultured on the

peptide scaffold for 5 days, with (E) or without 20 ng/mL FGF-2 (D). Yellow arrows indi-

cate multicellular dense structures and red arrows tube-like structures. (a) Phase-contrast

microscopy; (b) confocal laser scanning microscopy. Magnification ·100; Bar, 100 lm.
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eration and morphogenesis in a wide

range of mesodermal and neuro-ecto-

dermal cells (18), and is considered to

participate in the early stage of wound

healing (19). A variety of intracellular

signals induced by FGF-2 are expected

to regulate migration, attachment,

proliferation and differentiation of

PDL cells. Scatchard analysis revealed

that expression of receptors for FGF-2

was detected on human PDL cells (20).

An immunohistochemical analysis

revealed that expression of FGF-2 was

detected in the cytoplasm of PDL cells

(21). These results suggest that the

FGF-2–FGF receptor-mediated auto-

crine and paracrine loops play roles in

the maintenance of homeostasis of

PDL tissue. In addition, FGF-2 seems

to have a positive role in regenerating

lost periodontal tissue, in that FGF-2

works as a potent mitogen for PDL

cells in vitro (22). In a beagle dog

model, where FGF-2 was applied to an

artificial alveolar bone defect, signifi-

cant PDL formation with new cemen-

tum deposits and new bone formation

was observed in amounts greater than

in control sites (23,24).

For PDL tissue reconstruction, it is

likely that multipotent progenitor cells

or putative stem cells proliferate and

differentiate into heterogeneous types

of cells, including PDL fibroblasts,

cementoblasts, osteoblasts, epithelial

cells (rests of Malassez), vascular ECs,

SMCs and certain types of nerve cells in

the PDL tissue. However, it remained

to be clarified how FGF-2 affected the

multifunctional ability of the multipo-

tent progenitor cells or putative stem

cells in the PDL. Here we showed, for

the first time, that FGF-2 facilitates the

cells to give rise to EC-like cells pos-

sessing the ability to construct the tube-

like structures in culture (Figs 1 and 4).

It is of interest that the other swine

PDL-derived cell line, TesPDL4, did

not construct any tube-like structures

in response to FGF-2 stimulation

(Fig. 2Ea,Eb). These results suggest

that both terminally differentiated

fibroblasts and mesenchymal stem cell-

like fibroblastic cells reside in the PDL,

and that fibroblasts from the tissues

other than PDL do not have an ability

to form tube-like structures as do ECs.

It is generally known that FGF-2 is a

potent angiogenic factor and that

differentiated ECs have an ability to

form a vascular tube-like structure in

response to FGF-2 stimulation in

culture (25). Moreover, FGF-2 facili-

tates neural stem cells to give rise to

ECs and to form vessel-like tube

structures consisting of EC marker-

positive cells in collagen gel culture

(26). It follows that it seems reasonable

to conclude that the PDL-derived

mesenchymal cells have an ability to

form vascular tube-like structures in

response to FGF-2 stimulation in

culture as do differentiated ECs and

neural stem cells.

Tsutsumi et al. (2001) demonstrated

that FGF-2 was a potent mitogen for

A B

Fig. 4. TesPDL3 cells overexpressingGFPwere cultured in the peptide scaffoldwith 20 ng/mL

FGF-2 for 7 days. The frozen section was stained with hematoxylin and eosin. Tube-like

structures (red arrows) were observed in the section under a light-field microscope (A). The

GFP signal from frozen sections was detected using a confocal laser scanning microscope.

Various sizes of lumenwere observed (B).Magnification: ·1000 (A) and ·200 (B); Bar, 100 lm.

A

FGF-2 (20 ng/mL)

BMP-2 (50 ng/mL)

Smad7 –

–

– +

+

++

+

+

B C

(a) (a) (a)

(b) (b) (b)

Fig. 3. TesPDL3 cells overexpressing GFP were cultured with 20 ng/mL FGF-2 (A) or with

20 ng/mL FGF-2 and 50 ng/mL BMP-2 (B), or TesPDL3 cells overexpressing Smad7 and

GFP were cultured with 20 ng/mL FGF-2 and 50 ng/mL BMP-2 (C), on the peptide scaffold

for 5 days. Yellow arrows indicate multicellular dense structures and red arrows tube-like

structures. (a) Phase-contrast microscopy and (b) confocal laser scanning microscopy.

Magnification ·100; Bar, 100 lm.
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mesenchymal stem cells and that incu-

bation with FGF-2 maintained the

multilineage differentiation potential of

mesenchymal stem cells throughout

many mitotic divisions (27). We

established the swine PDL fibroblast

cell line, TesPDL3, under the condition

that the cells were continuously stim-

ulated with FGF-2 (1 ng/mL) in order

to maintain the multilineage differen-

tiation potential of the cells (13). In the

present study, TesPDL3 cells simulta-

neously expressed EC markers, SMC

markers and osteoblastic markers,

indicating the multipotency of the cells.

In contrast, previous studies have

shown that human PDL cells that are

not stimulated with FGF-2 do not

express EC markers such as CD31

(5,28). This discrepancy might be due

to the differences in the cell culture

conditions. Oswald et al. (2004) dem-

onstrated that several populations of

bone marrow-derived mesenchymal

cells had the potential to differentiate

into endothelial-like cells under the

stimulation with vascular endothelial

growth factor (VEGF; 29). We exam-

ined whether VEGF induced the

endothelial differentiation of TesPDL3

cells. However, the cells did not

respond to VEGF stimulation (data

not shown). In addition, RT-PCR

analysis revealed that TesPDL3 cells

did not express a detectable level of

VEGF receptor 2 (data not shown),

sometimes referred to as KDR or

FLK1. It could, therefore, be con-

cluded that multipotent PDL fibro-

blasts may have a distinct way of

expressing the EC-like character from

the way used by bone marrow-derived

mesenchymal cells. However, it

remains to be clarified whether the

discrepancy that the bone marrow-de-

rived mesenchymal cells express KDR

but the TesPDL cells do not might be

due to the differences in the culture

conditions.

Bone morphogenetic proteins are

members of the transforming growth

factor (TGF)-b superfamily, which

mediate multiple biological processes

including bone formation (30). Bone

morphogenetic proteins play a pivotal

role in the commitment and differen-

tiation of cells of osteoblastic lineage

(31). Bone morphogenetic protein-2

promotes osteoblast maturation by

increasing the expression of the tran-

scription factor Runx2, previously

referred to as Cbfa1/PebpaA/AML3,

and the expression of osteoblastic

marker genes (32,33). Immunohisto-

chemical and RT-PCR analyses

revealed that expression of BMP-2

and BMP receptors (BMPRs) IA and

II were detected in or on the surface of

PDL fibroblasts (34). These results

suggest that the BMP-2–BMPR-medi-

ated autocrine and paracrine loops

play roles in the maintenance of

homeostasis of periodontal tissue. In

addition, BMP-2 has an ability to

promote the PDL cells along a

cementblast/osteoblast pathway, in

that BMP-2 induces expression of

osteoblast-specific markers such as

Runx2, ALP, OCN and bone sialo-

protein in the cells and to form

extracellular mineralized nodules in

the cell culture (35). In the present

study, BMP-2 induced extracellular

mineralized nodule formation (Fig. 5)

and enhanced ALP activity (Fig. 7) as

described in the previous report (13).

It should be noted that FGF-2 com-

pletely suppressed the BMP-2-induced

A B C D

FGF-2 (20 ng/mL)

BMP-2 (50 ng/mL)

SU5402 (5 µM) –

–

+

+

+

–

+

+–

–

–

+

Fig. 5. TesPDL3 cells were cultured on type I collagen-coated plastic culture dishes for

7 days, without BMP-2 (A), with BMP-2 (50 ng/mL; B), with BMP-2 (50 ng/mL) and FGF-2

(20 ng/mL; C) or with BMP-2 (50 ng/mL), FGF-2 (20 ng/mL) and the specific inhibitor of

FGF receptor 1, SU5402 (5 lM; D); Bar, 300 lm.

Fig. 6. TesPDL3 cells were cultured on type I collagen-coated plastic culture dishes without

or with BMP-2 (50 ng/mL) for 7 days. Some cells were treated with FGF-2 (1 or 20 ng/mL)

or the specific inhibitor of FGF receptor 1, SU5402 (5 lM). Alizarin Red staining was

measured as described in the Material and methods. * Statistical differences were evaluated

using analysis of variance (ANOVA) with Tukey’s HSD tests. Measurement values with the

same letter revealed no statistical differences (p < 0.05 for significance).
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formation of extracellular mineralized

nodules in the PDL cell culture. In

addition, FGF receptor antagonist,

SU5402 suppressed nodule formation

(Fig. 5). Thus, we showed that FGF

has multifunctional abilities not only

to induce vascular EC-like functions

but also to suppress the BMP-induced

cementoblast/osteoblast-like function

in the PDL-derived fibroblast-like

cells.

Although some studies have been

done on the effect of BMPs on vascu-

larization, there is little agreement as to

the outcome. Raida and colleagues

reported that BMP-2 promoted for-

mation of tube-like structures by

human dermal microvascular ECs in

culture on growth factor-reduced

Matrigel� (36). In contrast, Smith and

co-workers reported that BMP-2 had

no effect on the vascularization in

chorioallantoic membranes in organ

culture (37). Here, we showed that

BMP-2 suppressed the expression of

EC-specific adhesion molecules CD31

and VE-cadherin (Fig. 8A) and partly

inhibited the FGF-2-induced forma-

tion of vascular tube-like structures on

the self-assembling peptide scaffold in

culture (Fig. 3). It seems reasonable to

suppose that these disagreements con-

cerning the biological effects of BMP-2

on vascularization may depend on the

differences in the culture systems or on

the differences in cell types between

various experiments.

As mentioned in the present study,

TesPDL3 cells not only form mineral-

ized nodules in response to BMP-2 but

also construct tube-like structures in

response to FGF-2 in vitro. Intrigu-

ingly, FGF-2 inhibits the BMP-2-

induced formation of mineralized

nodules. In contrast, BMP-2 inhibits

the FGF-2-induced formation of tube-

like structures. This is the first report to

identify the multipotent abilities of

PDL fibroblast-like cells to differenti-

ate not only into osteoblastic but also

into vascular cell lineages, which were

reciprocally controlled by BMP-2 and

FGF-2. The present findings regarding

the differential control of FGF and

BMP on EC-like and osteoblast-like

differentiation of PDL-derived fibro-

blast-like cells can be a useful aid to

understanding of how damaged or lost

Fig. 7. TesPDL3 cells were cultured on type I collagen-coated plastic culture dishes

without or with BMP-2 (50 ng/mL) for 7 days. Some cells were treated with FGF-2 (1 or

20 ng/mL) or the specific inhibitor of FGF receptor 1, SU5402 (5 lM). Alkaline phos-

phatase activity was measured as described in the Material and methods. * Statistical

differences were evaluated using analysis of variance (ANOVA) with Tukey’s HSD tests.

Measurement values with the same letter revealed no statistical differences (p < 0.05 for

significance).

A 

B 

Fig. 8. TesPDL3 cells were cultured on type I collagen-coated plastic culture dishes without

or with BMP-2 (50 ng/mL) for 7 days. Some cells were treated with FGF-2 (1 or 20 ng/mL)

and their mRNA and protein expression levels were analysed. (A) RT-PCR analyses of

vascular cell-specific and osteoblast-specific markers. The mRNA levels of EC markers (vWF

and CD31) were upregulated by FGF-2 in a dose-dependent manner; vascular SMC and

osteoblastic markers (calponin, aSM actin and osterix) were downregulated by FGF-2; and

vascular EC and SMC markers (vWF, CD31, calponin and aSM actin) were downregulated

by BMP-2. (B) Western blotting analyses; BMP-2 significantly suppressed protein expression

of vWF.
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periodontal tissue recruits the ECs and

osteoblasts.
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Abstract An autolysin gene, atlh, was identified and

sequenced from Streptococcus downei MFe28 using

degenerate polymerase chain reaction (PCR) and the gene-

walking method. Atlh protein encoded by atlh is composed

of 879 amino acids, with a molecular weight of 95,902.26.

Atlh possesses four 15-amino-acid residue repeats in the

putative cell-wall-binding domain and has a catalytic

domain in the C-terminus. The deduced amino acid

sequence of atlh showed homology to S. mutans autolysin

AtlA (68.4% similarity). Inactivation of atlh resulted in

elongated chain formation compared to the parent strain.

Recombinant proteins Atlh and its derivatives were con-

structed and analyzed by zymography. Zymographic

analysis revealed that the Asp-771 residue of Atlh was

essential for lytic activity and that lytic activity was not

diminished by the deletion of repetitive regions in the

putative cell-wall-binding domain of Atlh. Biofilm assay

showed that the wild-type strain formed glucose- and

sucrose-dependent biofilms, the atlh mutant diminished

this ability. These results suggest that Atlh is associated

with cell separation and biofilm formation.

Introduction

Streptococcus mutans is a pathogen of dental caries, which

results from a buildup of biofilm on the tooth surface [9]. In

S. mutans, an autolytic enzyme variously designated AtlA

[10], Smu0630 [1, 3], and Aml [16] has been identified as

an N-acetylmuramidase [16]. AtlA is composed of 979

amino acid residues and structurally consists of three parts:

a signal sequence region (residues 1–24), a putative cell-

wall-binding domain (residues 25–775), and a catalytic

domain (residues 776–979) [16]. In the predicted cell-wall-

binding domain are five 15-residue repetitive sequences

(RP1–RP5) [16]. This protein is a secreted protein identi-

fied as 107- and 79-kDa proteins [10, 16] and is responsible

for cell separation, cellular autolysis, and biofilm formation

[3, 10, 16].

S. downei is a member of mutans streptococci and has

been isolated from monkeys [2, 13] and, rarely, from

humans [15]. Electrophoretic profiles of whole-cell pro-

teins on sodium dodecyl sulfate (SDS)-polyacrylamide gel

indicate the close relation between S. sobrinus (serotypes d/

g) and S. downei (serotype h) [2]. No information on

autolysin has previously been available for S. downei. In

the present study, we first identified and characterized the

autolysin gene of S. downei (serotype h), namely, atlh.

Materials and Methods

Bacterial Strains and Culture Conditions

S. downei MFe28 (type strain) and its derivatives and S.

mutans MT8148 were grown at 37�C in brain heart infu-

sion (BHI; Difco Laboratories, Detroit, MI, USA) broth.

For preparation of proteins from streptococci, microscopic

analysis, and biofilm assay, cells were grown in the air at

37�C in BHI broth. Escherichia coli strains JM109 and

BL21 (DE3) (Novagen, San Diego, CA, USA) were used

for cloning and expressing proteins, respectively.
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PCR Experiments

Chromosomal DNA of streptococcal cells was extracted

using PUREGENE DNA Yeast and the Gram-Positive

Bacteria Kit (Gentra Systems, Minneapolis, MN, USA). To

detect a portion of the atlh gene in S. downei, PCR was

performed with degenerate primers DP-F and DP-R

(Table 1). The 1.2-kb PCR product designated DP was

cloned into pGEM-T Easy vector (Promega, Madison, WI,

USA) and sequenced. The region flanking DP was deter-

mined by the gene-walking method with the first internal

primers GW1 and GW2 as described [12]. Nucleotide and

deduced amino acid sequences were analyzed as described

previously [11].

Plasmid Preparation

Both plasmid pET-21a(?) (Novagen) used for expressing

proteins with a C-terminal His6 tag and PCR products were

digested with NdeI and XhoI and ligated unless otherwise

stated. To clone atlh gene, PCR was performed with KOD-

Plus- DNA polymerase (Toyobo, Osaka, Japan) and the

primers Atlh-FN and Atlh-RX (Table 1). The resultant

plasmids pET21aatlh carried Atlh (residues 32–879). To

construct the plasmid for D771A (a point mutant of Atlh),

PCR-based mutagenesis [6] was performed with three pairs

of primers: Atlh-FN/D771A-R, D771A-F/Atlh-RX, and

Atlh-FN/Atlh-RX. To construct the plasmid for DRP12 (a

deletion mutant of Atlh), PCR was performed with primers

NK-F and Atlh-RX, and the PCR products were cloned into

pET-21a(?), resulting in pNK. To yield plasmids for

DRP14 (a deletion mutant of Atlh), pNK was digested with

KpnI, which cuts the atlh gene but does not digest pET-

21a(?), and self-ligated. Nucleotide sequences of the

constructs were confirmed by sequencing on both strands.

Construction of the atlh Insertional Mutant

By allelic homologous recombination, the atlh gene of S.

downei MFe28 was disrupted by insertion of an erythro-

mycin resistance determinant into the gene at the EcoRV

site as described previously [12]. The gene disruption was

confirmed by PCR and direct sequencing.

SDS Extract Preparation

SDS extract of streptococcal cells was prepared as descri-

bed [10]. Protein concentrations were determined using the

method of Lowry [8] with bovine serum albumin as the

standard. Proteins (10 lg) were separated on SDS-7.5%

polyacrylamide gels by electrophoresis [7], designated

SDS-PAGE.

Expression and Purification of Recombinant Proteins

Samples containing recombinant proteins were prepared from

cultures grown to an OD600 of 0.6 and incubated at 37�C for an

additional 4 h after the addition of 1 mM isopropyl-b-D-

thiogalactopyranoside. HisTrap FF crude columns (GE

Healthcare Bio-Sciences, Piscataway, NJ, USA) were used

for partial purification according to the supplier’s instructions.

Zymogram Assay

Hydrofluoric acid (HF)-treated S. downei MFe28 cells were

prepared as described [10]. The cells were resuspended in

Table 1 Oligonucleotide primers

Designation Sequence (50-30)a

Degenerate PCR of atlh gene

DP-F GCNTAYWSNAAYCAYWSNGGNTAYGG

DP-R GTRTAYTGCCANGCNGCNGCRTT

Gene-walking of atlh gene

GW1 TGAAGCGCTCGGTGACGGAACCTCTAT

GW2 CTGACGAGGCCAGAAGCGAAGCCGCTT

Construction of His-tagged Atlh

Atlh-FN AATATACATATGGATGAGCAGAGCTATCCGCAAA

Atlh-RX AAAATGCTCGAGAGACAGGCGACCGCTGTAGTCAA

Construction of His-tagged D771A, an Atlh derivative

D771A-F ATGGTAGATGCCATTGAGCACAGC

D771A-R GCTGTGCTCAATGGCATCTACCAT

Construction of His-tagged DRP12, an Atlh derivative

NK-F AATATACATATGGGGTACCATGCGGACAAGGTG

a Degenerate primers DP-F and DP-R were designed from the deduced amino acid sequences of AtlA [10]: AYSNHSGYG (residues 530–538)

and NAAAWQY (residues 949–955), respectively. Restriction sites of NdeI, XhoI, and KpnI are underlined
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SDS-7.5% acrylamide solution to an OD600 of 1.0. Proteins

(10 lg each) were separated using SDS-7.5% polyacryl-

amide gels comprising HF-treated cells. The gels were

washed six times in distilled water for 30 min, followed by

5-h incubation at 37�C in PBS with 1 mM CaCl2.

Microscopic Analysis

Cells grown for 16 h in BHI broth were observed using

differential interference contrast with a confocal laser

scanning microscope LSM 510 (Carl Zeiss, Oberkochen,

Germany). Chain lengths were counted from 50 randomly

selected chains under microscopy.

Biofilm Assay

Cells (1.0 9 104 colony-forming unit) were cultured in

200 ll of BHI broth with 1% glucose or sucrose at 37�C

using flat-bottomed 96-well polystyrene cell culture plates

(TPP, Trasadingen, Switzerland). After 16-h incubation,

the wells were washed once with distilled water and stained

with 1% crystal violet for 10 min. The wells were washed

Fig. 1 Comparison of structural traits and deduced amino acid

sequences of Atlh. a Structural comparison of Atlh of S. downei
MFe28 and AtlA of S. mutans Xc [10]. The percentage similarities of

the deduced amino acid sequences of the domains are shown. b
Amino acid sequence alignment of four 15-residue repeats, RP1–RP4,

located in the putative cell-wall-binding domain (residues 31–677) of

Atlh. Asterisks and dots indicate identical and similar residues,

respectively. c Amino acid sequence comparison of catalytic domains

of five members of glycoside hydrolase family 25. Positions

corresponding to the predicted critical residue Asp-771 of Atlh and

the proven residue Asp-869 of AtlA for lytic activity [16] are shown

in boldface. Asterisks and dots indicate identical and similar residues,

respectively. A dash represents a gap in alignment. Sequences shown

here are from Atlh of S. downei in this study and from AtlA of S.
mutans [10], LytC of S. pneumoniae [5], ORFO of S. gordonii [14],

and muramidase of pneumococcal bacteriophage Cp-1 [4]
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three times and then stained biofilms were eluted with

200 ll of ethanol. The absorbance of stained biofilms at

595 nm was measured using a microplate reader (GE

Healthcare Bio-Sciences). Each assay was performed in

sextuplicate, and wells without biofilms were used as blank

controls after staining.

Statistical Analysis

Data are expressed as the means ± standard deviations.

Using unpaired Student’s t-test, differences between

groups were examined for statistical significance.

Nucleotide Sequence Accession Number

The nucleotide sequence of the S. downei atlh gene was

deposited in the GenBank database under accession num-

ber AB302222.

Results and Discussion

Identification of the atlh Gene

Of the 3081-bp nucleotide sequences determined in S.

downei, the atlh gene (2640 bp) was preceded by a putative

ribosome-binding site (AGGATG), and a putative pro-

moter sequence was identified 152 nucleotides upstream of

atlh (TTAACCN18TAGGAT). The atlh gene encodes an

879-amino-acid polypeptide (Atlh) with a predicted

molecular weight of 95902.26 and an estimated pI of 4.91.

Homology analysis indicated that Atlh showed 68.4%

similarity to S. mutans AtlA [10]. Alignment of the

deduced amino acid sequences of Atlh and AtlA revealed

that Atlh consists of three parts: a signal sequence region

(residues 1–30), a putative cell-wall-binding domain (res-

idues 31–677), and a catalytic domain (residues 678–879)

(Fig. 1a). Four 15-residue repetitive units, RP1 to RP4,

were identified in the putative cell-wall-binding domain of

Atlh (Fig. 1a and b) and were separated by 76-, 92-, and

76-amino-acid residues, respectively. The catalytic domain

was classified in the CAZy database (http://www.cazy.org/

CAZY/) as glycoside hydrolase family 25, which contains

AtlA of S. mutans [10], LytC of S. pneumoniae [5], ORFO

of S. gordonii [14], and pneumococcal bacteriophage

muramidase [4] (Fig. 1c). Deduced amino acid sequence

analysis between Atlh and AtlA revealed strong conser-

vation of the C-terminal catalytic domains (Fig. 1a),

suggesting that Atlh may be an N-acetylmuramidase, as is

AtlA [16], albeit the repetitive region in the putative cell-

wall-binding domain of Atlh was truncated.

Morphological Characteristics of the atlh Mutant

To clarify the role of atlh gene products in cell morphol-

ogy, an atlh insertional mutant, ATL-1, was constructed.

After 16-h incubation, S. downei wild-type strain MFe28

was planktonic, whereas ATL-1 was sedimented (data not

shown). Microscopic observation revealed that S. downei

MFe28 showed short chains (average number of

cells ± standard deviation per chain, 9.8 ± 8.1), whereas

ATL-1 showed elongated chains (36.0 ± 13.4) (Fig. 2).

This finding is consistent with the findings of atlA mutants

of S. mutans [10, 16]. Thus, the atlh gene product was

involved in cell separation.

Zymographic Analysis of SDS Extracts

SDS extracts of S. mutans MT8148 and S. downei strains

MFe28 (wild type) and ATL-1 (atlh mutant) were sub-

jected to SDS-PAGE and a zymogram of HF-treated S.

downei MFe28 cells (Fig. 3a and b). Two bands, 107 and

79 kDa in size, were observed in the extract of S. mutans

MT8148 (Fig. 3b, lane 1). A 66-kDa band was found in

that of S. downei MFe28 (lane 2), whereas no band was

detected in ATL-1 (lane 3). These findings suggested that

Fig. 2 Microphotographs of

differential interference contrast

microscopy. S. downei wild type

strain MFe28 (a) and atlh
mutant strain ATL-1 (b) were

grown at 37�C for 16 h and

observed under a confocal laser

scanning microscope. Scale

bars: 10 lm. Data presented

here are representative of three

independent experiments
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Atlh could lyse HF-treated S. downei cells and disruption

of the atlh gene abolished lytic activity of S. downei on the

zymogram.

Zymogram Assay of Atlh Derivatives

By amino acid sequence alignments, Asp-771 residue of

Atlh was predicted as an active site for enzymes (Fig. 1c).

To confirm this, we constructed Atlh and a mutant D771A,

of which the Asp-771 residue was changed to alanine, and

examined lytic activity (Fig. 4). Lytic activity of 106-kDa

Atlh was observed (Fig. 4c, lane 1), whereas D771A

migrating at 106 kDa in size was incapable of showing

lytic activity (lane 2), which indicates that Asp-771 of Atlh

was an essential residue for lytic activity. Furthermore, two

Atlh deletion mutants were constructed (Fig. 4a) and

examined (Fig. 4b and c). The 60-kDa mutant DRP12 and

the 43-kDa mutant DRP14 also showed lytic activity

(Fig. 4c, lanes 3 and 4, respectively). These findings indi-

cated that the deletion of all repetitive regions in the

putative cell-wall-binding domain of Atlh did not diminish

the lytic activity observed on the zymogram.

Biofilm Assay

To assess the role of Atlh in biofilm formation, wild-type

strain MFe28 and atlh mutant strain ATL-1 were grown in

BHI broth supplemented with 1% glucose or sucrose. The

pah mutant strain SES-1 was included as the pah gene

product is a cell surface protein and has been identified as

an adhesin associated with biofilm formation in S. downei

[12]. Inactivation of atlh significantly impaired biofilm

formation in the presence of glucose and sucrose compared

to the wild type (Fig. 5). These findings are in accordance

Fig. 3 Lytic activity of SDS extracts of streptococci. a Protein

profiles of SDS extract (10 lg each) on SDS-PAGE stained with

Coomassie brilliant blue. b Zymogram of HF-treated S. downei
MFe28 cells. SDS extracts of streptococcal cells (10 lg each) were

analyzed by zymography. Proteins with lytic activity were observed

as translucent bands. Arrow represents the position of lytic proteins of

S. downei MFe28. Lane 1, S. mutans MT8148; lane 2, S. downei
MFe28 (wild type); lane 3, S. downei ATL-1 (atlh mutant)

Fig. 4 Lytic activity of recombinant proteins Atlh and its derivatives.

a Schematic representation of the structures of Atlh and its

derivatives. b Protein profiles of partially purified proteins (10 lg

each) on SDS-PAGE stained with Coomassie brilliant blue. c
Zymogram of HF-treated S. downei MFe28 cells. Arrows represent

the positions of lytic proteins. Lane 1, Atlh; lane 2, D771A; lane 3,

DRP12; lane 4, DRP14; M, molecular size marker

Fig. 5 Biofilm assay of S. downei MFe28 and its derivatives on 96-

well polystyrene plates. S. downei wild-type strain MFe28, the atlh-

inactivated strain ATL-1, and the pah-inactivated strain SES-1 [12]

were grown for 16 h in BHI broth with 1% glucose or sucrose.

Biofilms were stained with 1% crystal violet solution, and crystal

violet was solubilized with ethanol and then measured at absorbance

of 595 nm. Values represent the means and standard deviations of

sextuplicates. Significant differences from the wild type as calculated

by unpaired Student’s t-test: * p \ 0.05; ** p \ 0.01
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with the results in AtlA mutants of S. mutans [3, 10] and

lead to the suggestion that Atlh is responsible for biofilm

formation. In contrast, disruption of pah significantly

decreased biofilm formation when grown with glucose but

not with sucrose. It is tentatively speculated that Atlh

deficiency may affect the expression of cell surface pro-

teins associated with biofilm formation. This is partially

supported by the finding that extracted protein profiles of

the Atlh mutant were different from those of the parent

strain (Fig. 3a). Similarly, the reduced number of proteins

extractable from the cell surface has been reported in the

AtlA-deficient strain of S. mutans [1]. Further studies of

cell surface proteins in Atlh-deficient cells should be con-

ducted to elucidate the role of Atlh in biofilm formation.

In this study, we present the first identification of the

autolysin gene (atlh) in S. downei, characterized by

microscopic and zymographic analyses, and biofilm assay.

To eliminate cariogenic pathogens from the oral cavity,

autolysins of their agents may be a candidate. Toward the

discovery of anticariogenic drugs, a comparative analysis

of autolysins in oral streptococci is in progress.
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Reduction of Egf Signaling Decides Transition From
Crown to Root in the Development of Mouse Molars

NAOKI FUJIWARA, TADASHI AKIMOTO, KEISHI OTSU,
TADAYOSHI KAGIYA, KIYOTO ISHIZEKI, AND HIDEMITSU HARADA�

Department of Oral Anatomy II, School of Dentistry, Iwate Medical University,
Morioka, Iwate, Japan

ABSTRACT Mouse, rat, and human molars begin to form their roots after the completion of
crown morphogenesis. Though several signaling pathways and transcription factors have been
implicated in the regulation of molar crown development, relatively little is known about the
regulatory mechanisms involved in the transition from crown to root development. Tooth root
formation is initiated by the development of Hertwig’s epithelial root sheath (HERS) from the
cervical loop in the enamel organ. In this study we examined the change in epidermal growth factor
(Egf) signaling during this transition process. Immunohistochemical studies showed that the
expression of Egf receptors in the enamel organ disappear gradually in the process and are not
observed in HERS. Here, to examine the effect of Egf on the transition, we used the organ culture
method to examine the root development. In the presence of Egf, stellate reticulum (SR) cells
between the inner and outer epithelial layers in the enamel organ actively proliferated and
maintained the enamel organ, and the formation of HERS was not observed. On the other hand, in
either the absence of Egf or the presence of the inhibitor of Egf receptors, the SR cells disappeared
and HERS formation started. Subsequently, root formation proceeded in the culture period.
Therefore, disappearance of SR area may be a key event that controls the timing of onset of HERS
formation, and Egf may be one of regulatory factors involved in the change from cervical loop
epithelium to HERS during root development. J. Exp. Zool. (Mol. Dev. Evol.) 310B, 2008.
r 2008 Wiley-Liss, Inc.

How to cite this article: Fujiwara N, Akimoto T, Otsu K, Kagiya T, Ishizeki K, Harada H.
2008. Reduction of Egf signaling decides transition from crown to toot in the
development of mouse molars. J. Exp. Zool. (Mol. Dev. Evol.) 310B:[page range].

The cuff of the enamel organ, referred to as the
cervical loop, consists of inner (IEE) and outer
enamel epithelium (OEE), stratum intermedium,
and stellate reticulum (SR); and it contributes to
the promotion of crown morphogenesis via the
proliferation of IEE cells. This process is regulated
by the sequential and reciprocal interactions
between the oral ectoderm and the neural crest-
derived mesenchyme, as well as by other ectoder-
mal organs (Pispa and Thesleff, 2003). Though
several signaling pathways and transcription
factors have been implicated in the regulation of
molar crown development, relatively little is
known about the mechanisms regulating root
development.

Harada and co-workers reported that fibroblast
growth factor (Fgf)-10, which is continuously

expressed in the mesenchyme at the apical end
of the continuously growing teeth, i.e., the
incisors, in mice (Harada et al., ’99; Yokohama-
Tamaki et al., 2006), plays a role in the
maintenance of a dental epithelial stem cell
compartment referred to as the ‘‘apical bud’’
(Harada et al., 2002; Harada and Ohshima,
2004). In molars of the Sibling vole, which are
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also continuously growing, the constant expres-
sion of Fgf-10 was also observed at their apical
ends (Tummers and Thesleff, 2003). On the other
hand, in mouse, rat, and human molars, the
expression of Fgf-10 disappears when crown
morphogenesis shifts to root formation (Kettunen
et al., 2000; Tummers and Thesleff, 2003). Neither
histological structures (e.g., the apical bud) nor
gene expression patterns characteristic of the
dental epithelial stem cell compartment are
observed in Hertwig’s epithelial root sheath
(HERS) during root development. (Yokohama-
Tamaki et al., 2006) clarified that the disappear-
ance of Fgf-10 signaling leads to the lack of a
regulatory system for the formation and main-
tenance of the dental stem cell compartment in
mouse molar germs. Furthermore, it was also
reported that FGF-9 was expressed in the basal
epithelium, SR, and IEE of the apical bud of
incisors, and stimulated cell proliferation of apical-
end mesenchyme in culture (Yokohama-Tamaki
et al., 2006). Although epidermal growth factor
(Egf) aids in acceleration of incisor eruption
(Cohen, ’62) and Egf receptors are expressed
during the period accelerated rat incisor eruption
(Shore et al., ’92), the relationship between Egf
signaling and development of molar roots has not
been elucidated in detail. In this study, conducted
to elucidate the mechanism for the transition from
crown morphogenesis to the initiation of root
formation, we therefore focused on the effects of
excess Egf on limited-growth teeth, i.e., molars, in
the mouse by using an in vitro culture system.

A culture system for tooth germs at the stage of
root formation was first established by (Fujiwara,
’97). An improved culture system for molar teeth in
the initial stage of root formation showed that
HERS elongation was the consequence of cell
proliferation in the outer layer of HERS and that
the effects were promoted by exogenous insulin-like
growth factor-I (Fujiwara et al., 2005). Using this
culture system, we designed experiments to exam-
ine the effects of Egf on the transition from crown
formation to root development and to elucidate in
detail the mechanism of root formation in vitro.

MATERIALS AND METHODS

Animals and organ culture of molar germs

The design and conditions of the animal experi-
ments were approved by The Committee on
Animal Experiments of Iwate Medical University,
Morioka, Japan. Organ culture was carried out as
described previously (Fujiwara et al., 2005). Molar

germs (n 5 20) were dissected from the mandibles
of ddY mice at postnatal day 5 (PN d5) and
cultured for 4–14 days. To test the effect of Egf, we
added 100 ng/mL of mouse Egf (Upstate Biotech-
nology, Lake Placid, NY) to the culture medium.

Histology

For morphological observations, the tissues were
fixed in 4% paraformaldehyde, decalcified in
EDTA, and embedded in paraffin by conventional
methods. For ultrastructural analysis, the tissues
were fixed in 2.5% glutaraldehyde and decalcified
in EDTA. The samples were subsequently post-
fixed in 1% OsO4, and finally embedded in Epon
812 (Taab, Berkshire, UK). Semithin sections
(1 mm in thickness) were stained with toluidine
blue, and ultrathin sections (70 nm in thickness)
were double-stained with uranyl acetate and lead
citrate.

Immunohistochemistry

The sections were incubated overnight at 41C
with a rabbit monoclonal antibody against the
human EGF receptor (diluted 1:20; Catalog
number: 1114–1, Epitomics, Burlingame, CA).
The products of the reaction were developed by
using an enhanced polymer one-step staining
method with Histofine Simple Stain MAX PO(R)
(Nichirei, Tokyo, Japan) and visualized by using
Simple Stain DAB solution (Nichirei).

Cell proliferation assay

We carried out 50-bromo-20-deoxyuridine (BrdU)
labeling to detect cellular proliferation. In vitro
cultures for observing root development of mouse
molars were prepared as previously described
(Fujiwara et al., 2005). Explants from PN d1 and
d5 mice were incubated for 1 day and then for 3 hr
in the presence of 0.5 mg/mL BrdU (Sigma-
Aldrich, St. Louis, MO), embedded in paraffin,
and serially sectioned into 5 mm sections. BrdU
was detected on the sections by using a BrdU
staining kit (Calbiochem, Oncogene Research
Products, Cambridge, MA) according to the man-
ufacturer’s instructions, and visualized with
streptavidin-HRP and DAB. To compare the
mitotic activity between the IEE and OEE of the
dental epithelium and SR, we counted the number
of BrdU-immunopositive cells and all cells, and
then estimated each mitotic index. Dental epithe-
lial cells were distinguished from mesenchymal
cells by CK14 immunostaining of serial sections.
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RESULTS

To analyze the expression pattern during the
transition from crown to root formation, we
examined the expression of Egf in the HERS
region of neonatal mice (Fig. 1), and that of Egf
receptors in the molars between embryonic day 17
(E d17) and PN d6 mice by immunohistochemistry
(Fig. 2). As seen in Figure 1, at PN d4 the
expression of Egf decreased gradually in cervical
area of molars in vivo. At E d17 and PN d2 in
crown morphogenesis, immunoreactivity of the
Egf receptor was detected in the IEE, OEE, SR,
differentiated ameloblasts, odontoblasts, and den-
tal follicle (Fig. 2A–B). Interestingly, in the
cervical loop area some SR cells adjacent to IEE
expressed Egf receptors strongly (Fig. 2A, arrows).
But, the strong positive cells were not seen in the
cervical loop at later stages. The dental pulp did
not show immunoreactivity at these stages. At PN
d4 and later, the stage of HERS formation,
differentiated ameloblasts and odontoblasts were
still immunopositive for the EGF receptor. How-
ever, at PN d4 the expression of Egf receptors
decreased gradually in the IEE, SR, and OEE
(Fig. 2C). At PN 6d in the developing HERS,
preodontoblasts and pulp still did not show
immunoreactivity clearly (Fig. 2D). When dental
epithelium at cervical loop area developed HERS
consisted of two epithelial layers, HERS was not
detected by the immunohistochemical reactions
for Egf receptors.

Here, to examine the effect of Egf on the
transition from crown to root formation, we
utilized two types of organ culture at various stages
in the presence or absence of Egf. We observed the
crown morphogenesis of lower first molar germs
(n 5 5) at PN d1 in the presence of 100 ng/mL Egf
by the Trowell-type culture method. In 7-day
cultures, the SR expanded markedly compared
with the explants in the absence of Egf (Fig. 3).

From morphological observations, the responsive-
ness to Egf seemed different between the IEE and
OEE of cervical area during crown formation stage,
and so we counted BrdU-positive cells and esti-
mated the mitotic index (Fig. 3C). BrdU labeling
analysis of molar germs at PN d1 (n 5 5) showed
that in the presence of Egf the number of labeled
cells in SR and OEE increased dramatically.
Especially in the SR cells Egf stimulated the
labeling sevenfold compared with the control.

To observe the effect of Egf on HERS formation
at the transition stage from crown to root, we
obtained lower first molar germs of PN d5 mice
and cultured them for 4 days in our original organ
culture system previously reported (Fujiwara
et al., 2005). In the presence of 100 ng/mL Egf,
the SR was formed at the end of the dental
epithelium (Fig. 4B). On the other hand, in the
absence of Egf (Fig. 4A) or in the presence of
100 ng/mL EGF and Tyrophostin 47 (inhibitor of
EGF receptors, Fig. 4C)), HERS formation was
observed. To observe this apical epithelial tissue
formed by the exogenous Egf in detail, we
examined the sections by electron microscopy
(Fig. 4D). The IEE cell layer possessed a contin-
uous basement membrane, and the IEE cells
contained organelles such as endoplasmic reticu-
lum. Several squamous cells (Fig. 4B, arrow) were
seen between IEE and OEE layers at the apical
area, which was similar to the enamel organ at the
stage of crown formation. BrdU labeling analysis
of molar germs at PN d5 (n 5 5) showed that in the
presence of Egf the number of labeled IEE cells
increased sixfold and that, interestingly, BrdU-
positive SR cells appeared (Fig. 4E).

To observe the effect of Egf on HERS growth
during root development, we used lower first
molar germs from PN d5 mice and cultured them
for 14 days. In the control group (n 5 5), root
development was observed. The dentin was visi-
ble, and dental follicle cells and cementum matrix
deposits were visible over the outer surface of the
dentin (Fig. 5A and B). Furthermore, a small
number of dental epithelial cells remained at the
surface in patches (Fig. 5B, arrowheads). No
deposition of an enamel matrix was detectable
around the root dentin. In the Egf group (n 5 5),
the formation of epithelial bulges consisting of
IEE, OEE, and SR cells of cuboidal shape was
seen. The morphology of epithelial bulge mimics
an apical bud as a dental epithelial stem cell
compartment and the epithelial bulge connected
with IEE of the crown (Fig. 5C and D). The
situation was similar to that of the mouse incisor.

Fig. 1. Gene expression of Egf in the cervical area of
molars during the mouse development, as assessed by
RT-PCR. In the neonatal mouse, Egf mRNA is expressed
during crown morphogenesis of molar. As advance of tooth
root morphogenesis, the expression was decreased. Amplimers
for Egf were designed as previously reported (Shum et al., ’93).
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Additionally, we carried out organ culture of PN
d10 (n 5 5) mouse molars in the presence of
100 ng/mL Egf for 7 days (Fig. 6B). The results
showed normal root formation like that seen in
control cultures of mouse molar germs at PN d5
(Fig. 4A) and PN d10 (Fig. 6A).

DISCUSSION

Mouse, rat, and human molars begin to
form their roots after the completion of crown

morphogenesis. Though several signaling path-
ways and transcription factors have been
implicated in the regulation of molar crown
development, relatively little is known about the
mechanisms regulating the transition from crown
to root development. Though the involvement of
Egf in tooth development has been studied by
various investigators (Partanen et al., ’85;
Cam et al., ’90; Hu et al., ’92; Wise et al., ’92)
and two studies on Egf receptors about root
development were reported from mouse incisor

Fig. 2. Immunohistochemical localization of the Egf receptors in the cervical region of molars. (A–C) At E d17 (A), and PN
d2 (B), immunoreactivity of the Egf receptor was detected in the inner enamel epithelium (IEE), outer enamel epithelium
(OEE), stellate reticulum (SR), differentiated ameloblasts (am), odontoblasts (od), and dental follicle (df). Some cells in the SR
were indicated by the strong intensity of immnunohistochemical reactions (A, arrows). The dental pulp did not show
immunoreactivity at these stages. (C–D) At PN d4 (C) and d6 (D), differentiated ameloblasts (am) and odontoblasts (od) were
immunopositive for the EGF receptor. At PN d4 the expression of Egf receptors decreased gradually in the IEE, SR, and OEE
(C), and disappeared in the IEE, SR, and OEE at PN d6 (D). Also, nearby preodontoblasts and pulp still did not show
immunoreactivity clearly in the tooth germs at PN d6. Bar 5 50 mm.
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and human premolars (Thesleff, ’87; Thesleff
et al., ’87). These studies by autoradiograph used
125I-EGF revealed the localizations of the recep-
tors in epithelial cells of the cervical loop and the
dental follicle tissue surrounding HERS in mice,
and epithelial cell rests of Malassez in human
premolars. However, little is known about the
association between the expression of Egf recep-
tors and the initiation of root formation. In this
study we examined in detail the expression of Egf
receptors by immunohistochemistry and carried
out experiments on gain- and loss-of-function of
Egf signaling by using organ culture systems to
observe root formation in vitro.

Egf receptors were expressed in IEE, OEE, and
SR of molars between E d18 and PN d0, as
reported previously (Cam et al., ’90). The expres-
sion pattern of EGF and its receptor in enamel
epithelium were earlier reported to change during

the crown development (Heikinheimo et al., ’93),
and we showed presently that their expression
disappeared before the start of root development
(Fig. 2). Egf expression decreased gradually during
root growth (Fig. 1). As was shown in a study on
Fgf signaling (Yokohama-Tamaki et al., 2006),
dental epithelium expresses Fgf receptors at all
stages, and the expression of Fgf3 and Fgf10
decreases during the transition from crown to
root. Though the expression pattern of Egf and
Egf receptors was different from that of Fgf and
Fgf receptors, the cessation of Egf signaling may
be also an important regulator to transit from
crown to root. To prove a relationship between the
root formation and the disappearance of EGF
expression, we carried out experiments on gain-
and loss-of-function of Egf in organ culture
systems using tooth germs of various develop-
mental stages.

Fig. 3. Bucco-lingual sections of the cervical area after culture for 7 days in the first molar prepared from PN d1 mouse. (A)
The molars cultured in the control medium possessed root dentin and HERS consisting of IEE and OEE at the apex of the dental
cervix. (B) In the molars cultured in Egf medium, the IEE became multilayered and the SR expanded markedly compared with
those in the explants in the absence of Egf. Accordingly, the molar did not form HERS. d, dentin, e, enamel. Scale bars 5 50 mm.
(C) BrdU labeling analysis of molars during the crown formation stage grown in vitro. In the cervical area, the cell proliferation
of the IEE (red bar) in the control group is higher than that of the OEE and SR cells. In the EGF-treated group, the cell
proliferation activity in the IEE has increased slightly over that of control and statistically higher mitotic indices are observed
for the OEE (blue bar) and SR (yellow bar). Data are presented as means7SD. Significant differences in the mitotic indices
between two groups (with error bars) were calculated by using Student’s t-test (asterisks indicate Po0.01).
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Fig. 4. Histology of the cervical regions in molars of PN d5 after 4 days in culture and BrdU labeling analysis. (A) The
molars in the control medium begin root development and form HERS in a downward direction. (B) The molars in medium
supplemented with EGF have an epithelial bulge at the cervical apex. This bulge consists of tall IEE and OEE cells, and several
cells (arrow) between these epithelial layers. (C) In molars cultured by medium containing both Egf and an inhibitor of Egf
receptors, section is very similar to that of the cervical area in control medium (A). (D) Electron microscopic observation of the
epithelial bulge at the apical area indicated by the rectangle in ‘‘B’’. Some squamous cells (asterisks) are observed between the
IEE and OEE layers. ab, alveolar bone; am, ameloblast layer; df, dental follicle; od, odontoblasts. Scale bars 5 50 mm (A–C) and
5 mm (E) BrdU labeling analysis of molars during transition from crown to root formation in vitro. In this stage, higher
proliferation activity of the IEE is seen for the molar germs cultured with Egf, although the number of BrdU-positive cells of the
IEE (red bar) in the control group is much smaller than the number of positive cells in the OEE (blue bar). These levels for the
IEE are similar to those during the crown formation stage (Fig. 3C). Interestingly, BrdU-positive cells were visible in the SR
area between the epithelial layers in the Egf-treated group, although not shown in the SR of the control group. Data are
presented as the means7SD. Significant differences in the mitotic indices between two groups (with error bars) were calculated
by using Student’s t-test (asterisks indicate Po0.01).
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First, we examined the effect of Egf on the molar
germ at the end stage of crown morphogenesis.
Previous studies using lower molar germs of E16
mice showed that an inhibitor of Egf receptors
suppressed the volume of SR in the enamel organ
during crown morphogenesis and resulted in

malformation of the crown cusp (Partanen et al.,
’85; Hu et al., ’92). On the other hand, in our
organ cultures, excess Egf resulted in stratified
IEE and SR expansion at the cuff of the enamel
organ (Fig. 3). BrdU labeling analysis showed that
Egf stimulated the proliferation of IEE, OEE, and

Fig. 5. Histology of molars of PN d5 after 14 days in culture. (A) Total view at lingual side of a molar germ from a PN d5
mouse after culture for 14 days in control medium. As the development proceeded during the culture period, root dentin was
secreted and the root elongated. (B) Higher magnification of the root apical region in ‘‘A’’. The HERS-like epithelial sheath and
its fragmented epithelium, like Malassez epithelial rests, are visible at the apical end (arrowheads). Periodontal ligament is
formed between the fragmented epithelium. (C) Total view at lingual side of molar germ cultured for 14 days in Egf medium.
The molar develops dentin and enamel deposition normally, but HERS is not observed. (D) Higher magnification of the root
apical region in ‘‘C’’. The histological features at the apex are different from those in the control group, and the apical bulge has
some cells between IEE and OEE, and the fragmentation of epithelium layer is not visible at the apical end. Tall ameloblasts and
enamel matrix on the dentin are connected to the apical bulge. ab, alveolar bone; am, ameloblast layer; df, dental follicle; od,
odontoblasts. Scale bars 5 50 mm.

Fig. 6. Sections of the cervical region of molar germs of PN d10 after 7 days in culture. The molars in control medium (A)
and Egf medium (B) show HERS development consisting of IEE and OEE. df, dental follicle. Scale bar 5 50 mm.
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SR cells. These results suggest that Egf signaling
controls the morphogenesis of the crown via SR
formation.

Second, we examined the effect of Egf on molar
germs at the transitional stage from crown
morphogenesis to the initiation of root formation.
In the presence of excess Egf, the formation of
HERS was not seen; and an epithelial bulge was
formed. The IEE consisted of two or three layers,
and the SR existed between the IEE and OEE. The
morphology closely resembled that of an incisor
apical bud as a stem cell compartment (Harada
and Ohshima, 2004). Also, fragmentation of the
dental epithelium was not seen. The results imply
that stimulation by Egf signaling leads to the
continuous growth of the crown, as in mouse
incisors (Harada and Ohshima, 2004).

Thirdly, we examined the effect of Egf during
root formation. In this stage, the Egf-treated root
grew normally. Formation of the epithelial bulge
was not seen, and fragmentation of HERS was
observed. As Egf receptors were not expressed in
the dental epithelium during root formation, it is
not surprising that exogenous Egf had no effect.

Harada and colleagues hypothesized a mechan-
ism of HERS formation by which the OEE
proliferates more actively than the IEE and
elongates downward below the crown cervical
margin, producing a bilayered epithelial sheath
(Yokohama-Tamaki et al., 2006). In the control
germs of this study, the mitotic index of the IEE
was much higher than that of OEE and SR during
crown morphogenesis; and in the transitional
stage the OEE proliferated more actively than
the IEE (Fig. 4E). In this stage, excess Egf
signaling caused a disordered rate of cell prolifera-
tion in IEE and OEE and inhibited HERS
formation. These results agree with previous
findings (Fujiwara et al., 2005) and also support
the above hypothesis. Taken together, our results
suggest that expression of Egf receptors regulates
the transition from crown morphogenesis to root
formation. To understand the transitional process
from crown to root, we must examine in detail the
regulatory mechanisms of growth factor signaling
including their inhibition. Such study is very
important to achieve root regeneration in the
near future.
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Abstract Rodent incisors are continuously growing teeth
that include all stages of amelogenesis. Understanding ame-
logenesis requires investigations of the genes and their gene
products control the ameloblast phenotype. One of the
mechanisms related to tooth diVerentiation is mitogen-acti-
vated protein kinase (MAPK) signaling. The extracellular-
signal regulated kinase (ERK)/mitogen-activated protein
kinase kinase (MEK) cascade is associated with mecha-
nisms that control the cell cycle and cell survival. However,
the roles of cascades in incisor development remain to be
determined. In this study, we investigated incisor develop-
ment and growth in the mouse based on MAPK signaling.
Moreover, heat-shock protein (Hsp)-25 is well known to be
a useful marker of odontoblast diVerentiation. We used
anisomycin (a protein-synthesis inhibitor that activates
MAPKs) and U0126 (a MAPK inhibitor that blocks ERK1/
2 phosphorylation) to examine the role of MAPKs in Hsp25
signaling in the development of the mouse incisor. We
performed immunohistochemistry and in vitro culture using
incisor tooth germ, and found that phospho-ERK (pERK),
pMEK, and Hsp25 localized in developing incisor
ameloblasts and anisomycin failed to produce incisor

development. In addition, Western blotting results showed
that anisomycin stimulated the phosphorylation of ERK,
MEK, and Hsp25, and that some of these proteins were
blocked by the U0126. These Wndings suggest that MAPK
signals play important roles in incisor formation, diVerenti-
ation, and development by mediating Hsp25 signaling.

Keywords Incisor · MAPK signaling · Hsp25 · 
DiVerentiation · Ameloblasts

Introduction

Tooth development involves many interactions, including
odontogenesis, amelogenesis, and enamel formation. Tooth
morphogenesis involves epithelial–mesenchymal interac-
tions that result in diVerentiation and the spatial organiza-
tion of cells to form organs (Chuong 1998; Jung et al.
2003). Especially amelogenesis is regulated by a develop-
mental cascade that originates in the oral ectodermally
derived odontogenic placode, and extends through the sub-
sequent stages of tooth morphogenesis to generate an
enamel-organ epithelium and several distinct stages within
the epithelial-cell lineage that become the ameloblast phe-
notype (Zeichner-David et al. 1995). And amelogenesis
occurs during ameloblast diVerentiation.

Rodent incisors are continuously growing teeth, and
include all stages of odontogenesis including amelogene-
sis and dentinogenesis. So amelogenesis mechanism
could be understood by studying incisor development.
Amelogenesis is divided into three stages: presecretory,
secretory, and maturation (Muto et al. 2007; Nanci 2003).
Amelogenesis originates in the inner-enamel epithelium,
which undergoes sequential development that including
morphological changes resulting in the terminal diVerentiation
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of these cells into ameloblasts (Morotomi et al. 2005;
Zeichner-David et al. 1995).

Understanding the mechanism of ameloblast diVerentia-
tion requires examination of the genes and their gene prod-
ucts that control the ameloblast phenotype. Previous studies
suggest that dental epithelial stem cells and ameloblasts of
incisors are regulated by a complex signaling network
involving activin, BMP, FGF, notch, follistatin, and mito-
gen-activated protein kinase (MAPK) signaling that
mediates the communication between mesenchymal and
epithelial cells (Abe et al. 2007; Harada et al. 2002a, b;
Wang et al. 2007; Yokohama-Tamaki et al. 2006). The
MAPK family is conserved in evolution and is involved in
diverse cellular processes such as cell growth and prolifera-
tion, and survival, innate immunity, and development
among these signaling (Bogoyevitch and Court 2004; Ray
et al. 2007). There are three major subfamilies of MAPK
proteins: extracellular-signal regulated kinase (ERK), c-Jun
amino-terminal kinase (JNK), and the p38 kinases (Krens
et al. 2006). Phospho-44/42 MAPKs (ERK1/2, which are
referred to as “ERK” in this paper) function in a protein
kinase cascade that plays a critical role in the regulation of
cell growth and diVerentiation (Marshall 1995a, Marshall
1995 b; Winston and Hunter 1995). Also, phospho-MEK1/
2 (pMEK) functions in a MAPK cascade controlling cell
growth and diVerentiation (Rosen et al. 1994). MEK is
upstream of ERK, whose multiple targets inXuence gene
transcription and translation, and cytoskeletal rearrange-
ment (Cho et al. 2008; Marshall 1995a, b; Schlessinger
2000). Recent study found presence of phosphorylated
forms of p38, JNK, and ERK during ameloblast diVerentia-
tion (Abe et al. 2007). Several studies have found that
MAPK signaling is involved in during mouse tooth and oral
development (Abe et al. 2007; Cho et al. 2008; Xu et al.
2008). Furthermore ERK1/2 and MEK concerned prolifera-
tion and diVerentiation of the dental epithelium and odonto-
genic tissues (Kumamoto and Ooya 2007; Yoshizaki et al.
2008). However, the roles of pERK and pMEK during
mouse incisor developmental stage, the relationship
between MAPK and other proteins in the incisor, and the
MAPK mechanisms involved in ameloblast diVerentiation
and proliferation are not well understood.

Heat-shock protein (Hsp)-25 is reportedly expressed
during organogenesis, including in the development pro-
cesses of muscle (Gernold et al. 1993), nerve (Calabrese
et al. 2002; Read et al. 2008), cartilage (Shimada et al.
2003), the temporomandibular joint (Ikeda et al. 2004),
skin (Duverger et al. 2004), and teeth (Ohshima et al. 2000,
2002). Recently Hsp25 has been reported that related to cell
diVerentiation during tooth development, especially amelo-
genesis (Nakasone et al. 2006; Ohshima et al. 2002; Otsuka
et al. 2001). Heat shock activates PI3 K (phosphatidylinosi-
tol 3-kinase)/Akt and the three MAPK signal transduction

pathways—p38 MAPK, ERK, and JNK (Nadeau and
Landry 2007; Read et al. 2008). However, the relationship
between the expression of Hsp25 and MAPK signaling dur-
ing incisor development remains to be elucidated.

This study employed an in vitro organ culture system to
elucidate the precise molecular mechanisms of MAPK sig-
naling during incisor development. In particular, we exam-
ined the role of the MAPK pathway in the diVerentiation
and proliferation of ameloblasts in the developing mouse
incisor. We also examined the relationship of MAPK and
Hsp25. The obtained Wndings suggest that MAPK signaling
plays an important role in incisor development mediated by
Hsp25.

Materials and methods

All experiments were performed according to the guide-
lines of the Yonsei University, College of Dentistry, Intra-
mural Animal Use and Care Committee.

Animals

Adult ICR mice were housed in a temperature-controlled
room (22°C) under artiWcial illumination (lights on from
05:00 to 17:00) and at 55% relative humidity with access to
food and water ad libitum. The embryos were obtained
from time-mated pregnant mice. Embryonic day 0 (E0) was
designated as the day on which a vaginal plug was con-
Wrmed. Embryos at each developmental stage (daily inter-
vals from E14 to PN2) were used in this study.

Tooth germ culture

Tooth germ was dissected out of the mouse mandible at
E14 and PN2. In order to verify function of phosphorylated
form of ERK and MEK in incisor, tooth germ were brieXy
treated with chemical proteins U0126 (Cell Signaling Tech-
nology, MA, USA) and Anisomycin (Wako, Japan). A Wnal
concentration of 0.1% dimethyl sulfoxide (DMSO) (Sigma,
CA, USA) was added to each culture. Controls contained
DMSO only and experimental cultures included 0.001 �g/
ml Anisomycin and 5 �M U0126. The tooth germ was cul-
tured for 96 h in incubator on 37°C, 5% CO2.

Cell culture

Rat incisor-derived epithelial cells, HAT-7 cells, were
maintained as monolayer cultures in DMEM/Ham’s F12
(DMEM/F-12HAM: Invitrogen, CA, USA) with 10%
fetal bovine serum (FBS) (JRH Biosciences, KS, USA) at
37°C with humidiWed air containing 5% CO2. For experi-
ments, after the cells were grown to 70% conXuency, they
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were washed once with phosphate-buVered saline (PBS).
The cells were treated with anisomycin and U0126 dis-
solved in DMEM/Ham’s F12, and then added to DMEM/
Ham’s F12 with 2% FBS. Controls were treated with
DMSO (0.1% v/v).

Immunohistochemistry

For immunohistochemical staining, mandibles of each
stage were Wxed with 4% paraformaldehyde (Wako, Japan)
in 0.01 M phosphate-buVered saline (PBS, pH 7.4) over-
night at 4°C and demineralized with 10% ethylenediamine
tetraacetic acid (pH 7.4) for 2 weeks at 4°C. After having
been embedded in paraYn, these samples were sectioned at
a thickness of 6 �m. Sections were blocked in 3% hydrogen
peroxide for 15 min. The tissue sections were boiled in
10 mM citrate buVer (pH 6.0) for 10 min and cooled at
room temperature for 20 min. The slides were incubated
with rabbit polyclonal antibody against Phospho-p44/42
Map Kinase (pERK), Phospho-MEK1/2 (pMEK) (Cell Sig-
naling, CA, USA) and Heat-shock protein (Hsp25)
(Abcam, Cambridgeshire, UK), as the primary antibody at
4°C overnight. After washing with PBS, the specimens
were made to reacted, with two consecutive incubations,
with the biotinylated goat anti rabbit secondary antibody
(Zymed, CA, USA) and streptavidin peroxidase (Zymed,
CA, USA) at room temperature for 10 min each. Finally,
the specimens were visualized using a diaminobenzidine
(DAB) reagent kit (Zymed, CA, USA). The immunostained
sections were counterstained with hematoxylin.

TUNEL staining

For the detection of apoptotic cells, the TUNEL method (in
situ apoptosis detection kit; Trevigen, Md., MD, USA) was
performed on several sections, in accordance with the
manufacturer’s recommended protocols.

Western blots

HAT 7 cells were treated with 0.1% dimethyl sulfoxide
(DMSO), 1 �g/ml anisomycin (Aniso) and 1 �M U0126 for
12 and 24 h. The treat cells were lysed via pipetting or soni-
cation in RIPA buVer (50 mM of Tris pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100) for western blot
analysis. For immunoblotting, following antibodies used:
anti-�-tubuin was purchased from Sigma (CA, USA), anti-
phospho-ERK and anti-MEK were purchased from Cell Sig-
naling (Danver, MA, USA), and anti Heat-Shock Protein
(Hsp) 25 (Abcam, Cambridgeshire, UK). Horseradish per-
oxidase-conjugated secondary antibodies (Santa Cruz, CA,
USA) were used and protein bands visualized by enhanced
chemiluminescence (Amersham Biosciences, NJ, USA).

RT-PCR

Total RNA was extracted from the DMSO, U0126 and
Anisomycin treatment incisor tooth germ using Trizol
reagent (Life Technologies, Carlsbad, CA, USA) according
to the manufacturer’s protocol. A standard RT reaction was
used to synthesize cDNA using Moloney leukemia virus
reverse transcriptase (Promega, San Luis Obispo, CA,
USA). The relative levels of expression of FGF3, FGF10
and BMP4 in cultured incisor tissue were determined in a
Thermal Cycler DiceTM Real Time System (Takara, Japan)
using RT-qPCR with SYBR Green I incorporation. The
primers used were: 5� TGA GAA CAG CGC CTA TAG
CA 3� (forward) and 5� GGC GGG AAG CAT ATG TAT
TG 3� (reverse) for FGF3, 5� GTG GAA ATC GGA GTT
GTT GC 3� (forward) and 5� CTG GGA GCT CCT TTT
CCA TT 3� (reverse) for FGF10, 5� CCA TCA CGA AGA
ACA TCT GG 3� (forward) and 5� TGT GAT GAG GTG
TCC AGG AA 3� (reverse) for BMP4 and for GAPDH, as a
loading control, 5� CTG GAG AAA CCT GCC AAG TAT
G 3� (forward) and 5� ACC AGG AAA TGA GCT TGA
CAA A 30 (reverse). PCR was started with a 5 min dena-
turation step at 95°C, followed by ampliWcation with 40
cycles of denaturation at 95°C for 30 s, annealing at the
appropriate melting temperature for 30 s and extension at
72°C for 30 s. The relative gene expression was determined
using the arithmetic formula: 2¡(�CT), where �CT is the
diVerence in CT value between the gene of interest and the
housekeeping gene, GAPDH Statistical analysis of these
measurements consisted of an independent t test. The mean
diVerence was considered signiWcant at the 0.05 level for all
data (P < 0.05).

Results

Expression patterns of pERK, pMEK, and Hsp25 
during incisor development

To clarify the roles of the MAPK signaling pathway in
mouse incisors, the expressions of pERK and pMEK were
analyzed in incisors. Hsp25 was precisely localized using
immunohistochemistry at embryonic day 14 (E14), E16,
E18, and PN2 (Fig. 1), since these developmental stages
show the most dramatic alterations in incisor morphogene-
sis. At E14 and E16, pERK was detected in the incisor epi-
thelium and the surrounding mesenchyme (Fig. 1a, b), and
pMEK was broadly detected in the apical bud and sur-
rounding incisor pulp mesenchyme (Fig. 1e, f). At E18,
pERK was stained in the inner-enamel epithelium and con-
densed mesenchyme in the apical bud (Fig. 1c), with
ameloblasts and odontoblasts showing strong expressions
of pERK and pMEK in the presecretory and secretory
123



596 Histochem Cell Biol (2009) 131:593–603
stages (Fig. 1c-2, c-3, g-2, g-3). At E18 expression of
pMEK, similar to pERK, was broadly detected in the apical
bud, ameloblasts, odontoblasts, and surrounding incisor
mesenchyme (Fig. 1g). The expression pattern at PN2 was
similar to that at E18, with pERK and pMEK signaling
localized at the inner-enamel epithelium of apical bud,
ameloblasts, odontoblasts, and lingual and labial regions of
the incisor mesenchyme (Fig. 1d, h).

Hsp25 localizations were also examined from E14 to
PN2. At E14 and E16, Hsp25 was strongly detected in the
preameloblasts region of the incisor (Fig. 1i, j), but was not
detectable in the inner-enamel epithelium apical bud of the
incisor (Fig. 1k-1, l-1). In the presecretory E18 and PN2
stage, Hsp25 immunoreactivity was weak in ameloblasts,
and gradually increased in intensity to become intense in
odontoblasts (Fig. 1k-2, l-2). In the secretory stage, the
ameloblasts and odontoblasts layer expressed intense
Hsp25 immunoreactivity (Fig. 1k-3, l-3).

pERK, pMEK, and Hsp25 were detected in the amelo-
blasts and odontoblasts layer from the presecretory to

secretory stage, suggesting that the MAPK signaling path-
way and Hsp25 play important roles in ameloblast diVeren-
tiation. Together these Wndings suggest that the MAPK
signaling pathways regulate ameloblast diVerentiation and
development.

Functional analysis of MAPK in early incisor 
morphogenesis

The eVects of MAPK signaling in incisor proliferation were
examined at E14 using the Trowell in vitro organ culture
(Fig. 2A). We treated incisor tooth germ with a MAPK acti-
vator (anisomycin) and MAPK inhibitor (U0126). Anisomy-
cin is well known to induce ribotoxic stress that activates
both p38 and JNK (Iordanov et al. 1997), and some studies
have found that ERK is also activated (Konishi et al. 2004).
U0126 is a well-known inhibitor of MAPK signaling (Far-
rokhnia et al. 2008, Wang et al. 2008), especially that of
pMEK. During the 96 h of culture, the incisor developed
well in the control (DMSO) group (Fig. 2Aa, b, c, d, e).

Fig. 1 Expression and localization patterns of signaling molecules
during incisor development. a–i Expression patterns of pERK, pMEK,
and Hsp25 during incisor development. a At E14, pERK expression
was detected in the incisor epithelium and surrounding mesenchyme.
b At E16, pERK expression was strong in the apical-bud epithelium
and surrounding mesenchyme. c At E18, pERK was localized in the
inner-enamel epithelium of the apical bud and ameloblasts. (c-1, c-2,
and c-3: higher magniWcation of the apical-bud, presecretory, and
secretory stages, respectively). d At PN2, pERK expression was strong
in the inner-enamel epithelium of the apical bud, ameloblasts, odonto-
blasts and lingual and labial regions of the mesenchyme. e At E14,
pMEK was localized in the epithelium and surrounding mesenchyme

of the incisor. f At E16, pMEK was localized in the apical-bud epithe-
lium and surrounding mesenchyme of the incisor. The localization pat-
terns of pMEK and pERK were similar. g At E18, pMEK was broadly
detected in the apical bud, ameloblasts, odontoblasts, and surrounding
incisor mesenchyme. h At PN2, pMEK was strongly localized in the
inner-enamel epithelium of the apical bud and in the ameloblast layer.
i At E14, Hsp25 was expressed in the incisor mesenchyme. j At E16,
Hsp25 expression was strong in the preameloblasts region of the inci-
sor. k At E18, Hsp25 was localized is ameloblasts. l At PN2, Hsp25
expression was strong in the ameloblasts and odontoblasts. 1 apical
bud, 2 presecretory stage, 3 secretory stage. Scale bars: 250 �m
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Treatment with 0.001 �g/ml anisomycin resulted in degrada-
tion rather than development of the incisor (Fig. 2Af, g, h, i),
with the incisor size and shape completely diVering from
that in the DMSO group. In contrast, treatment with 5 �M
U0126 only slowed the incisor development, with its size
and shape being almost the same as in the DMSO group
(Fig. 2Aj, k, l, m). After 96 h of treatment, morphological
changes were observed by HE staining (Fig. 2B). For
DMSO treatment, the incisor shape was similar to that in
vivo at E18 (Fig. 2Ba). Interesting morphological changes
were observed after MAPK activation with anisomycin
treatment (Fig. 2Bd). Anisomycin treatment not only
decreased the incisor size, but also prevented the appearance
of the apical-bud-forming region and ameloblasts in most
cases. However, the incisor morphogenesis was similar for

5 �M U0126 and DMSO treatments (Fig. 2Bg). Cell prolif-
eration was examined by Ki67 immunostaining in order to
deWne the relationship between MAPK signaling and cell
proliferation. Intense Ki67-positive reactions were evident
in the apical bud region (Fig. 2Bb), but were not for aniso-
mycin treatment compare with control cultures (Fig. 2Be).
In contrast, Ki67 localization was almost the same in U0126
and control cultures (Fig. 2Bh). We used the TUNEL assay
to examine cell apoptosis. DMSO and U0126 treatments
reversed the proliferation result (Fig. 2Bc, i). The TUNEL
assay revealed that anisomycin treatment resulted in some
apoptotic cells around the incisor (Fig. 2Bf). These results
indicate that activation of MAPK signaling led to failure of
the formation of the apical bud, ameloblasts, and odonto-
blasts, with a MAPK signaling inhibitor facilitating the slow

Fig. 2 In vitro organ culture at E14 for 96 h. A At E14, 0.001 �g/ml
anisomycin and 5 �M U0126 were applied for 96 h in an in vitro organ
culture to examine the eVects of activation and inhibition of MAPK
signaling. a Normal E14 incisor tooth germ. b–e Development of the
dissected E14 mouse incisor in organ culture for 96 h as seen under a
stereomicroscope. f–i EVects of anisomycin at E14. Incisor shape and
size diVered completely from that in the control group. j–m EVects of
U0126 at E14. Cultured incisors did not diVer from controls. B Immu-
nostaining of sections of explants in A. a, d, g HE stains. a HE staining
showing the similar morphology at E18. d HE staining showing
interesting morphological changes after anisomycin treatment, with a

decreased incisor size and no formation of the apical bud and amelo-
blasts. g HE staining after U0126 treatment showing morphogenesis
similar to that of the control culture. b, e, h Cell proliferation examined
by Ki67 immunostaining. b Ki67-positive localizations in the apical
bud of the incisor. e Ki67-positive cells were markedly decreased in
the epithelium after treatment with anisomycin. h After U0126
treatment, Ki67 localization was almost the same as in the control cul-
ture. c, f, i TUNEL assay used to examine cell apoptosis. c, i DMSO
and U0126 treatment reversed the proliferation result. f Anisomycin
treatment resulted in apoptotic cells around the incisor. Scale bars:
A-b 500 �m, B-a 100 �m
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progression of incisor development and no dramatic changes
in morphology.

Functional analysis of MAPK in PN incisor morphogenesis

To study the diVerentiation of ameloblasts and the role of
MAPK signaling in this diVerentiation process, the Trowell
in vitro organ culture was employed at PN2 (Fig. 3A).

During the 96 h of culture, the apical bud grew remarkably
and diVerentiation of ameloblasts was evident in the DMSO
group (Fig. 3Aa, b, c, d, e). Treatment with 0.001 �g/ml
anisomycin inhibited tissue growth from 24 h (Fig. 3Af),
with the morphology and size of the incisor diVered from
that in the DMSO group from 48 to 96 h (Fig. 3Ag, h, i).
However, treatment with MAPK inhibitor (5 � M U0126)
resulted in the incisor size and shape being almost the same

Fig. 3 In vitro organ culture at PN2 for 96 h. A At PN2, 0.001 �g/ml
anisomycin and 5 �M U0126 were applied for 96 h in an in vitro organ
culture to examine the eVects of activation and inhibition of MAPK
signaling. a Normal PN2 incisor tooth. b–e Development of the
dissected PN2 mouse incisor in organ culture for 96 h as seen under a
stereomicroscope. Arrows indicate the apical bud. f–i EVects of aniso-
mycin at PN2. Anisomycin induced dramatic changes in incisor mor-
phogenesis. The incisor was markedly smaller after MAPK activation
by anisomycin treatment. j–m At PN2, U0126 was applied for 96 h in
an in vitro organ culture to examine the eVects of inhibition of MAPK
signaling. Cultured incisors did not diVer from the control culture.

B Immunostaining of sections of explants in (A). a, d, g HE stains. b,
e, h Higher magniWcation images of ameloblasts and enamel. a, b, g, h
After DMSO and U0126 treatment for 96 h in cultures, histological
sections revealed normal morphology of the enamel, ameloblasts, and
stratum intermedium cells. d, e Anisomycin treatment retarded the
growth of enamel and ameloblasts. (c, f, i) Cell proliferation examined
by Ki67 immunostaining. c, i Intense Ki67-positive reactions were
evident in the apical-bud region in both DMSO and U0126 treatments.
f Ki67 was not detected in any region, in contrast to in the control.
Scale bars: A-b 500 �m, B-a, b 50 �m
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as that in the DMSO group (Fig. 3Aj, k, l, m). After 96 h of
culture, histological sections revealed normal morphology
of the enamel, ameloblasts, and stratum intermedium cells
(Fig. 3Ba, b). Anisomycin treatment retarded the growth of
enamel, ameloblasts (Fig. 3Bd, e). However, treatment with
MAPK inhibitor produced incisor morphogenesis similar to
that with DMSO treatment (Fig. 3Bg, h). Cell proliferation
was examined by Ki67 immunostaining. Intense Ki67-posi-
tive reactions were evident in the apical-bud region
(Fig. 3Bc). Ki67 was not localized in any incisor region
following anisomycin treatment, in contrast to control
(Fig. 3Bf), whereas Ki67 localization was evident in the
apical-bud region with U0126 treatment (Fig. 3Bi). These
results suggest that MAPK overexpression due to the aniso-
mycin-induced functional gain would result in negative
feedback to ameloblast diVerentiation and the cell prolifera-
tion rate in the apical-bud-forming region.

EVects of MAPK activator and inhibitor on HAT-7 cells

HAT-7 cells are dental epithelial cells derived from the api-
cal bud of rat incisors (Kawano et al. 2002; Miyoshi et al.
2008) that have the potential to diVerentiate into amelo-
blasts (Harada et al. 2006, Kawano et al. 2004). To deter-
mine which MAPK signaling pathways were activated and
inhibited in HAT-7 cells, we treated HAT-7 cells with 1 �g/
ml anisomycin and 1 �M U0126 from 12 to 24 h and ana-
lyzed the phosphorylation patterns of ERK, MEK, and
Hsp25 using Western blot analysis (Fig. 4). MAPK activa-
tion increased pERK, pMEK, and Hsp25 in HAT-7 cells.
After 12 h of U0126 treatment cells decreased pMEK and
resulted in almost the same level of pERK and Hsp25.
U0126 treatment cells decreased pMEK and Hsp25 after

24 h, whereas pERK level showed no diVerence compare
with the control. These results suggested that Hsp25 acts
downstream in MAPK signaling in incisors.

EVects of MAPK activator and inhibitor on incisor-related 
diVerentiation-marker expression

To further examine the eVects of MAPK inhibitors and acti-
vators on the expression of other incisor-related diVerentia-
tion-marker genes, we performed RT-PCR analysis with
RNA isolated from incisor tooth germ treated with U0126
and anisomycin. In order to examine the eVects of MAPK
signaling in incisor-related marker genes, the Trowell in
vitro organ culture was employed at E14 on whole incisors
and at PN2 on the apical bud of the incisor for 96 h (Fig. 5).
At E14 culture, U0126 and anisomycin treatments
increased FGF3 and FGF10 but decreased BMP4. At PN2,
U0126 and anisomycin treatments decreased FGF3 and
increased FGF10 and BMP4. These results demonstrated
that MAPK inhibitor and activator play distinct roles in the
regulation of incisor-related diVerentiation-marker genes
according to stage, suggesting that MAPK signals are
important in the regulation of incisor development.

Discussion

Expressions of pERK, pMEK, and Hsp25 in ameloblasts
in the development of the mouse incisor

Development morphology diVers between the incisor and
molar. Cells in the apical bud of the tooth proliferate and
diVerentiate into various tooth-forming cells, including the
mesenchyme-derived odontoblasts and epithelium-derived
ameloblasts, producing enamel (Harada et al. 2002, b). At
E14, the incisor enamel organ is elongated due to further
extension of the labial and lingual regions of the cervical
loop (KieVer et al. 1999). At E16, ameloblasts diVerentiate
in the labial region, which elongates for continuing growth,
and the apical bud is formed. The incisor germs continue to
grow permanently with the formation of enamel in the
labial region at E18. The processes surrounding this mutual
induction require coordination of a complicated set of mor-
phogenetic events and functioning of ameloblast diVerenti-
ation (Miyoshi et al. 2008; Yu et al. 2008), with the tooth
shape being modulated by FGF, BMP, MAPK, and Hsp25
(Abe et al. 2007; Nakasone et al. 2006; Wang et al. 2007).
However, the molecular mechanisms underlying incisor
development are unknown. The present immunohistochem-
ical study using anti-pERK, anti-pMEK, and anti-Hsp25
clearly demonstrated a relationship between incisor devel-
opment and the expressions of these protein. Figure 6A
shows schematic diagrams of pERK and pMEK localization

Fig. 4 EVects of MAPK activator and inhibitor on HAT-7 cells. Acti-
vation and inhibition of MAPK signaling were examined using aniso-
mycin and U0126 treatment in HAT-7 cells. Western blot analyses
were performed with antibodies against phosphorylated forms of ERK,
MEK, and Hsp25. HAT-7 cells were treated with DMSO (0.1%),
anisomycin (1 �g/ml), and U0126 (1 �M) for 12 h (A) and 24 h (B).
The control antibody was �-tubulin. Aniso, anisomycin
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patterns in the developing incisor. pERK and pMEK were
localized in the inner-enamel epithelium in ameloblasts and
odontoblasts, and in the lingual and labial regions of the
mesenchyme. The inner-enamel epithelium diVerentiates to
form ameloblasts (Harada et al. 1999). The expression pat-
tern is similar to the localization of BMP4, FGF3, FGF9,
and FGF10 in the developing incisor (Harada et al. 1999,
2002, b; Wang et al. 2007). IGF and EGF also aVect amelo-
blast diVerentiation, and are localized in the incisor enamel
formation region (Joseph et al. 1999; Martineau-Doizé
et al. 1991; Yamamoto et al. 2006). Hsp25 is expressed in
both ameloblasts and odontoblasts. These data suggest that
pERK, pMEK, and Hsp25 inXuence incisor development.
Our results from E14 to PN2 of speciWc expression patterns
of pERK, pMEK, and Hsp25 suggest that these signaling
molecules and intracellular components play important
roles in incisor morphogenesis and growth.

Relationship between MAPK and Hsp25 in incisors

Morphological changes during incisor development and
diVerentiation have been well characterized (Warshawsky
and Smith 1974). However, the precise molecular mecha-
nisms underlying incisor morphogenesis, organogenesis,
and amelogenesis are not fully understood. Previous studies
found that MAPK signaling plays important roles in the
diVerentiation of ameloblasts during mouse mandibular
molar development and in the PN rat incisor (Abe et al.
2007; Cho et al. 2008). Hsp25 protect cells against damage

induced by stress (Otsuka et al. 2001), and is well known to
be involved in organogenesis in many organs and a marker
of cell diVerentiation during tooth development (Nakasone
et al. 2006). Recent studies have found that MAPK signal-
ing is involved in the phosphorylation of Hsp25 (Hirano
et al. 2005; Read et al. 2008). Based on this signaling cas-
cade, we examined the precise molecular mechanisms of
MAPK during incisor development using an activator
(anisomycin) and an inhibitor (U0126) (Figs. 2, 3). These
compounds were used at various concentrations in a modi-
Wed in vitro organ culture system introduced in previous
studies (Abe et al. 2007; Cho et al. 2008). E14 and PN2
were found to be critical developmental stages for explain-
ing incisor morphogenesis. Anisomycin at a concentration
of 0.001 �g/ml was most eVective at altering incisor mor-
phogenesis, with it decreasing the incisor size and prevent-
ing the formation of the apical bud and ameloblasts. On the
other hand, the incisor morphogenesis after treatment with
an inhibitor of MAPK signaling was similar to that in con-
trols. These results demonstrate that MAPK activators and
inhibitors act diVerently in the regulation of incisor devel-
opment, suggesting that pERK and pMEK signals are
important in amelogenesis.

We examined the precise relationships among pERK,
pMEK, and Hsp25, which exhibited speciWc expression
patterns during incisor development, after pERK and
pMEK gain and loss of function examinations (Fig. 4). We
controlled the expression levels of pERK and pMEK using
an activator and inhibitor, which revealed that pERK and

Fig. 5 DiVerential eVects of 
U0126 and anisomycin on the 
expression of tooth-related 
diVerentiation markers by 
RT-PCR. Incisors at E14 (A) 
and PN2 (B) were treated with 
U0126 and anisomycin for 96 h, 
after which the indicated incisor-
related genes (FGF3, FGF10, 
and BMP4) were analyzed by 
RT-PCR. The relative gene 
expression was normalized to 
the expression of the housekeep-
ing gene, GAPDH. Data are 
mean and SD values (n = 20). 
A FGF3, B FGF10, C BMP4, D 
GAPDH; (a) 0.1% DMSO, (b) 
5 �M U0126, (c) 0.001 �g/ml 
anisomycin
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pMEK are upstream of Hsp25 in a HAT-7 cell culture.
Anisomycin increased pERK, pMEK, and Hsp25, whereas
U0126 decreased pMEK and Hsp25 but had little eVect on
pERK. These results imply that blocking MAPK signaling
inXuences pMEK. The treatment eVects were stronger after
24 h of treatment than after 12 h of treatment. Exposing
HAT-7 cells to anisomycin resulted in activation of pERK
and pMEK, and increased Hsp25 phosphorylation. On the
other hand, treatment with U0126 inhibited the phosphory-
lation of Hsp25. We also found that �-tubulin was not
changed by treatment with either MAPK activator or inhib-
itor. Future experiments should investigate the eVects of
other inhibitors and activators of MAPK signaling.

A model for the molecular mechanisms involved in incisor 
development

In this study, we found that U0126 and anisomycin modu-
late incisor-related gene expression (Fig. 5). ERK is report-
edly involved in the functions of FGF/MAPK signaling
(Fürthauer et al. 2002), and overactivation of the FGF/ERK
pathway inhibits the expression of BMP genes in zebraWsh
(Fürthauer et al. 2004; Krens et al. 2006). It has been dem-
onstrated previously that MAPK signaling depends on FGF
protein in lens epithelial cells (Wang et al. 2008), BMP sig-
naling involves MAPK signaling in breast cancer cells
(Takahashi et al. 2008), and signaling by TGF �/BMP and

BMP stimulates MAPK signaling in palate tissues, tooth
(Kémoun et al. 2007; Xu et al. 2008). In the present study,
both U0126 and anisomycin similarly induced FGF3 and
FGF10 and down-regulated BMP4 mRNA in cultured sam-
ples at E14. U0126 and anisomycin increased FGF10 and
BMP4 and decreased FGF3 mRNA at PN2 in cultured inci-
sor apical buds (Fig. 5). These results show that the apical
bud and ameloblast layer are regulated by diVerent signal-
ing mechanisms. Although our in vitro assay system with
MAPK inhibitors and activators could reXect in vivo sig-
naling events, the exact mechanisms of the MAPK signal-
ing pathway during incisor development remain to be
elucidated.

This study has shown that the interruption of incisor
development by anisomycin occurs concomitantly with the
activations of pERK and pMEK and the phosphorylation of
Hsp25. The inhibitions of pERK and pMEK by a speciWc
inhibitor (U0126) prevent interruption of incisor develop-
ment and also decrease the phosphorylation of Hsp25.
These data support the hypothesis that the regulation of
incisor development in response to Hsp25 is mediated, at
least in part, by activation of the MAPK signaling pathway
and transduction of this signal to the ameloblasts.

These results suggest that overstimulation by anisomy-
cin results in negative feedback that increases Hsp25
expression and leads to apoptosis and a decrease in the
ameloblast diVerentiation rate during incisor development

Fig. 6 Schematic diagrams of the molecular regulation of ameloblast
diVerentiation in mouse incisors. A pERK and pMEK activation pat-
terns during incisor development. pERK showed speciWc activation
patterns in the inner-enamel epithelium and ameloblasts (red dots).
pMEK was activated more broadly in the inner-enamel epithelium and
ameloblasts (yellow dots). B DiVerentiation of ameloblasts was
governed by serial expression of pERK, pMEK, and Hsp25 signaling.
After anisomycin treatment (blue, stimulation), overexpression due to
the anisomycin-induced functional gain resulted in negative feedback

that increased Hsp25 expression and decreased the ameloblast diVer-
entiation rate during incisor development, which would regulate
MAPK signaling mechanisms. After DMSO (green, control) and
U0126 (red, inhibition) treatments, MAPK and Hsp25 signaling was
normal, indicating normal ameloblast diVerentiation and incisor devel-
opment. Am ameloblasts, cl cervical loop, cm condensed mesenchyme,
De dental epithelium, dp dental papilla, En enamel, eo enamel organ,
Od odontoblasts, oe oral epithelium, vl vestibular lamina
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(Fig. 6B). Hsp25 protein is suggested to act as a switch
between cell proliferation and cytodiVerentiation during
odontogenesis and amelogenesis, and overexpression
appears to inXuence the diVerent shape and size of the inci-
sor (Nakasone et al. 2006). Hsp25 controls the activity of
inner-enamel epithelium-derived ameloblasts and is down-
regulated in MAPK signaling during the terminal diVerenti-
ation of ameloblasts. Other eVects of another MAPK sig-
naling factor during tooth development remain to be
determined.

In conclusion, we have characterized the expression pat-
terns of pERK, pMEK, and Hsp25 in continuously growing
mouse incisors throughout amelogenesis. The obtained
results suggest that MAPK and Hsp25 signaling play
important roles in ameloblast diVerentiation and that pERK
and pMEK act as positive regulators of Hsp25 expression.
Together these Wndings suggest that the MAPK signaling
pathways regulate incisor development.
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INTRODUCTION
Most vertebrates are polyphyodont and replace their teeth
continuously throughout life, similar to the cycling of hair (Smith
and Hall, 1990). For example, in sharks, ~200 teeth can develop
successively in one location, and one primary tooth may be replaced
by two successors (Butler, 1995). During evolution, tooth
replacement becomes progressively restricted or absent (Jarvinen et
al., 2008). Humans have only two sets of dentition and mice have
just one. In lower vertebrates, successional teeth, like primary teeth,
form directly from the epidermal or oral epithelium. However, in all
jawed vertebrates, successional teeth derive from the dental lamina
of primary teeth, and the dental lamina is thought to provide the
genetic information that controls the timing, position and shape of
replacement teeth (Smith, 2003).

Tooth germs develop through sequential and reciprocal interactions
between epithelium and mesenchyme that are common to many
ectoderm organs (Pispa and Thesleff, 2003). In mouse molar tooth
germ, morphological initiation begins at embryonic day 11 (E11),
when oral ectodermal placode thickens to form the dental lamina,
which then develops through the bud, cap and bell stages. A unique
feature of rodent incisors that makes it an especially compelling
system with which to investigate regenerative mechanisms is the
existence of an endogenous adult stem cell niche that allows the teeth
to grow continuously throughout life (Harada et al., 1999a).

Humans have only two sets of dentition; after the crown of a
permanent tooth forms, the dental lamina degenerates, ending the
tooth cycle and further tooth development. However, supernumerary
teeth do form in certain human disease states, including Gardner’s
syndrome, a variant of familial adenomatous polyposis (FAP),
which is caused by loss-of-function germline mutations in the
adenomatous polyposis coli (APC) gene (Madani and Madani,
2007). Apc inhibits the activity of the Wnt/β-catenin signaling
pathway that plays a pivotal role during development and in the
maintenance of homeostasis in adults (Clevers, 2006; Nusse, 2008;
Rajagopal et al., 2008). In the absence of Wnt ligand, Apc together
with Axin and Gsk3β form an inhibitory complex that
phosphorylates β-catenin, targeting it for degradation. Binding of
Wnt ligand to its co-receptors frizzled and Lrp triggers a signaling
cascade that involves inhibition of Gsk3β and the cytosolic
stabilization and nuclear translocation of β-catenin, which then
interacts with Tcf/Lef family members to regulate Wnt target genes.
Thus, Apc loss-of-function is associated with the nuclear
accumulation of β-catenin and mimics the constitutive activation of
Wnt signaling.

We previously showed that genetic deletion of Apc in embryonic
mouse oral epithelium (K14-Cre;Apccko/cko) results in
supernumerary tooth formation, suggesting that Wnt signaling and
the level of Apc protein are crucial determinants of tooth initiation
(Kuraguchi et al., 2006). Consistent with this, constitutive activation
of β-catenin in mouse embryonic oral epithelium (K14-Cre;β-
catΔex3f/+) also initiates supernumerary tooth formation (Jarvinen et
al., 2006; Liu et al., 2008). In the present study, we further analyzed
the tooth phenotype in K14-Cre;Apccko/cko mice. We find that
epithelial deletion of Apc in mouse embryos and in young mice
results in continuous supernumerary tooth formation from multiple
regions of the jaw. Surprisingly, the genetic deletion of Apc or
activation of β-catenin (Ctnnb1) in the oral epithelium of old adult
mice also produced multiple supernumerary teeth in the incisor
region. The formation of supernumerary teeth is Apc non-cell-
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autonomous and, in contrast to endogenous tooth formation, can
occur in the absence of Msx1. We also identify Fgf8, an early tooth
initiation marker, as a direct target of Wnt/β-catenin signaling. These
studies provide key insights into the mechanisms of supernumerary
tooth formation, and highlight similarities and differences between
endogenous and supernumerary tooth formation.

MATERIALS AND METHODS
Animal models
Apccko/cko, Ctnnb1(ex3)fl/+, Ctnnb1cko/cko and Msx1–/– mice were described
previously (Brault et al., 2001; Chen et al., 1996; Harada et al., 1999b;
Kuraguchi et al., 2006). K14-Cre8Brn mice were from Mouse Repository
(Jonkers et al., 2001), K14-Cre1Amc mice, R26R reporter mice and K14-
CreERTM mice were from Jackson Laboratories (Dassule et al., 2000;
Soriano et al., 1999; Vasioukhin et al., 1999). The CreER transgene was
activated by intraperitoneal injection of 4-hydroxytamoxifen (Sigma-
Aldrich) at 50 mg/kg body weight once a day for 3-5 days. Mice were
sacrificed 2-3 weeks after the last injection. All animal work was carried out
under an animal protocol approved by Harvard Medical Area IACUC.

In situ hybridization and immunohistochemistry
Riboprobes used for in situ hybridization: mouse amelogenin (Luo et al.,
1991), activin βA, Fgf3, Fgf4, Pitx2, dentin sialophosphoprotein, p21, Fgf8,
Ctnnb1 and rat Shh (Aberg et al., 2004; Wang et al., 2005). Antibodies used
in immunohistochemistry: anti-β-galactosidase (Immunology Consultants
Laboratory, USA), anti-β-catenin (BD Transduction), anti-Ki67 (BD
Pharmingen), anti-neurofilament (Abcam), and anti-Cd31 (BD
Pharmingen). Mouse anti-dentin sialoprotein (DSP) antibody was a kind gift
from Dr Chunlin Qin (Baylor College of Dentistry).

Cell proliferation assays
Staged mice were intraperitoneally injected with 5-bromo-2�-deoxyuridine
(BrdU) solution (Invitrogen) at 1.5 ml/100 g body weight, and sacrificed 2
hours after injection. Mouse heads were harvested and processed for paraffin
sections (7 μm). BrdU-incorporated cells were detected using a BrdU
staining kit (Invitrogen).

Tissue culture and bead implantation assay
The culture of E9.5 or E13.5 CD1 mouse lower mandibles on Nuclepore
filters using a Trowell-type culture system, and the bead implantation assay,
were as described previously (Vainio et al., 1993; Wang et al., 2004). Affi-
Gel agarose beads (Bio-Rad) were incubated in Dkk1 (200 ng/ml; R&D),
and heparin beads (Bio-Rad) were soaked in Fgf8 (100 ng/ml; R&D) or
BSA (1 μg/μl; Sigma) at 37°C for 45 minutes.

Cell culture and transfection
LS8 cells were a kind gift of Dr Malcolm Snead (USC, Los Angeles). HAT-
7 cells were generated as described (Kawano et al., 2002). LS8 cells were
transfected with constitutively activated β-catenin (S33Y) or control pBabe
plasmid, and with either pTopflash (wild type) or pFopflash (mutant)
luciferase reporter plasmids using Qiagen SuperFect (301307). To
knockdown endogenous β-catenin, we used two different Ctnnb1 stealthTM

select RNAi vectors (Invitrogen, RSS331356 and RSS331358), with
scrambled stealthTM RNAi as negative control (Invitrogen, 12935-300).
Western blot analyses were performed using anti-β-catenin mouse
monoclonal antibody (BD Transduction, 1:500) and anti-β-actin mouse
antibody (Sigma, 1:2000).

Real-time PCR
Fgf8 (Rn00590996_m1, Mm00438921_m1) and control (β-actin,
Rn00667869_ml; γ-tubulin, Mm00506159_m1) transcripts were quantitated
using TaqMan Gene Expression Assays (Applied Biosystems). Fold change
was calculated using 2ΔCt(Fgf8)–ΔCt(Control), where ΔCt is the difference in
threshold cycle between samples.

Chromatin immunoprecipitation (ChIP) and transactivation assay
ChIP analyses were performed as previously described (Lee et al., 2006;
Yochum et al., 2007) using anti-Lef1 antibody (Santa Cruz), anti-β-catenin
antibody (BD Transduction), and rabbit and mouse IgG (Jackson

ImmunoResearch). ChIP PCR primers: Fgf8 intron 3F, 5�-CTGGCCA -
GGCAGTTTACAGA-3�; Fgf8 intron 3R, 5�-CCT CTTCTCGAGC CA -
GTTTG-3�; 3.5 kb Control F, 5�-TGG CA CAACCTTCCACAATA-3�;
3.5 kb Control R, 5�-AACCCC TCCAAATTCTGCTT 3�. C57BL/6 mouse
genomic DNA was used to PCR amplify the 1 kb conserved element of Fgf8
intron 3 containing the Lef1 binding site identified by ChIP. Primers used in
PCR for subsequent ligation into the pGL3-promoter vector (Promega,
E1761): 1 kb Fgf8 intron 3 F, 5�-GAAGATCTCAAGGATGCTAGG -
CCATTTG-3�; 1 kb Fgf8 intron 3 R, 5�-GGGGTACCAGGGG CT -
GAGAACTGATTGA-3�. The mutant construct contained a 3 bp deletion
(CTTTGA to CTxxxA) in the core of the Lef1 binding site, and was prepared
using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, 200518).
Primers for site-directed mutagenesis: del385-387F, 5�-TGTCTCCTC -
CTCTAGCTA AGG GAAGTCAGCTATG-3�; del385-387R, 5�-CATAGC -
TG ACTTCCCTT AGCTAGAGGAGGAGACA-3�.

RESULTS
Supernumerary teeth can form from multiple
regions of the jaw
To delineate the role of Apc in tooth development, we utilized two
K14-Cre mouse lines that differ in their Cre recombinase expression
properties, in conjunction with a previously described Apccko/cko

conditional knockout mouse (Kuraguchi et al., 2006). Based on
analyses employing Rosa26R (R26R) reporter mice, K14-Cre1Amc

mice exhibited uniform Cre recombinase activity throughout the oral
and dental epithelium, whereas K14-Cre8Brn mice exhibited a mosaic
pattern of recombinase activity in 20-60% of oral and dental
epithelial cells (Fig. 1A,B; see Fig. S1A in the supplementary
material) (Dassule et al., 2000; Jonkers et al., 2001). In our
experiments, we used the complementary features of these two Cre
alleles, focusing initially on the K14-Cre8Brn allele that generated a
postnatal viable phenotype.

K14-Cre8Brn;Apccko/cko mice survived until postnatal day 18 (P18)
and the intrinsic development of their principal teeth was not
obviously affected. However, the principal teeth were surrounded
by numerous supernumerary teeth on both their labial and lingual
sides (Fig. 1C-G). Some supernumerary teeth were contiguous with
the oral epithelium and vestibular lamina, which is the invagination
of proliferating epithelial cells responsible for the formation of the
vestibule, i.e. the space between the gingiva and the inner cheek
(Fig. 1H,J,K). With increasing age of K14-Cre8Brn;Apccko/cko mice,
from E14 to P18, increasing numbers of teeth were observed, and
these formed from both the principal teeth and from pre-existing
supernumerary teeth (Fig. 1I). BrdU labeling revealed cell
proliferation in the cervical loop and dental mesenchyme of
supernumerary teeth (Fig. 1J,K). Although the majority of
supernumerary teeth were simple unicuspid cones, some
multicuspid teeth formed in both the molar and incisor regions (see
Fig. S2 in the supplementary material). The supernumerary teeth in
the proximal molar region, both unicuspid and multicuspid,
expressed Barx1 in their dental mesenchyme, whereas no Barx1 was
expressed in the teeth at the distal incisor region of the jaw (see Fig.
S2C-J in the supplementary material; data not shown). More-mature
supernumerary teeth possessed well-differentiated ameloblasts and
odontoblasts with enamel and dentin matrix deposition and also root
development, with Hertwig’s epithelial root sheath (HERS)
extending internally and apically (Fig. 1L,M). Immunofluorescence
revealed the presence of neurofilament in the dental pulp and dental
tubules, and Cd31 (Pecam1) in the dental pulp, indicating that
supernumerary teeth contained nerves and blood vessels,
respectively (Fig. 1N-Q). Thus, the supernumerary teeth may
function as natural teeth.
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Msx1 is dispensable for supernumerary tooth
development
In wild-type mice, Shh is expressed at the tip of the tooth bud in
the enamel knot region, a signaling center that regulates growth
of the enamel organ and differentiation of the underlying
mesenchyme (Jernvall et al., 1994; Vaahtokari et al., 1996). By
the bell stage, Shh is expressed along the inner dental epithelium
and thus also serves as a marker for differentiating ameloblasts
(Fig. 2A,E) (Gritli-Linde et al., 2002). In K14-Cre8Brn;Apccko/cko

mice, ectopic Shh and Fgf8 expression was present in the dental
lamina epithelium, the oral epithelium and the vestibular lamina
(Fig. 2B,D,F, arrows). Supernumerary tooth buds from incisor
epithelium developed on both the labial side, which contains
differentiating ameloblasts, and on the lingual side, which in wild-
type mice does not undergo differentiation (Fig. 2B). Identical
sections revealed that these supernumerary tooth buds also
expressed activin βA and Fgf3 in their dental mesenchyme (Fig.
2C; data not shown). At later time points, supernumerary teeth
expressed the same differentiation marker genes as endogenous

teeth, including amelogenin (Amelx – Mouse Genome
Informatics) and dentin sialophosphoprotein (Dspp) (Fig. 2G,H;
data not shown).

Msx1 is required in the dental mesenchyme at the bud stage (Chen
et al., 1996). In Msx1-null knockout mice, Bmp4 and Fgf3 are
downregulated and tooth development arrests at the bud stage,
without progression to the cap stage or expression of enamel knot
markers such as Shh (Fig. 2J,N,R,V). When we introduced the
Msx1-null mutation into K14-Cre8Brn;Apccko/cko mice, however, we
observed numerous supernumerary tooth germs that protruded from
the oral epithelium into the mesenchyme and that expressed Shh in
the epithelium, as in K14-Cre8Brn;Apccko/cko;Msx1+/– mice (Fig.
2K,O,L,P). Moreover, Bmp4 was expressed in both the epithelium
and mesenchyme of these supernumerary tooth germs (Fig. 2S,T),
and Fgf3 was expressed in their mesenchyme (Fig. 2U-X). Msx2
was expressed in dental papilla mesenchyme of supernumerary teeth
and was expressed in differentiating ameloblasts (data not shown).
These results indicate that although supernumerary and endogenous
tooth development exhibit similarities, they exhibit distinct
differences with respect to Msx1 dependency.
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Fig. 1. Supernumerary teeth form in multiple regions of the jaw. (A,B) β-Gal immunostaining in K14-Cre8Brn;R26R mice. (C,D) X-ray
microtomograph (micro-CT) of P13 wild-type (C) and K14-Cre8Brn;Apccko/cko (D) mice. (E) Supernumerary tooth (asterisk) next to principal molars
after surface soft tissue removal in a K14-Cre8Brn;Apccko/cko lower mandible. (F-K) Supernumerary teeth (asterisks) form from lingual (F) and labial (G)
sides of principal teeth, directly from oral epithelium (H), continuously from principal teeth and pre-existing supernumerary teeth (I), and from
vestibular lamina (VL in J). (K) Higher magnification of J. (L) Some supernumerary teeth start to form roots. (M) Higher magnification of L. Red
arrows indicate Hertwig’s epithelial root sheath (HERS) in developing root. (N,O) Histology (N) and immunostaining for Cd31 (O) reveal
vascularization within dental pulp of supernumerary teeth (asterisk). Arrow in O indicates non-specific background in enamel matrix.
(P) Immunostaining for neurofilament reveals innervation in dental pulp and within dental tubules of supernumerary teeth. (Q) Higher magnification
of P. D, dentin; E, enamel; Lab, labial; Lin, lingual; UM, upper molar; UI, upper incisor; LI, lower incisor; od, odontoblasts. Scale bars: 100μm in
A,B,L,N,O; 200μm in F-I,K; 500μm in J; 50μm in M; 10μm in P; 5μm in Q; 1 mm in C,D. D
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Apc-deficient cells can recruit wild-type epithelial
and mesenchymal cells to an odontogenic fate
The mosaic expression of the K14-Cre8Brn allele allowed us to
examine whether the formation of supernumerary teeth proceeds by
a cell-autonomous or non-cell-autonomous mechanism. We crossed
the R26R reporter allele into K14-Cre8Brn;Apccko/cko mice and
assayed for β-galactosidase (β-gal) expression as a proxy for Apc-
deficient cells. Immunohistochemistry for β-gal in K14-
Cre8Brn;Apccko/cko;R26R mice revealed that only a subset of epithelial
cells within the supernumerary tooth buds were β-gal positive (Fig.
3Aa-d). Consistent with the fact that Apc loss-of-function results in

an obligate upregulation of β-catenin, double immunofluorescence
detection revealed elevated levels of β-catenin protein in both the
nucleus and cytoplasm of β-gal-positive cells (Fig. 3Ba-d). In most
cases, β-gal-positive cells or cells exhibiting elevated levels of β-
catenin comprised only a subset of dental epithelial cells in
supernumerary tooth germs, and wild-type epithelial and
mesenchymal cells thus participated in supernumerary tooth
formation.

Intriguingly, some β-gal-negative cells around β-gal-positive cells
also exhibited strong β-catenin immunoreactivity (Fig. 3Be-h),
suggesting that wild-type epithelial cells can be induced to express
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Fig. 2. Supernumerary and endogenous tooth development employ similar genes, but differ in Msx1 dependence. (A) In wild-type mice,
Shh is expressed in differentiating ameloblasts along the labial side of lower incisor (LI). Red dashed lines mark the boundary between epithelium
and mesenchyme. (B,C) Identical sections of K14-Cre8Brn;Apccko/cko mice reveal ectopic Shh expression in the vestibular lamina (VL; arrow), the
lingual side of the lower incisor (arrow), and in a supernumerary tooth budding from differentiating ameloblasts on the labial side of the lower
incisor that expresses epithelial Shh and mesenchymal activin βA (arrowhead). (D) Ectopic Fgf8 expression in K14-Cre8Brn;Apccko/cko mice (arrow).
(E-H) Supernumerary teeth expressing Shh and amelogenin develop from oral epithelium and vestibular lamina (arrows). (I-X) Histology (top row)
and RNA in situ hybridization for Shh, Bmp4 or Fgf3 on adjacent parasagittal sections of E18.5 mandibles in Apc and Msx1 loss-of-function
genotype combinations. Scale bars: 100μm in A-D,I-X; 200μm in E-H. D
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high levels of β-catenin protein. To determine whether cells with
elevated levels of β-catenin overlapped with the nascent signaling
center that is marked by Shh expression, we performed a double
fluorescent label detection experiment for Shh mRNA (to avoid the
problem of protein diffusion) and β-catenin protein. In most
supernumerary tooth buds, cells with elevated β-catenin levels also
expressed Shh mRNA (Fig. 3Ca-d, arrowheads); however, we also
observed Shh expression in adjacent cells with low levels of β-
catenin (Fig. 3Ca-h, arrows). This result further supports a non-cell-
autonomous mechanism whereby both Apc-deficient cells and
surrounding wild-type epithelial cells participate in supernumerary
tooth development.

To determine the mitotic status of the cells with increased Wnt/β-
catenin signaling, we performed double immunofluorescence for β-
catenin and Ki67. Ki67 is present during all active phases of the cell
cycle, but is absent from resting cells in G0 (Scholzen and Gerdes,
2000). In E14.5 wild-type cap-stage tooth germs, β-catenin was
expressed in both dental epithelial and mesenchymal cells, with
strong nuclear staining in the enamel knot signaling center (see Fig.
S3 in the supplementary material) (Liu et al., 2008). Most cells
within the enamel knot region were Ki67 negative, indicating
mitotic inactivity. In K14-Cre8Brn;Apccko/cko mice, the β-catenin-
expressing cells in the supernumerary tooth buds were mostly Ki67
positive (Fig. 3Da-d). However, some cells with elevated β-catenin
were Ki67 negative (Fig. 3De-l, arrows); these cells were often
concentrated at the tips of presumptive supernumerary tooth buds,
and are likely to represent incipient enamel knot signaling centers.

Induction of supernumerary teeth by Apc loss-of-
function occurs via β-catenin signaling
K14-Cre1Amc;Apccko/cko mice, which express Cre recombinase
uniformly throughout skin ectoderm and oral and dental epithelium,
died at birth. Although their tooth germs appeared normal at E13.5
(data not shown), by E14.5 the mutant teeth were severely disrupted,
with numerous irregular epithelial buds protruding from the oral
epithelium into jaw mesenchyme, and intense expression of Fgf8,
Shh, Pitx2, p21 (Cdkn1a – Mouse Genome Informatics) and Fgf4
transcripts and elevated β-catenin levels were observed (see Figs S1
and S4 in the supplementary material). Expression of β-catenin
transcripts (Ctnnb1) was also upregulated (see Fig. S1 in the
supplementary material). The odontogenic phenotype in these mice
is similar to that reported in mice with constitutive activation of β-
catenin in embryonic oral epithelium (Jarvinen et al., 2006; Liu et
al., 2008).

During early stages of tooth initiation (E9-12), Fgf8 is expressed
in oral and dental epithelium, but is downregulated after E13. By
contrast, Fgf4 begins expression at E13 in the prospective enamel
knot at the tip of the tooth bud, and becomes intensely expressed at
E14 in the enamel knot (Kettunen and Thesleff, 1998). There is no
overlap in Fgf8 and Fgf4 expression in endogenous tooth
development in wild-type mice. However, in E14.5 K14-
Cre1Amc;Apccko/cko mice, we detected many oral epithelial cells in the
invaginating ectoderm that co-expressed Fgf8 and Fgf4 (see Fig.
S1N-Q in the supplementary material), suggesting that their
expression is not mutually exclusive, and that the temporal process
of tooth development is compressed.

Apc has other functions besides that in Wnt/β-catenin signaling,
including the regulation of cell migration and maintenance of
chromosomal stability during mitosis (Clevers, 2006). To test
whether the induction of supernumerary teeth by Apc loss-of-
function was mediated by β-catenin, we bred the K14-
Cre1Amc;Apccko/cko mice with a β-catenin loss-of-function allele
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Fig. 3. Apc-deficient cells induce surrounding wild-type epithelial
cells to adopt an odontogenic fate. K14-Cre8Brn;Apccko/cko;R26R
mouse embryos at E16.5. (A) Supernumerary tooth bud that developed
directly from the oral epithelium (a) and exhibits mesenchymal
condensation (arrow in b, a higher magnification view of the boxed
area from a). Only a subset of dental epithelial cells are β-Gal positive
(c,d). (B) Double fluorescent label immunostaining for β-Gal and β-
catenin. (C) Double label experiment using anti-β-catenin antibody and
Shh mRNA riboprobe. (D) Double immunostaining for β-catenin and
Ki67. White solid and dashed lines mark the boundaries between
epithelium and mesenchyme. Scale bars: 50μm in Aa-d,Ca-d; 25μm in
Ba-h,Ce-h,Da-d; 10μm in De-l. D
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(Ctnnb1cko/cko). K14-Cre1Amc;Ctnnb1cko/cko mouse tooth germs arrest
at the bud stage (see Fig. S4G-I in the supplementary material) (Liu
et al., 2008). When we genetically compounded Ctnnb1cko/cko with
K14-Cre1Amc;Apccko/cko mice, the formation of supernumerary teeth
was suppressed. Only rare, small patches of epithelial cells could be
found that expressed low levels of Shh and Fgf8 (see Fig. S4J-O in
the supplementary material). These data prove that signaling via the
Wnt/β-catenin pathway is responsible for supernumerary tooth
formation in Apc loss-of-function mice.

Adult mouse oral tissues can form supernumerary
teeth in response to epithelial Apc loss-of-
function or Wnt/β-catenin activation
The development of supernumerary teeth varied widely in K14-
Cre8Brn;Apccko/cko mice, including teeth with differentiated
ameloblasts and odontoblasts and enamel and dentin matrix
deposition, as well as tooth germs, the formation of which had just
initiated. In addition, the number of supernumerary teeth

dramatically increased with age, especially after birth (see Fig. S5
in the supplementary material). We thus hypothesized that dental
epithelial cells might remain responsive to Apc loss-of-function after
birth, and that adult tissues might retain the capacity to form new
teeth. We therefore utilized a K14-CreERTM allele that allows
temporal control of Cre activity in response to 4-hydroxytamoxifen
(4-OHT) administration (Byrne et al., 1994). We systematically
administered 4-OHT to mice at different ages, ranging from P5 to
10 months. Prior to 4-OHT injection, K14-CreERTM;Apccko/cko mice
were indistinguishable from control wild-type mice. Administration
of 4-OHT had no effect on K14-CreERTM-negative littermates, and
corn oil alone had no effect on K14-CreERTM;Apccko/cko mice.
However, administration of 4-OHT to P5 to 10-month-old K14-
CreERTM;Apccko/cko mice induced large numbers of supernumerary
teeth on both the labial and lingual sides of incisors (Fig. 4A-G).
K14-CreERTM;Apccko/cko mice treated with 4-OHT also showed
variation in the developmental stages of the supernumerary teeth,
ranging from initiation stages to those with well-differentiated
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Fig. 4. Supernumerary teeth form in adult mice
following epithelial deletion of Apc or activation of
β-catenin. (A) Control mice injected with 4-
hydroxytamoxifen (4-OHT) at 3 weeks. (B-G) K14-
CreERTM;Apccko/cko mice injected with 4-OHT at 3 weeks
(B), 8 weeks (C), 6 months (D) and 10 months (E-G) of age.
Some supernumerary teeth are multicuspid (yellow
asterisks) with well-differentiated ameloblasts and
odontoblasts (enamel was lost owing to decalcification).
(G) Higher magnification of boxed region from F.
(H-J) Constitutive activation of β-catenin in adult oral
epithelium at 6 months of age also results in
supernumerary teeth. (K) Control mice injected with 4-OHT
at P5. (L-Q) K14-CreERTM;Apccko/cko mice injected with 4-
OHT at P5. (R-T) K14-CreERTM;Ctnnb1(ex3)fl/+ mice injected
with 4-OHT at P5. D, dentin; E, enamel; Lab, labial; Lin,
lingual. Scale bars: 100μm in G,S,T; 200μm in A-E,K,N-R;
400μm in F,L,M; 500μm in H-J.
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ameloblasts and odontoblasts and enamel and dentin matrix
deposition. Most supernumerary teeth were unicuspid, but some
multicuspid supernumerary teeth were also observed surrounding
the principal teeth (Fig. 4B,D, yellow asterisks). The development
of principal teeth was not grossly affected; however, in some cases,
supernumerary teeth destroyed the continuity of the principal teeth
(Fig. 4C, arrow).

Similar to K14-CreERTM;Apccko/cko mice, administration of 4-
OHT to mice with conditional constitutive activation of β-catenin
(K14-CreERTM;Ctnnb1(ex3)fl/+) from P5 to 6 months of age also
resulted in multiple supernumerary teeth on both labial and lingual
sides of the principal incisors, and the identity of these
supernumerary teeth was further confirmed by in situ hybridization
for Dspp (Fig. 4H-J).

In contrast to the incisors, we did not observe supernumerary
tooth formation in molar regions of old adult mice. Mice have only
a single dentition, and unlike the incisors, their molar teeth do not
grow continuously. Once the molar teeth erupt into the oral cavity,
the dental lamina epithelial cells degenerate. We therefore focused
on young mice in which the molar teeth have not yet erupted into the
oral cavity and the associated dental epithelial cells persist. We
injected 4-OHT into K14-CreERTM;Apccko/cko mice at P5 for 3
consecutive days and analyzed their teeth 12 days after the last
injection. Upon histological examination, the principal molars in
control wild-type mice had erupted into the oral cavity (Fig. 4K),
whereas K14-CreERTM;Apccko/cko mice treated with 4-OHT at P5 did
not show any molar eruption. However, these mice exhibited many
supernumerary teeth forming from multiple regions of the jaw,
including the dental lamina and outer dental epithelium in the crown
region of the molar teeth (Fig. 4L,M). Immunohistochemical
analysis of Dspp confirmed that these supernumerary tooth germs
had undergone odontoblast differentiation (Fig. 4L). In addition, we
also observed supernumerary tooth budding directly from the oral
epithelium of the jaw (Fig. 4N). Supernumerary tooth buds
emanating from the dental lamina also expressed Shh and
amelogenin, as did the crown region of the molars (Fig. 4O,P).
Remarkably, we even observed supernumerary tooth formation in
HERS under the cemento-enamel junction (CEJ) in the developing
root, with intense amelogenin expression (Fig. 4Q). Similarly,
injection of 4-OHT into K14-CreERTM;Ctnnb1(ex3)fl/+ mice at P5 also
induced supernumerary tooth formation in the crown region of the
molar, as well as in HERS and the furcation area in the developing
root (Fig. 4R-T). These results indicate that young mice retain
odontogenic potential in multiple regions of the jaw in the vicinity
of incisor and molar teeth.

Wnt/β-catenin signaling regulates and maintains
Fgf8 expression in oral epithelium
Fgf8 is one of the earliest molecules expressed during the initiation
stage of tooth development (Kettunen and Thesleff, 1998). To analyze
the effect of Wnt/β-catenin signaling on Fgf8, we utilized HAT-7 rat
dental epithelial progenitor cells and LS8 mouse ameloblast-like cells
(Kawano et al., 2002; Zhou and Snead, 2000). We first assayed Fgf8
expression in the presence of LiCl, a Gsk3β inhibitor that blocks β-
catenin degradation (Hedgepeth et al., 1997). In the presence of 10 or
50 mM LiCl for 6-18 hours, Fgf8 was upregulated ~1.5-fold after 6
hours and 2.5-fold after 18 hours in LS8 cells (Fig. 6A). In HAT-7
cells, Fgf8 was upregulated ~2.5-fold after 6 hours and 5.2-fold after
18 hours (see Fig. S6 in the supplementary material). Transfection of
plasmid encoding constitutively activated β-catenin into LS8 cells
activated canonical Wnt signaling and also upregulated Fgf8
transcripts ~2-fold (Fig. 5B).

Previous studies identified a Tcf4 binding site 3 kb upstream of
the Fgf8 start site (Hatzis et al., 2008). We identified four additional
putative Tcf/Lef binding sites around the mouse Fgf8 genomic locus
using TRANSFAC (Matys et al., 2006) (see Table S1 in the
supplementary material). In this study, we focused on a Lef1 binding
site in Fgf8 intron 3 that is conserved in mouse, rat and human, and
performed chromatin immunoprecipitation (ChIP) experiments for
Lef1 and β-catenin in HAT-7 cells treated for 18 hours with 50 mM
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Fig. 5. Fgf8 is a direct downstream target of Wnt/β-catenin
signaling. (A) LiCl increased the levels of β-catenin and upregulated
Fgf8 transcripts ~1.5-2.5-fold in LS8 cells. (B) Transfection of
constitutively active β-catenin (S33Y) plasmid into LS8 cells activated
Wnt signaling (Top/Fop) and upregulated Fgf8 ~2-fold, as compared
with control plasmid (pBabe). (C) ChIP analysis of Lef1 binding site
occupation in Fgf8. (Above) Location of Fgf8 primers. (Below) HAT-7
cells were treated with 50 mM LiCl for 18 hours and PCR comparison
of DNA immunoprecipitated with antibodies against Lef1 or β-catenin
showed enrichment of the amplicon representing the genomic region
surrounding the Lef1 binding site in Fgf8 intron 3. (D) The conserved 1
kb sequence surrounding the Lef1 binding site in Fgf8 intron 3 was
inserted into the pGL3-promoter luciferase reporter vector and co-
transfected with S33Y or pBabe plasmid into LS8 cells. A 3 bp deletion
in the Lef1 binding site core abolished luciferase activation by the β-
catenin S33Y plasmid. *P<0.05; **P<0.01; error bars, s.e.m. D
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LiCl. PCR comparison of immunoprecipitated DNA using an IgG
control antibody and antibodies against either Lef1 or β-catenin
revealed increased recovery of the genomic fragment specifically
containing the Lef1 binding site in Fgf8 intron 3 (Fig. 5C). To test
whether this binding site is functional, we subcloned a conserved 1
kb sequence surrounding the Lef1 binding site into a pGL3-
promoter luciferase reporter vector. When this reporter construct
was co-transfected with constitutively activated β-catenin (S33Y)
plasmid into LS8 cells, luciferase activity was activated ~1.7-fold
compared with the pGL3-promoter vector alone (Fig. 5D). This
activation was abolished when 3 bp of the Lef1 binding site core was
deleted from the 1 kb construct, indicating that the Lef1 binding site
in intron 3 of Fgf8 is functional. These results suggest that Fgf8 is a
direct target gene of Wnt/β-catenin signaling, and that Wnt/β-
catenin signaling is sufficient to stimulate Fgf8 expression.

To test whether Fgf8 is sufficient to induce new tooth
development, we applied beads soaked in Fgf8 recombinant protein
to E13.5 mouse mandibular explants and cultured the explants in
vitro for 4 days before processing them for whole-mount in situ
hybridization for Shh. No ectopic Shh expression was observed in
these explants (data not shown), suggesting that besides Fgf8, other
Wnt target genes are also involved in the initiation of supernumerary
tooth development.

To determine whether Wnt/β-catenin signaling is also necessary
for Fgf8 expression, we cultured HAT-7 cells with two different
Ctnnb1 RNAi constructs to knockdown endogenous β-catenin
mRNA. Scrambled RNAi constructs with a similar GC content were
used as negative controls. RNAi-mediated knockdown of β-catenin
dramatically reduced β-catenin protein levels and significantly
downregulated Fgf8 expression (Fig. 6A). To determine whether
direct antagonism of Wnt ligand could also affect endogenous Fgf8
expression, we applied Dkk1-soaked beads to isolated E9.5 mouse
mandibles. After 12-18 hours of in vitro culture, explants were fixed
and Fgf8 expression detected by whole-mount in situ hybridization.
BSA-soaked beads were used as negative controls, and expression
was also compared with the contralateral side of the explant (0/12).
In contrast to BSA-soaked beads, which had no effect on Fgf8
expression, Dkk1-soaked beads dramatically downregulated Fgf8
(8/13) (Fig. 6B). These results support an obligatory role for Wnt/β-
catenin signaling in maintaining Fgf8 expression in the prospective
tooth-forming oral ectoderm.

DISCUSSION
Apc inhibits Wnt/β-catenin signaling and prevents
supernumerary tooth formation during
embryogenesis and adulthood
Ancestral dental tissues, such as pharyngeal teeth or skin denticles,
were not restricted to the mouth and were located in the pharyngeal
region or exoskeleton of a wide range of fishes (Johanson and Smith,
2003; Soukup et al., 2008). During evolution, teeth gradually
became confined to the oral region. The most primitive arrangement
of oral teeth is a general distribution of denticles throughout the oral
cavity that are replaced continuously throughout life. For example,
in bony fishes, teeth are attached to bones surrounding the mouth
cavity, including the palate and medial surface of the lower jaw
(Johanson and Smith, 2003). By contrast, in mice and humans, teeth
are confined to U-shaped areas in the upper and lower jaws, and
these organisms exhibit just one and two sets of dentition,
respectively. Strikingly, however, we demonstrate here that
extensive regions of the mouse jaw exhibit odontogenic potential.
By modulation of just one gene, in this case deletion of Apc, or by
activation of Wnt/β-catenin signaling, supernumerary teeth can be
induced to form in embryonic and young mice in multiple regions
of the jaw, including oral and dental epithelia, the vestibular lamina
and HERS of the developing root.

Previous studies have shown that in tooth development, the initial
odontogenic signal comes from oral ectoderm, which instructs the
underlying mesenchyme of the first branchial arch to form teeth;
after E12, the tooth-forming potential shifts to the mesenchyme
(Lumsden, 1988; Mina and Kollar, 1987). Ablation of Apc or
activation of Wnt/β-catenin signaling may reprogram or reactivate
the oral and dental epithelia, which then interact with adjacent
mesenchyme to form new teeth. Even mesenchymal cells along the
lingual aspect of the mouse incisor, which represents the root analog
of the molar tooth and contains periodontal ligaments (Tummers and
Thesleff, 2008), retain responsiveness to initiation signals from the
dental epithelium and are able to participate in new tooth formation.
Notably, the supernumerary teeth form in the vicinity of the incisor
and molar teeth. In this context, depletion of Apc or activation of
Wnt/β-catenin signaling in the epidermis or in the tongue generates
ectopic hair follicles or taste buds (Kuraguchi et al., 2006; Liu et al.,
2007). Thus, whether the identity of the supernumerary teeth is
determined by the activated oral epithelium or by the jaw
mesenchyme remains to be determined. Nevertheless, once initiated,
the odontogenic program proceeds autonomously to stages of
terminal differentiation and root formation, indicating that activation
of Wnt signaling is a key switch for the entire tooth-forming
program. Collectively, these results suggest that Apc is a bona fide
endogenous inhibitor of supernumerary tooth formation during
embryogenesis and throughout adulthood. Moreover, the balance
between Apc and Wnt signaling controls the position and number of
teeth, and regulates the processes of tooth replacement and
successional tooth formation.

Wnt signaling is active in developing teeth from the initiation
stage, and continues throughout tooth differentiation. At the
initiation of tooth development, Wnt4 and Wnt6 are expressed
throughout oral and dental epithelium, whereas Wnt10a and Wnt10b
transcripts are concentrated in the presumptive dental epithelium.
Wnt3 and Wnt7b are not expressed in dental epithelium, but in the
flanking oral epithelium. Wnt5a is the only Wnt signal reported to
be expressed in the mesenchyme (Dassule and McMahon, 1998;
Sarkar and Sharpe, 1999). Apc is an inhibitor of Wnt/β-catenin
signaling, and in K14-Cre1Amc;Apccko/cko mice, β-catenin protein
levels were significantly upregulated. Not surprisingly, therefore,
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Fig. 6. Wnt/β-catenin signaling is necessary for Fgf8 expression
in oral epithelium. (A) HAT-7 cells transfected with two different
Ctnnb1 RNAi vectors (RNAi 56, RNAi 58) exhibit markedly reduced β-
catenin protein levels (left), and Fgf8 transcripts are downregulated to
40-60% of those of control scrambled RNAi (right). **P<0.001; error
bars, s.e.m. (B) E9.5 mouse mandibular explants cultured with BSA- or
Dkk1-soaked beads (blue). D
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the dental epithelial phenotypes in K14-Cre1Amc;Apccko/cko mice
resemble those in mice with constitutive activation of β-catenin in
the epithelium (Jarvinen et al., 2006; Liu et al., 2008). However,
both Apc and β-catenin have additional functions besides their
interaction in the Wnt/β-catenin signaling pathway. Nonetheless, we
found that genetic depletion of β-catenin in K14-Cre1Amc;Apccko/cko

mice blocked supernumerary tooth formation. This result formally
proves that Apc acts to prevent supernumerary tooth formation by
inhibiting Wnt/β-catenin signaling, and that the induction of
supernumerary teeth by Apc loss-of-function is due to activation of
the Wnt/β-catenin signaling pathway.

Embryonic and young mice formed supernumerary teeth
continuously from multiple regions of the jaw, whereas in older
adult mice, supernumerary teeth were mainly observed in regions
around the incisors. The lack of supernumerary teeth in the molar
regions of older adult mice might reflect the degeneration of the
dental lamina and dental epithelial cells that normally occurs
coincident with the eruption of the molar teeth, and the
differentiation of remaining jaw epithelium into stratified epithelium
and oral mucosa. The mouse incisor differs from these regions in
that it contains epithelial stem cells in the central core of the cervical
loop regions, and both the labial and lingual dental epithelia contain
stem cells (Harada et al., 1999a; Wang et al., 2007). Indeed,
supernumerary teeth were formed from both the labial and lingual
sides of the principal incisors. However, they were not only
restricted to cervical loop regions. Some supernumerary teeth were
located near the incisor tip, far from the cervical loop region,
whereas others developed from among differentiating ameloblasts.
Whether supernumerary teeth form from progenitor cells that
migrate from the cervical loops, or whether dental progenitor cells
also reside in other locations, requires further investigation.

The formation of supernumerary teeth is non-cell-
autonomous
Using confocal analyses we obtained evidence that supernumerary
tooth formation is non-cell-autonomous. To obviate the concern that
differential recombination kinetics between the two floxed alleles
(R26R and Apccko) might lead to an underestimate of the number of
Apc-deficient cells, we also detected β-catenin expression in these
mice. Surprisingly, we observed that Apc-deficient cells constituted
only a modest subset of the epithelial cells in supernumerary tooth
buds. We therefore conclude that Apc-deficient epithelial cells are
able to recruit surrounding wild-type epithelial and mesenchymal
cells into supernumerary tooth formation. Further studies are
required to determine whether Apc-deficient cells directly induce
surrounding wild-type epithelial cells into the odontogenic program,
or whether they do so indirectly, via reciprocal signaling through the
dental mesenchyme.

In K14-Cre8Brn;Apccko/cko mice, most of the cells with elevated
levels of β-catenin were Ki67 positive, but a subset of these cells,
located at the tips of supernumerary tooth buds in the prospective
enamel knot region, were Ki67 negative and hence in G0. This state
is similar to that in cells in the endogenous tooth enamel knot, which
is non-proliferative owing to p21 expression (Jernvall et al., 1998)
and is therefore mostly Ki67 negative. Thus, similar to endogenous
tooth development (see Fig. S3 in the supplementary material), β-
catenin-positive cells are also involved in enamel knot formation in
supernumerary tooth germs. Since both Apc-deficient and adjacent
wild-type epithelial cells can express high levels of β-catenin, it
appears that the formation of supernumerary teeth is Apc non-cell-
autonomous, and that even wild-type epithelial cells can participate
in enamel knot formation in supernumerary teeth.

Supernumerary and endogenous tooth
development exhibit mechanistic similarities and
differences
The development of supernumerary teeth involves many of the same
signaling molecules that are employed in endogenous tooth
development, including Shh, activin βA and Fgf8. Fgf8 is an early
epithelial marker for tooth initiation, as its expression starts at E9
and is downregulated after E13 (Neubuser et al., 1997; Kettunen and
Thesleff, 1998). Fgf8 can induce the expression of many key
transcription factors in the underlying dental mesenchyme, and
genetic ablation of Fgf8 in first branchial arch ectoderm results in
cell death in proximal ectomesenchyme and in an absence of molar
teeth (Grigoriou et al., 1998; Trumpp et al., 1999). In this study, we
identified a novel, occupied Lef1 binding site within the third intron
of Fgf8, in addition to a previously reported Tcf4 occupancy in the
Fgf8 proximal promoter (Hatzis et al., 2008), and we confirmed its
functionality by performing ChIP and site-directed mutagenesis
experiments. Importantly, beads soaked with Dkk1, a Wnt
antagonist, downregulated endogenous Fgf8 in E9.5 mandibular
explants. These results indicate that Fgf8 is a direct downstream
target of Wnt/β-catenin signaling in tooth formation, and that Wnt/β-
catenin is required for the maintenance of endogenous Fgf8
expression in oral epithelium.

A previous study showed that Fgf4 is a direct target gene of Lef1
and Wnt signaling in the developing teeth (Kratochwil et al., 2002).
Fgf4 is not expressed during the initiation stage of tooth
development. However, it is expressed in the enamel knot signaling
center of the tooth germ at the late bud and cap stage, as well as in
the secondary enamel knots of bell-stage tooth germs that mark the
future tooth cusps (Kettunen and Thesleff, 1998). As a result, there
is no overlap between Fgf8 and Fgf4 expression during endogenous
tooth development in wild-type mice. The observation that Fgf8 and
Fgf4 are co-expressed in the invaginating oral epithelium of E14.5
K14-Cre1Amc;Apccko/cko mice indicates that their expression is not
mutually exclusive. Furthermore, the co-expression of Fgf8, a tooth
initiation marker, and Fgf4, an enamel knot marker (Jarvinen et al.,
2006), suggests a temporal compression of tooth development in
Wnt/β-catenin-activated supernumerary teeth.

A key difference between supernumerary and endogenous tooth
formation concerns their Msx1 dependence. In Msx1 knockout mice,
tooth development arrests at the bud stage (Chen et al., 1996). By
contrast, the development of supernumerary teeth progressed well
beyond the bud stage in K14-Cre8Brn;Apccko/cko mice that were also
homozygous null for Msx1. It has been shown that Bmp4 in the
dental mesenchyme, which requires Msx1 for its expression, acts
upon the dental epithelium to initiate enamel knot formation and to
promote the tooth bud to cap stage transition (Chen et al., 1996). Our
results suggest that this requirement can be bypassed through the
activation of Wnt/β-catenin signaling in the epithelium. For
example, both Bmp4 and Fgf3, which are downregulated in Msx1
knockout mice, are expressed in the mesenchyme of supernumerary
teeth in K14-Cre8Brn;Apccko/cko;Msx1–/– mice, and Bmp4 is also
expressed in the epithelium of these supernumerary teeth. We
showed previously that the addition of Bmp4 to Msx1 mutant tooth
germs can rescue the development of Msx1 mutant arrested tooth
buds to advanced stages (Bei et al., 2000). The upregulation of Bmp4
that we observed in supernumerary tooth germs resembles that
observed in β-catenin gain-of-function [Ctnnb1(ex3)fl] mice with
supernumerary tooth and hair follicle development (Liu et al., 2008;
Narhi et al., 2008). These results suggest that Apc loss-of-function
rescues Bmp4 expression and thus bypasses the mesenchymal Msx1-
Bmp4 feedback loop normally required for endogenous tooth
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development (Chen et al., 1996; Bei et al., 2000), thereby permitting
the dental epithelium to develop past the bud stage to more advanced
stages. Mutations in MSX1 in humans cause tooth agenesis
(Vastardis et al., 1996). It would be interesting to see whether human
MSX1-deficient oral tissues also possess the ability to form
supernumerary teeth. Taken together, our data indicate that the
induction of supernumerary teeth by Wnt/β-catenin signaling
involves mechanisms that resemble those used in endogenous tooth
development (e.g. induction of Fgf8), as well as those that differ (e.g.
Msx1 independence).

Supernumerary teeth and the potential for in vivo
tooth regeneration
We demonstrate that supernumerary teeth resemble natural teeth,
with well-differentiated ameloblasts and odontoblasts that support
biomineralization. Enamel matrix secreted by these teeth is
indistinguishable from native enamel (X.-P.W., R.L.M. and Z.
Skobe, unpublished). Similar to natural teeth, the supernumerary
teeth possess well-distributed blood vessels within dental pulp, and
neural innervation within dental pulp and dentin tubules. These teeth
also form HERS, a structure responsible for tooth root formation and
elongation.

Previous studies showed that recombination of E10 mouse
embryonic oral epithelium with embryonic stem cells, neural stem
cells, or with adult bone marrow-derived mesenchymal cells
(BMSCs) induced the expression of Msx1, Pax9 and Lhx6/7 in the
stem cells, and the combination of dental epithelium and BMSCs
followed by kidney capsule culture resulted in tooth formation
(Ohazama et al., 2004). Adult mesenchymal stem cells have been
identified in human dental pulp, periodontal ligaments and
exfoliated deciduous teeth (Mao et al., 2006). However, potential
limitations of human tooth regeneration include limiting sources
of a suitable inducing tissue – in particular, of early embryonic
oral epithelium. Our results reveal a remarkable latent
odontogenic potential in adult rodent dental tissue, and especially
in the oral tissue of young mice. In humans, permanent tooth
development starts during the embryonic and fetal periods, and
then continues for many years after birth into adolescence.
Children and adolescents thus retain dental lamina epithelial cells
in their jaws. This fact, together with the identification of
signaling pathways that can initiate new tooth formation in an
adult animal, offer a potentially viable strategy for human tooth
regeneration and repair and might provide insight into the
regeneration of other organs.
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Ameloblastin for Dental Epithelium Cell Adhesion
and Ameloblastoma Proliferation*□S
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AMBN (ameloblastin) is an enamel matrix protein that regu-
lates cell adhesion, proliferation, and differentiation of amelo-
blasts. In AMBN-deficient mice, ameloblasts are detached from
the enamel matrix, continue to proliferate, and form a multiple
cell layer; often, odontogenic tumors develop in themaxillawith
age. However, the mechanism of AMBN functions in these bio-
logical processes remains unclear. By using recombinantAMBN
proteins, we found that AMBN had heparin binding domains at
the C-terminal half and that these domains were critical for
AMBNbinding to dental epithelial cells. Overexpression of full-
length AMBN protein inhibited proliferation of human amelo-
blastoma AM-1 cells, but overexpression of heparin binding
domain-deficient AMBN protein had no inhibitory effect. In
full-lengthAMBN-overexpressingAM-1 cells, the expression of
Msx2, which is involved in the dental epithelial progenitor phe-
notype, was decreased, whereas the expression of cell prolifera-
tion inhibitors p21 and p27 was increased. We also found that
the expression of enamelin, a marker of differentiated amelo-
blasts, was induced, suggesting that AMBN promotes odonto-
genic tumor differentiation. Thus, our results suggest that
AMBN promotes cell binding through the heparin binding sites
and plays an important role in preventing odontogenic tumor
development by suppressing cell proliferation and maintaining
differentiation phenotype through Msx2, p21, and p27.

The extracellular matrix provides structural support for
cells and regulates cell proliferation, migration, differentia-
tion, and apoptosis for tissue development and homeostasis
(1). The extracellular matrix also plays a crucial role in path-
ological processes and diseases, such as wound healing,

tumorigenesis, and cancer development (2, 3). AMBN
(ameloblastin), also known as amelin and sheathlin, is a
tooth-specific extracellular matrix and the most abundant
non-amelogenin enamel matrix protein (4–6). AMBN is
expressed primarily by ameloblasts, which are differentiated
from the oral ectoderm and form a polarized single cell layer
underlying the enamel matrix. In a previous study, we cre-
ated Ambn-null mice and demonstrated that AMBN is
required for cell attachment and polarization and formaintain-
ing the differentiation state of ameloblasts and is essential for
enamel formation (3). Overexpression of Ambn in transgenic
mice causes abnormal enamel crystallite formation and enamel
rod morphology (7). These results suggest that enamel forma-
tion and rod morphology are influenced by temporal and spa-
tial expressions of AMBN and imply that theAMBN gene locus
may be involved in the etiology of a number of cases of undiag-
nosed hereditary amelogenesis imperfecta (8). Further, it was
reported that recombinant AMBN enhances pulpal wound
healing and reparative dentine formation following pulpotomy
procedures, suggesting that it functions as a signal molecule in
epithelial-mesenchymal interactions (9).
We previously reported that about 20% of Ambn-null mice

developed an odontogenic tumor of dental epithelium origin in
the buccal vestibule of the maxilla (3). The epithelial cells of
odontogenic tumors express enamel matrix proteins, including
AMEL (amelogenin), ENAM (enamelin), and TUFT (tuftelin),
but not AMBN, indicating that AMBN deficiency is probably
the primary cause of tumorigenesis seen in thosemice. An ame-
loblastoma appearing in the jaw is the most frequently encoun-
tered odontogenic tumor and is characterized by benign but
locally invasive behavior with a high rate of recurrence. Since
abnormal proliferation and growth of ameloblastoma cells eas-
ily destroys surrounding bony tissues, wide excision is required
to treat this disorder. It is also reported that ameloblastomas
rarely metastasize to other parts of the body, such as the lungs
and regional lymph nodes (10, 11). Associations of AMBN
mutations were reported in ameloblastomas, adenomatoid
odontogenic tumors, and squamous odontogenic tumors (12).
These results suggest that AMBN regulates odontogenic tumor
formation.
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In the present study, we investigated the mechanism of
AMBN in dental epithelial cell adhesion and ameloblastoma
proliferation. We found that AMBN has heparin binding
domains, which are essential for AMBN binding to dental epi-
thelial cells. We demonstrate that overexpression of recombi-
nant AMBN inhibits proliferation of human ameloblastoma
cells. This inhibition requires the heparin binding sites of
AMBN and is accompanied by dysregulation ofMsx2, p21, and
p27. These results suggest that AMBN suppresses ameloblas-
toma cell proliferation by regulating cellular signaling through
the heparin binding domains.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Ameloblastin—
The expression vector pEF6/V5-His-Topo (Invitrogen) was
used to express His-tagged rat AMBN proteins, as described
previously (3). The expression plasmids were transfected into
COS-7 cells using Lipofectamine 2000 (Invitrogen). After 2
days, transfected cells were lysed using lysis buffer (1% Triton
X-100, 10 mM Tris-HCl, pH 7.4, 150 mM BaCl, 10 mM MgCl2),
and His-tagged recombinant proteins were purified with a
TARONpurification system (Clontech), according to theman-
ufacturer’s instructions. Purified proteins were separated by
SDS-PAGE and analyzed by Western blotting.
Cell Culture and Transfection—For dental epithelial cell cul-

tures, molars from P3 mice were dissected. The molars were
treated with 0.1% collagenase, 0.05% trypsin, 0.5 mM EDTA for
10 min, and the dental epithelium was separated from the den-
tal mesenchyme. The separated dental epithelium was treated
with 0.1% collagenase, 0.05% trypsin, 0.5 mM EDTA for 15 min
and then transferred with a pipette up and down into culture
wells. Dental epithelial cells were then selected by culturing in
keratinocyte-SFM medium (Invitrogen), supplemented with
epidermal growth factor and bovine pituitary extract, for 7 days
to remove contaminated mesenchymal cells. Cells were then
detachedwith 0.05%EDTA,washedwithDMEcontaining 0.1%
bovine serumalbumin, resuspended to a concentration of 1.0�
105/ml, and used for cell adhesion assays. HAT-7 and SF2 cells
from dental epithelium were maintained in Dulbecco’s modi-
fied Eagle’s medium/F-12 medium supplemented with 10%
fetal bovine serum (13, 14). AM-1 cells, which were established
from human ameloblastoma tissue by human papilloma virus
type 16, weremaintained in defined keratinocyte-SFMmedium
supplemented with adjunctive growth supplement (Invitro-
gen). COS-7 and SQUU cells were maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum. All cells were cultured with 1% penicillin
and streptomycin (Invitrogen) at 37 °C in a humidified atmo-
sphere containing 5% CO2. AM-1, COS-7, and SQUU cells
were transiently transfectedwith anAMBNexpression plasmid
using Lipofectamine 2000 (Invitrogen) according to the manu-
facturer’s protocol.
Cell Adhesion Assays—Cell adhesion assays were performed

in 96-well round bottom microtiter plates (Immulon-2HB;
Dynex Technologies, Inc.). The wells were coated overnight at
4 °C with 10 �g/ml recombinant rat AMBN, recombinant
mouse AMEL (15), or laminin 10/11 (R&D systems), each

diluted with PBS,3 and blocked with 3% bovine serum albumin
for 1 h at 37 °C. After washing, 104 cells were treated with or
without heparin (Sigma), heparan sulfate (Sigma), laminin
10/11, or 5 milliunits of heparitinase (Seikagaku Co.) and then
added to plates and incubated for 60 min at 37 °C. The plates
were washed with PBS three times to remove unattached cells,
and then attached cells were treated with 0.05% trypsin, 0.5mM

EDTA and counted under a microscope.
RNA Isolation and Reverse Transcription-PCR—Total RNA

was isolated using TRIzol (Invitrogen) according to the manu-
facturer’s protocol. First strand cDNAwas synthesized at 42 °C
for 90 min using oligo(dT)14 primer with SuperScript III
(Invitrogen). PCR amplification was performed using the prim-
ers listed in supplemental Table S1. The PCR products were
separated on a 1.5% agarose gel. The relative expression level
was deduced from a standard curve constructed using the pos-
itive control sample and normalized against the expression
level of glyceraldehyde-3-phosphate dehydrogenase in each
sample.
Western Blotting—Forty-eight hours after transfection with

various AMBN expression vectors, cells were washed twice
with 1mM ice-cold sodiumorthovanadate (Sigma) in PBS, lysed
with Nonidet P-40 buffer supplemented with a proteinase
inhibitor mixture (Sigma) and phenylmethanesulfonyl fluoride
at 4 °C for 10 min, and centrifuged, and then the supernatants
were transferred to fresh tubes. For a heparin binding assay,
protein lysates were incubated with Ni2�-nitrilotriacetic acid
beads (Sigma) or heparin-acrylic beads (Sigma) for 12 h at 4 °C
and thenwashedwith lysis buffer three times. The cell lysates or
purified proteins obtained using nickel or heparin beads were
separated by 4–12% SDS-PAGE and analyzed byWestern blot-
ting. The blotted membranes were incubated with antibodies
for V5-tag (Invitrogen) and AMBN (3), and signals were
detected with an ECL kit (Amersham Biosciences).
Bromodeoxyuridine (BrdUrd) Incorporation and Cell

Counting—For the BrdUrd incorporation assay, cells were
incubated at the same cell density for 48 h after transfection
with the various vectors. BrdUrd (Sigma) (10 �M) was added to
the plates for 60 min, and then the cells were fixed with cold
methanol for 20 min, rehydrated in PBS, and incubated for 30
min in 1.5 M HCl. After washing three times in PBS, the plates
were incubated with a 1:50 dilution of fluorescein isothiocya-
nate-conjugated anti-BrdUrd antibody (Roche Applied Sci-
ence) for 30 min at room temperature. Finally, the cells were
washed in PBS three times and incubated with 10 �g/ml pro-
pidium iodide (Sigma) in PBS for 30 min at room temperature.
BrdUrd-positive cells were examined under a microscope
(Biozero-8000; Keyence, Japan). AM-1 cells with or without
AMBN expression vector transfection were cultured with
serum for 48 h and then plated into 6-well plates at a density of
1 � 104 cells/well. Cell numbers were determined using a
trypan blue dye exclusion method. Cells were incubated with
10% fetal bovine serum for 0–120 h and then counted in a
counting chamber. Cell count analysis was performed in tripli-

3 The abbreviations used are: PBS, phosphate-buffered saline; BrdUrd,
bromo-2�-deoxyuridine; ERM, epithelial cell rests of Malassez.
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cate for each time point, and the presented results are the aver-
age of 10 independent experiments.

RESULTS

AMBNBinding to Dental Epithelial Cells Is Inhibited byHep-
arin and Heparan Sulfate—To analyze cell adhesion to recom-
binant AMBN, we created V5-His-tagged recombinant AMBN
(see Fig. 3A). The anti-V5 antibody was able to detect the
recombinant protein as a specific band of about 58 kDa, which
is larger than the predicted molecular size of the AMBN-V5-
His fusion protein. This higher molecular weight on SDS-
PAGE is due to the unconventional protein property of AMBN
(16). Primary dental epithelium bound to full-length AMBN
(AB1) in a dose-dependent manner, as previously reported.
Further, rat dental epithelial lines HAT-7 and SF2 cells also
bound to AMBN in a dose-dependent manner (Fig. 1A).
AMBN has a VTKG motif, which is a potential throm-

bospondin-like cell adhesion domain (6), also known as a hep-
arin binding domain (17). In addition, AMBN has positively
charged lysine, arginine, and histidine (KRH) amino acid-rich
sequences in themiddle andC-terminal regions (Fig. 3A), and a
KRH-rich motif has been proposed as a heparin binding
domain (17).We found that heparin and heparan sulfate inhib-
ited dental epithelial cell adhesion toAB1but not laminin 10/11
(Lam-511 and Lam-521, according to a recently proposed
nomenclature) (Fig. 1B) (46). These findings suggest that the
heparin binding domains are involved in dental epithelium cell
adhesion to AMBN.Many extracellularmatrix proteins bind to

cells through integrins or calcium-dependent cell adhesion
molecules, and this binding is inhibited in the presence of
EDTA. EDTA inhibited cell adhesion to laminin 10/11, which
has integrin binding regions (Fig. 2) (18). However, the inhibi-
tory effect of EDTA on dental epithelial cell adhesion to AMBN
was less effective than that of laminin 10/11 (Fig. 2). These
results suggest that non-integrin-dependent cell adhesion is
important for cell binding of AMBN.
Heparin Binding Domains in AMBN Critical for Heparin

Binding and Cell Adhesion—To examine the significance of the
potential heparin binding domains of AMBN, we prepared
truncated V5-His-tagged AMBN proteins from COS-7 cells
transfected with various AMBN cDNA expression vectors (Fig.
3A) and determined their heparin binding properties. All
recombinant proteins purified by nickel bead affinity chroma-
tography were detected by anti-V5 antibodies (Fig. 3B). Some
proteolytic bands were observed for the AB1, AB2, AB3, and
AB4 proteins, whereas the AB6 protein band was weak as com-
pared with the others. AB1 and AB2, which have all three hep-
arin binding domains, and AB3, which lacks the C-terminal
heparin binding domain, bound equally well to heparin beads at
high levels (Fig. 3B), whereas AB4, which has only the N-termi-
nal heparan binding domain, bound to the beads weaker than
those three proteins. AB5, which has a half-portion of the
N-terminal heparan binding domain, showed substantially
reduced heparin binding activity, andAB6, which lacks all three
heparan binding domains, did not bind the heparan beads at all
(Fig. 3C). These results indicate that the two N-terminal
domains are required for heparin binding of AMBN.
To examine the role of the heparin binding domains in

AMBNcell binding, dental epithelial cells were plated on dishes
coated with purified AMBN recombinant proteins, and cell
binding was measured. The AB2, AB3, and AB4 proteins had
about 60% cell binding activity compared with that of AB1, and
the levels for AB5 cell binding were further lower by 30% than
AB1. AB6 showed little cell binding (Fig. 4A). Heparin inhibited
cell binding of AB2 but not AB5 (Fig. 4B). These results suggest
that AMBN has a heparin-insensitive cell binding region at the
N-terminal half and a heparin-sensitive cell binding region at
the C-terminal half.

FIGURE 1. Dental epithelial cell adhesion to recombinant AMBN and inhi-
bition by heparin and heparan sulfate. A, adhesion of primary dental epi-
thelial cells and rat dental epithelial HAT-7 and SF2 cells to dishes coated with
various amounts of full-length recombinant AMBN (AB1). DE, primary dental
epithelial cells. B, inhibition of HAT-7 cell adhesion to AMBN and laminin
10/11 by heparin and heparan sulfate. Heparin and heparan sulfate inhibited
cell adhesion to AMBN but not to laminin 10/11.

FIGURE 2. Inhibition of cell adhesion to AMBN and laminin 10/11 by EDTA.
Adhesion of HAT-7 cells to dishes coated with full-length recombinant AMBN
(AB1) and laminin 10/11 in the presence of various concentrations of EDTA.
The inhibitory effect of EDTA on dental epithelial cell adhesion to AMBN was
less effective than that of laminin 10/11.

Heparin Binding Domains of Ameloblastin

27178 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 40 • OCTOBER 2, 2009

 at IW
A

T
E

 M
E

D
IC

A
L U

N
IV

E
R

S
IT

Y
, on A

pril 12, 2010
w

w
w

.jbc.org
D

ow
nloaded from

 
http://www.jbc.org/content/suppl/2009/07/31/M109.033464.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/


AMBN has an EF-hand calcium binding region in the C
terminus. Bioinformatic analysis suggests a conformational
change in the AMBN protein in the presence of the Ca2� ion
(19). We found that heparin binding of AB1 containing an
EF-hand motif was increased by EDTA in a dose-dependent
manner, whereas heparin binding of AB4 lacking the EF-
hand motif did not change by EDTA (Fig. 4, C and D). These
results suggest that the EF-hand motif modulates heparin
binding activity of AMBN. An internal deletion of the N-ter-
minal heparin binding domain of AB1 (AB7) caused a small
reduction in heparin and cell binding (Fig. 5, A–C). AB8, in
which three heparin binding domains, but not the N-termi-
nal sequence, were deleted from AB1, showed a nearly com-
plete loss of heparin binding and weak cell binding activity
(Fig. 5). Further, cells treated with heparitinase lost the abil-
ity to bind to AB1 (Fig. 5C), indicating that heparan sulfate
on the surface of ameloblasts is important for cell binding to
AMBN.

Overexpression of Full-length
AMBN (AB1) but Not Heparin
Binding Domain-deficient AMBN
(AB5) Inhibits Proliferation of Ame-
loblastoma AM-1 Cell—Ambn-null
mice develop odontogenic tumors,
suggesting that AMBN may func-
tion as a tumor suppressor. AM-1
cells are an ameloblastoma cell line,
which does not express AMBN
(supplemental Fig. 1A). To identify
the role of AMBN in odontogenic
tumor proliferation, the AB1 ex-
pression vector was transfected into
AM-1 cells. Transfected AM-1 cells
expressed and secreted recombi-
nant AMBN protein (supplemental
Fig. 1C). AB1-overexpressing AM-1
cells showed a decrease in the
number of BrdUrd-positive cells
as compared with mock-trans-
fected cells (Fig. 6, A and B). After
transfection, the number of cells
was counted every 24 h for 5 days
and was found to be substantially
decreased (Fig. 6C). However,
overexpression of AB8 lacking the
heparin binding domains did not
affect cell proliferation as compared
with mock-transfected cells (Fig.
6D). These results indicate that
AMBN expression inhibits prolifer-
ation of AM-1 cells via the heparin
binding domains.
To examine whether the inhibi-

tion of cell proliferation byAMBN is
dependent on a cell type, the AB1
expression vector was transfected
into COS-7 cells from a kidney
fibroblast cell line and SQUU-B

cells from a tongue squamous cell carcinoma cell line. BrdUrd
incorporation was inhibited in AB1-overexpressing AM-1 cells
but not in AB1- overexpressing COS-7 or SQUU-A cells (Fig.
7). Further, proliferation of AM-1 cells was inhibited when the
cells were cultured on recombinant AMBN (AB1)-coated
dishes but not recombinant AMEL- and laminin 10/11-coated
dishes (Fig. 7B). These findings suggest that AMBN suppresses
cell proliferation in a cell type-specific manner.
AMBN Expression Induces the Expression of p21 and p27 but

Inhibits Msx2 Expression—To identify the inhibitory mecha-
nism of proliferation of AM-1 cells by AMBN, we examined the
expressions of p21 and p27, CDK inhibitors and negative regu-
lators of cell proliferation, and Msx2, a homeobox-containing
transcription factor, which is expressed in undifferentiated
ameloblasts (20) and in Ambn-null ameloblasts (3). Msx2 was
strongly expressed in mock-transfected AM-1 cells; however,
its expression was strongly inhibited by overexpression of
AMBN (Fig. 8). We found that overexpression of AMBN

FIGURE 3. Identification of heparin binding regions of AMBN. A, creation of deletions in AMBN. All recom-
binant AMBN proteins have V5 and His tags at the C terminus; the amino acid sequences for potential heparin
binding are shown (black boxes). B, expression of mutant AMBN proteins. An expression vector for each recom-
binant AMBN was transfected into COS-7 cells and was purified using Ni2�-nitrilotriacetic acid beads. Purified
proteins were separated by SDS-PAGE and visualized with the anti-V5 antibody. C, heparin binding of AMBN
proteins. Each cell lysate was mixed with heparin-acrylic beads, and bound proteins were separated by SDS-
PAGE and visualized with the anti-V5 antibody. AB1, AB2, and AB4 bound strongly to heparin. AB4 bound less
to heparin, and AB5 had substantially reduced heparin binding. AB5 lost heparin binding.
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induced the expression of both p21 and p27, whereas the
expression of positive cell cycle regulatorsCDK1, -4, and -6was
not changed (Fig. 8). These results suggest that AMBN pro-
motes odontogenic cell differentiation and inhibits prolifera-
tion via p21 andp27 expression in aCDK-independentmanner.
Overexpression of AMBN inAM-1Cells Induces Expression of

ENAM but Not AMEL—Our finding that AMBN expression
inhibited Msx2 expression suggests that AMBN promotes
odontogenic cell differentiation. To better elucidate the func-
tion of AMBN in AM-1 cell differentiation, we examined
whether AMBN has effects on the expression of other enamel
matrix proteins. AMBN overexpression in AM-1 cells strongly
induced the expression of ENAM mRNA (Fig. 9), whereas the
expression of AMEL and TUFT was not affected. These results
indicate that AMBN does not induce all enamel matrix genes
but induces selectively in AM-1 cells and suggests that AMBN
may serve as a suppressor of odontogenic tumors by regulating
cellular signaling for differentiation and proliferation.

DISCUSSION

We previously found using Ambn-null mice and cell cul-
ture that AMBN is an adhesion molecule for ameloblasts and
required for maintaining a single ameloblast cell layer

FIGURE 4. Cell binding activity of mutant AMBN proteins. A, adhesion of
HAT-7 cells to dishes coated with recombinant AMBN, AB1, AB2, AB3, AB4,
AB5, and AB6. Cell binding activity of AB2, AB3, and AB4 was less than that
of AB1. AB5 had substantially reduced cell binding activity, and AB6 lost
the binding activity. B, inhibition of cell binding of AB2 and AB5 by hepa-
rin. Heparin inhibited AB2 cell binding but not AB5 cell binding. C, effects
on EDTA on heparin binding of AB1 and AB4. AB1 and AB4 were incubated
with heparin-acrylic beads in the presence of various concentrations of
EDTA. Bound proteins were separated with SDS-PAGE and detected by
Western blotting using the anti-V5 antibody. D, quantitation of the inten-
sity of the protein bands in C. The intensity of bands without EDTA was set
at 1 for comparison. EDTA affects heparin binding of AB1 but not AB4.

FIGURE 5. Deletion analysis of heparin binding regions of AMBN for hep-
arin binding and cell adhesion. A, deletions of recombinant AMBN proteins.
AB7 results from deletion of the first heparin binding region, and AB8 is the
result of deletion of all three heparin binding regions. B, heparin binding of
AB1, AB7, and AB8. AB7 slightly reduced heparin binding activity, but AB8 lost
all activity. Heparin binding of AB1 was set at 100%. C, adhesion of HAT-7 cells
to dishes coated with AB1, AB7, and AB8. AB7 had reduced cell binding activ-
ity. AB8 further reduced cell binding. Cells pretreated with heparitinase
showed decreased binding to AB1. Cell adhesion of AB1 was set at 100% for
comparison.

FIGURE 6. Inhibition of proliferation of AM-1 cells by overexpression of
AMBN. A, AM-1 human ameloblastoma cells were transfected with a mock or
AB1 expression vector and cultured for 48 h. BrdUrd was incorporated into
the cells for 1 h. BrdUrd incorporation was analyzed using a fluorescence
microscope. B, quantitation of BrdUrd-positive cells in A. Expression of AMBN-
inhibited AM-1 proliferation. C, inhibition of AM-1 cell growth of by AB1
expression. AM-1 cells were transfected with mock or AB1 expression vector.
The number of the cells was counted using a trypan blue exclusion method
after 0 –120 h of culture. D, no inhibitory effects of AB8 expression on AM-1
cell growth were seen. The numbers of AM-1 cells with transfection of the
mock or AB8 expression vector were counted from 0 to 72 h. Statistical anal-
ysis was performed using analysis of variance (*, p � 0.01).
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attached to the enamel matrix and the differentiation state of
ameloblasts. In this paper, we identify the heparin binding
domains of AMBN and demonstrate that these domains play
a critical role in AMBN binding to dental epithelial cells. We
also show that AMBN inhibits proliferation of human ame-
loblastoma cells. This inhibition is accompanied by the
induction of p21 and p27 and ENAM and the reduction of
Msx2. It was recently reported that AMBN fusion protein
enhances pulpal healing and dentin formation in porcine
teeth (21). In addition, AMBN promotes adhesion of peri-
odontal ligament cells and modulates the expression of bone
morphogenic protein, collagen type I, and osteocalcin (22).
Those results implicate that AMBN regulates cell prolifera-
tion and differentiation through cellular signaling induced
by the AMBN interaction with cells. Our finding that AMBN
cell binding is mediated through the heparin binding
domains suggests that AMBN interacts with heparan sulfate
(HS) cell surface receptors. However, we could not detect
AMBN binding to lymphoid cell lines expressing individual

HS cell surface receptors, including syndecan-1, -2, and -4
(data not shown) (23). We also could not find the interaction
of AMBN with glypican-1, which is expressed in ameloblasts
(data not shown). Laminin is one of the heparin and integrin
binding molecules. The laminin �1 chain LG4 module pro-
motes cell attachment through syndecans and cell spreading
through integrin �2�1 (23). Active sequences in the LG4 of
other laminin � chains have also been identified for cell
attachment and heparin and syndecan binding (24–26). Fur-
ther, Lys and Arg amino acid-rich regions of the LG4module
are important for heparin and HS binding. These regions
may be similar to those of AMBN. A recent study (27)
showed that laminin-sulfatide interaction modulates base-
ment membrane assembly and regulates cellular signaling. It
is possible that AMBN may bind cells through interacting
with other co-receptors, including cell surface glycolipids
and extracellular matrix.
Rodent AMBN contains a DGEA motif, which is a poten-

tial integrin-binding site of collagen I, and a throm-
bospondin-like cell adhesion motif, VTKG (6, 28). We found
that recombinant full-length AMBN produced in mamma-
lian cells binds specifically to primary dental epithelial cells
but not to other cell types. Primary dental epithelial cells
contain mixed epithelial cell populations, including inner
dental epithelial cells, ameloblasts, stratum intermedium
cells, and stellate cells. We found that ameloblasts, but not
the other cell types, adhere to recombinant AMBN (3). In the
present study, we showed that ameloblast cell lines HAT-7
and SF2 (Fig. 1) and ameloblastoma cell line AM-1 (data not
shown) also bind to AMBN. The DGEA and VTKG
sequences are conserved only in rodents, with little or no
conservation of those motifs in other species, including
human, pig, bovine, and caiman (28). Further, integrin
expression disappears in differentiated ameloblasts, suggest-
ing that other motifs in AMBN may be important for cell
adhesion (18, 28, 29). The VTKG region is also known as a
heparin binding domain. AMBN has positively charged Lys,
Arg, and His amino acid-rich sequences in the middle and
C-terminal regions (Fig. 3A), and KRH-richmotifs have been
proposed as candidate heparin binding domains (17). The
middle and C-terminal KRH-rich motifs in AMBN are con-
served in human, rodent, and bovine cells, indicating that
these domains may be important for cell binding. We found
that full-length rat AMBN had a high affinity to heparin,
whereas deletions of the heparin binding domains abrogated
binding to heparin and resulted in reduced cell binding, indi-
cating that VTKG and KRH-rich motifs serve as heparin and
cell binding domains.
The EF-hand structure, which has a helix-loop-helix

design, is the most common Ca2�-binding motif (30).
AMBN has an EF-hand motif in the C-terminal region, and
proteolytic peptides from that region, particularly those
migrating at 27 and 29 kDa, can be seen on SDS-PAGE assays
of calcium binding. Previously, these peptides were identi-
fied in a direct 45C-binding study (31) and by “Stain-all” solu-
tion, which is a detector of calcium-binding protein of enamel
extract samples (32). In addition, a bioinfomatics model sup-
ports earlier experimental observations thatAMBN is a bipolar,

FIGURE 7. Cell type-specific inhibition of proliferation by AMBN. A, AB1.
AM-1, COS-7, and SQUU-A cells were plated on dishes coated with AMBN (10
mg/ml) and cultured for 48 h. BrdUrd was incorporated into the cells for 1 h.
BrdUrd-positive cells were counted. Proliferation of AM-1 cells, but not COS-7
and SQUU-A cells, was reduced on AB1 substrate. The number of BrdUrd-
positive cells with mock-transfected cells was set at 100%. B, adhesion of
AM-1 cells to dishes coated with AB1, recombinant AMEL (rAMEL), and lami-
nin 10/11. The number of BrdUrd-positive cells with cells cultured on a non-
coated dish was set at 100%. Statistical analysis was performed using analysis
of variance (*, p � 0.01).
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two-domain protein that interacts
with Ca2� ions. The primary struc-
ture of AMBN can be divided into
two chemically and physically dis-
tinct regions: a basic N-terminal
region and acidicC-terminal region.
It has been speculated that the
three-dimensional structure of
AMBN is dramatically changed in
water and in the presence of Ca2�

ions after molecular dynamics stim-
ulation and energy optimization
(19). Our findings agree with these
reports, since AMBN heparin bind-
ing ability changed dramatically in
the presence of EDTA, and this
change was dependent on the EF-
hand motif (Fig. 4, C and D). How-
ever, attachment of dental epithe-
lium to AMBN did not increase in
the presence of EDTA (Fig. 2), sug-
gesting that other calcium-depend-
ent molecules may be involved in
cell binding. Further, in amelogene-
sis, AMBN is cleaved after secretion
by several protease, including
MMP-20 (33). The cleavedC-termi-
nal half of AMBN is located near the
cell surface of ameloblasts, and the

N-terminal half of AMBN is present in the calcified front of
enamel (34), indicating that the C-terminal region of AMBN
may be important for cell binding in vivo. Recently, AMBN has
been reported to appear in three different molecular sizes (37,
55, and 66 kDa) in both ameloblasts and enamel matrix during
postnatal development (35). There may be various transcripts
of Ambn that are developmentally expressed and interact with
AMEL (16). Interestingly, 37-kDaAMBNcontaining three hep-
arin binding domains is expressed in the early stage of amelo-
blast differentiation. These results indicate that the C-terminal
region of AMBN is important for cell adhesion, ameloblast dif-
ferentiation, and enamel nucleation.
Amelogenin and AMBN were shown to be expressed in not

only ameloblasts but also odontoblasts (36). The surface of den-
tin has a layer of keratan sulfate rich in sulfated sialic acids and
GlcNAc emanating from the dentinal tubules, which is a potent
ligand for amelogenin (16). Ameloblastin may have a similar
function with dentin matrix and odontoblast differentiation.
Additional experiments are needed to resolve this issue.
Epithelial odontogenic tumors are histologically related to

the remnants of odontogenic epithelium, which includes the
dental lamina, enamel organ, and Hertwig’s epithelial root
sheath (37). Actively growing dental lamina is present within
the jaws for a considerable time after birth, and because of
the widespread presence of odontogenic epithelium, some
tumors may arise from residues of those cells. AMBN is
expressed by differentiated ameloblasts and also in forming
Hertwig’s epithelial root sheath cells and can be used as a
marker of their migration (38). Previous immunohistochem-

FIGURE 8. Expression of cell cycle-regulatory genes in AMBN-overexpressing AM-1 cells. A, total RNA from
AM-1 cells transfected with a mock or AB1 expression vector was amplified using a semiquantitative reverse
transcription-PCR method with specific primer sets. B, the intensity of each band was standardized with that of
the glyceraldehyde-3-phosphate dehydrogenase band. Msx2 expression was reduced, whereas expression of
p27 and p21 was increased in AMBN-overexpressing cells. Statistical analysis was performed using analysis
of variance (*, p � 0.01).

FIGURE 9. Expression of enamel matrix proteins in AMBN-overexpressing
AM-1 cells. A, total RNA from AM-1 cells transfected with a mock or AB1
expression vector was amplified using a semiquantitative reverse transcrip-
tion-PCR method with specific primer sets for tooth-specific genes. B, the
intensity of the AMBN, AMEL, and TUFT bands was standardized with that of
the glyceraldehyde-3-phosphate dehydrogenase band. ENAM, but not AMEL,
was induced by AMBN overexpression. Statistical analysis was performed
using analysis of variance (*, p � 0.01).
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ical studies have attempted to investigate the differentiation
of neoplastic cells in odontogenic tumors; however, it was
reported that AMBN, AMEL, and ENAMwere not expressed
in ameloblastoma cells (39, 40). Ambn-null mice develop
odontogenic tumors of dental epithelium origin in addition
to severe enamel hypoplasia. Further, because the amelo-
blasts disappear after eruption, tooth enamel is never
replaced or repaired, and odontogenic epithelium almost
completely disappears when tooth formation is completed in
those mice. However, it is known that discrete clusters of
odontogenic epithelial cells remain in the periodontal liga-
ment as the epithelial cell rests of Malassez (ERM) (41).
Although the function of ERM cells is still unclear, it is con-
sidered that a number of odontogenic tumors arise from
them (41, 42). Recently, it was reported that ERM cells
express AMBN but not AMEL or ENAM (43). It was also
reported that AMBN gene mutations are associated with
odontogenic tumors, including ameloblastomas (12, 44). In
the study, we showed that AM-1 cells do not express AMBN,
but overexpression of AMBN suppresses proliferation of
AM-1 cells. Taken together, we speculate that AMBN func-
tions as an odontogenic tumor suppressor.
Msx2, a homeobox-containing transcription factor, was

previously shown to be expressed in undifferentiated amelo-
blasts, whereas it is down-regulated in differentiated amelo-
blasts (20). In Ambn-null ameloblasts, an abnormal up-reg-
ulation of Msx2 was observed (3), suggesting that AMBN
inhibits the expression of Msx2 in normal tooth develop-
ment. Our finding that AMBN transfection dramatically
reduced Msx2 expression supports the notion that AMBN
negatively regulates Msx2 expression. It has been suggested
that Msx homeobox genes inhibit differentiation through
up-regulation of cyclin D1 (45). In AMBN-transfected AM-1
cells, the cyclin-dependent kinase inhibitors p21 and p27
were up-regulated, whereas the expressions ofCDK1, -4, and
-6 were not changed. Thus, down-regulation of Msx2 and
up-regulation of p21 and p27 by AMBN expression probably
cause reduced proliferation of AM-1 cells. Further, the over-
expression of AMBN lacking three heparin binding domains
did not inhibit proliferation of AM-1 cells, suggesting the
crucial role of the heparin binding domains of AMBN for the
inhibition of AM-1 proliferation. It is conceivable that
AMBN induces cellular signaling for these cellular changes
by its interaction with AM-1 cells.
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Abstract: Collagen containing bone morphogenetic protein-2 (BMP-2) expression vector,

which is called ‘‘gene-activated matrix,’’ promotes bone regeneration when transplanted to the

bone defect. We speculated that hydroxyapatite fiber (HF) would be an ideal matrix for ‘‘gene-

activated matrix’’ especially for bone regeneration, because it is oseteoconductive and has high

affinity to DNA. The purpose of this study is to clarify whether HF containing BMP-2

expression vector induces ectopic bone formation. We prepared HF containing 0, 10, 50, and

100 lg BMP-2 expression vector. Wistar male rats (8 weeks) were used and each rat received

two HF implants in the left and right dorsal muscle. The rats were sacrificed 4, 8, and 12 weeks

after the operation, and implants were analyzed radiographically by softex, dual-energy X-ray

absorptiometry, and they were histologically examined. At 4 weeks, HF containing 50 or 100 lg

BMP-2 expression vector showed high bone mineral contents and large radiopaque volume

compared to the other implants. At 8 and 12 weeks, HF containing 50 lg BMP-2 expression

vector exerted the highest values in the radiographic analyses. Bonelike tissue was

histologically observed in HF containing 50 and 100 lg BMP-2 expression vector groups

but not detected in the other implants. The present results suggest that HF is potential as a

matrix for ‘‘gene-activated matrix’’ for bone tissue engineering. ' 2008 Wiley Periodicals, Inc.

J Biomed Mater Res Part B: Appl Biomater 90B: 101–109, 2009

Keywords: bone morphogenetic protein 2; gene therapy; hydroxyapatite fiber; ectopic bone

formation; calcium phosphate

INTRODUCTION

Although autologous bone graft is recognized as a ‘‘gold

standard’’ for bone augmentation, limitation of the harvest-

able bone volume and morbidity of the donor site are the

problems. Thus, development of a simple and effective

method for bone augmentation is required in orthopedic

and dental fields. Bone morphogenetic protein-2 (BMP-2),

a member of the BMP family, which is a potent osseoin-

ductive factor,1 induces osteogenic differentiation of mes-

enchymal cells, and local administration of recombinant

BMP-2 protein in vivo induces orthotopic and ectopic bone

formation.2,3 Although clinical application of recombinant

human BMP-2 or BMP-7 have been expected for bone aug-

mentation, high cost in clinical applications is a problem,

because relatively high doses of these recombinant proteins

are necessary. One of the main reasons for high dose of

these recombinant proteins is short half life of the proteins

in vivo.4

On the other hand, bone regeneration with BMP gene

transfer has been reported.5–16 When BMP genes are trans-

ferred to some cells, these cells produce BMP proteins sub-

sequently stimulating bone regeneration. There are several

gene transfer techniques used for bone regeneration, which

are generally categorized in ex vivo5,8,9,11–13,16 and

in vivo6,7,10,14,15,17–19 gene transfers with viral5,8,9,11,13,15–17,19

or nonviral6,7,10,12,14,18,19 transfection. ‘‘In vivo gene trans-

fer with nonviral transfection’’ is simple and safe compared

to other gene transfers, although its gene transfection effi-

ciency is low. Bonadio et al. have developed a unique gene

transfer method.6,7,10 They used a naked plasmid vector

encoding a protein stimulating osteogenesis, combined it

with collagen, and transplanted that complex to bone

defects in rats and dogs. They demonstrated that this com-

bination stimulated bone regeneration in bone defects and

termed this formula as ‘‘gene-activated matrix (GAM).’’

However, the efficiency of gene transfer of the original

GAM system is still low, because a large amount of naked

plasmids is required: for instance, 1 mg plasmid DNA for
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rat bone defects and 100 mg plasmid DNA for bone defects

of a canine model were required. To overcome the low ef-

ficiency, we modified the original GAM combining cal-

cium-phosphate (CaP) precipitate, which stabilizes naked

plasmid vectors and to promote gene transfection.20 We

have reported that using modified GAM containing 12 lg
plasmid vector encoding human BMP-2 regenerated critical

size segmental bone defects of rat tibiae21; however, we

could not induce ectopic bone formation after subcutaneous

implantation of this modified GAM even if we used 100 lg
plasmid vector.

Hydroxyapatite (HA), aside from collagen, is a main

inorganic component of bone. Since HA is highly osteo-

conductive, it has been used as bone substitute in orthope-

dic and dental fields for a long time. Although having

different pore structures, most of the HA bone substitutes

are solid particles and blocks, which do not have enough

surface area and space like collagen fibers for cell attach-

ment and for keeping plasmid DNA. However, a fibrous

version of hydroxyapatite, hydroxyapatite fiber (HF), might

overcome the construction problem with its increased total

surface area and capillary-derived space; and HA consists

of the main composition of ‘‘calcium and phosphate,’’

which was exploited for nonviral gene transfer in the previ-

ous in vivo study.21 Therefore, we hypothesized that HF

would be a candidate as a bone increasing ‘‘GAM’’ as well

as collagen for the original GAM. The purpose of this

study is to clarify whether HF containing BMP-2 gene

induces ectopic bone formation after intramuscular implan-

tation into rats.

MATERIALS AND METHODS

HF was kindly provided by Dr. S. Fujii (NRC, Saitama,

Japan) (Fujii S, United State Patent No. 4,659,617). This

material consists of HA fibers, whose diameter is 5–15 lm,

and this material looks like cotton having fibrous 3D struc-

ture as shown in Figure 1. Furthermore, energy dispersive

X-ray spectroscopy analysis of HF clarified that it did not

contain any element except calcium and phosphorous, and

X-ray diffraction analysis proved that HF consists of HA.

The protocol for our study was approved by the

Recombinant DNA Experiment Committee and the Animal

Experiment Committee of our institution, Tokyo Medical

and Dental University. All the experimental processes fol-

lowed the institutional guidelines for the care and manipu-

lation of laboratory animals. The institutional committee of

animal care and use at Tokyo Medical and Dental Univer-

sity approved all experimental procedures, which proceeded

according to the guidelines for animal experimentation at

the Tokyo Medical and Dental University. Rats were

purchased from Sankyo Laboratory Service Corporation

(Tokyo, Japan).

Figure 1. The energy dispersive X-ray spectroscopy analysis (a and c) and photo image and SEM

image (b) of hydroxyapatite fiber.
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Experimental Design

Male Wistar/ST rats (8 weeks old) were obtained from

Sankyo Laboratory (Tokyo, Japan). The experimental

design of the present study is summarized in Table I. The

implant composites consisted of different doses of pEGFP-

N1 plasmid (Clontech, Japan) encoding hBMP-2, CaP, and

HF as shown in Table I. Forty-eight rats were used and

evenly distributed to four groups: BMP-2(10) group con-

taining the 10 lg BMP-2 coding plasmid in HF; BMP-

2(50) group containing the 50 lg of the plasmid in HF;

BMP-2(100) group containing the 100 lg of the plasmid in

HF; and HF group as control with no plasmid in HF. The

materials were implanted in the muscle of right and left

dorsal regions, randomly. The animals were maintained on

standard laboratory chow and water ad libitum in the ani-

mal care facility and exposed to regular light–dark periods

(12 h light/12 h dark) and isothermal conditions (22–248C)
according to the regulations of the experimental animal

center.

Then the rats were sacrificed and the specimens are

extracted at 4, 8, and 12 weeks after operation, and then

seven or eight specimens per group were subjected for radi-

ographic analysis and four out of the specimens were proc-

essed for histology.

Preparation of Implants

pEGFP-N1 plasmid vector (Clontech, Mountain View, CA)

harboring cDNA of hBMP-2 in BamHI restriction enzyme

region in the multicloning site of the vector was amplified

in TOP F100 competent cells of an E. coli isoform and

purified through an endotoxin-free column (Plasmid Purifi-

cation Kit, QIAGEN, Germany). An appropriate amount of

hBMP-2 encoding plasmid vector was prepared in sterilized

water and precipitated in CaP solution (CalPhos Mamma-

lian Transfection Kit, Clontech), according to the manufac-

turer’s instructions. After precipitation, the solution was

centrifuged and the supernatant was discarded. The precipi-

tate of CaP-conjugated plasmid vector was dissolved in

150 lL sterile water.

Teflon-lined tubes were trimmed by 8 mm for the inside

diameter, 10 mm for the outside diameter, and 3 mm for

the height. After preparation, the tube was sterilized by

autoclaving. Forty-milligram HF, which was sterilized by

baking at 1808C for 30 min, was installed in the inside of

tube (Figure 2). The 150 lL solution, which was prepared

earlier, was dropped into the HF construction in the tube

and the composite was left for 30 min in the solution to let

the whole material immersed, and then it was lyophilized.

Surgical Protocol

The animals were generally anesthetized with an intramus-

cular injection consisting of ketamine hydrochloride (100

mg/kg) and xylazine (5 mg/kg). The surgical site was

shaved and a vertical incision was made in the skin of the

back. After flap reflection, an incision was made into

muscles of left and right dorsal areas. The materials were

inserted within the right and the left dorsal muscles

pouches, randomly. Four, eight, and twelve weeks after the

surgery, the rats were euthanized and the specimens were

harvested and evaluated.

Radiography and Computed Scanning

The specimens were taken by soft X-ray radiograph (Softex

SRO-M50, Sofron, Tokyo, Japan). The exposure time was

30 s at 4 kV with 4 mA on FR-IX film (Fuji Photofilm,

Tokyo, Japan). The mineral content was measured by dual-

energy X-ray absorptiometry (DEXA) (DCS-600, Aloka,

Tokyo). The specimens were also taken by micro-CT

(InspeXio SMX-90CT, Shimadzu Corporation, Tokyo) and

TABLE I. The Experimental Groups and the Number of Samples

Sacrifice at

4 weeks 8 weeks 12 weeks

HF group (control):

Hydroxyapatite fiber only n 5 7 n 5 7 n 5 8

BMP-2(10) group:

Hydroxyapatite fiber

containing 10 lg of BMP-

2 plasmid

n 5 8 n 5 8 n 5 8

BMP-2(50) group:

Hydroxyapatite fiber

containing 50 lg of BMP-2

plasmid

n 5 8 n 5 7 n 5 7

BMP-2(100) group:

Hydroxyapatite fiber

containing 100 lg of

BMP-2 plasmid

n 5 7 n 5 7 n 5 8

Twenty four animals per group received the implants and evenly distributed for

each time point. Some died by accident just after implant or during the experimental

periods.

Figure 2. Hydroxyapatite fiber implant. The implant was prepared
with a Teflon-lined tube, which was filled with 40 lg hydroxyapatite

fiber.
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radiopaque volume was measured by computer software

(TRI/3D-Bone, RATOC System Engineering, Tokyo).

Histological Analyses

For histology, the four specimens were fixed in 10% neu-

tral formalin. Two specimens were embedded in methylme-

thacrylate resin, whereas the other two specimens were

embedded in paraffin after demineralization in 10% EDTA

solution. Longitudinal sections of the undecalcified and the

decalcified samples were then prepared in 5 and 4 lm
thickness, respectively. The resin sections were stained

with Alizarin Red S, and the paraffin sections were stained

with hematoxylin and eosin.

Statistical Analysis

For statistical analysis, one-way ANOVA and Tukey tests

were used. Values of p \ 0.05 were regarded as statisti-

cally significant.

RESULTS

X-Ray Images

The X-ray pictures by Softex were shown in Figure 3 and

three-dimensional X-ray images by micro-CT were shown

in Figure 4. In postoperative 4 weeks, BMP-2(50) and

BMP-2(100) groups looked to have slightly higher radio-

pacity than the other two groups by Softex, whereas the

mass of the fiber structure was seen in the all images by

micro-CT. Subsequently, at 8 and 12 weeks, the size of

radiopaque area gradually shrank in all groups, but it was a

slight change in BMP-2(50) group from images by Softex.

The radiopacity was gradually elevated in all the experi-

mental groups containing the BMP-2 coding plasmid; on

the other hand, it tended to descend in HF group. In addi-

tion, the images by micro-CT in all BMP-2 groups altered

as following: the original fiber structure had become a

mass-like mineral apposition at last.

Mineral Content by DEXA

Mineral content was measured by DEXA and shown in

Figure 5. BMP-2(50) and BMP-2(100) groups represented

significantly higher mineral properties than HF group, and

furthermore, BMP-2(50) group indicated a significantly

higher value than BMP-2(10) group over the time, and

only BMP-2(50) group maintained elevation of the mineral

content in a time-dependent manner, whereas the other

groups had peaks of the index at 4 weeks; particularly, dec-

lination in HF group was considerable afterward.

Radiopaque Volume by Micro-CT

Radiopaque volume was calculated from the micro-CT

images by TRI/3D-Bone (Figure 6). At 4 weeks, BMP-

2(50) and BMP-2(100) groups appeared significantly higher

in volume than the HF group. Subsequently, BMP-2(50)

group still kept its volume higher than HF group at 8 weeks

and this significance between the two groups continued

until 12 weeks, when the volume of BMP-2(50) group also

reached higher than that of BMP-2(10) group. Through the

Figure 3. Representative images of radiographs of the implants. Radiographs show that radio-

paque area and depth attenuated in control (HF group) in a time-dependent manner; however, they
look increasing by BMP-2 (BMP-2 groups).
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periods, the radiopaque volume tends to increase in all

groups except for HF group; especially, significant as-

cendant of the volume was observed only in BMP-2(50)

group.

Histological Analysis

At 4 weeks, the samples were surrounded by soft tissues

and giant cells were observed along the periphery in all

groups; in particular, HF group showed prominent soft tis-

sue and giant cells (Figure 7). In all experimental groups

containing the BMP-2 vector, a bonelike tissue appeared

inside of the sample and near the soft tissues. In addition,

these groups looked to obtain many new blood vessels in

comparison with HF group. According to Alizarin Red S

staining, the positive color indicated that calcium deposi-

tion was scattered in these experimental groups inducing

recombinant human BMP-2 (Figure 8).

At 8 weeks, Figure 7 represented that the soft tissue

area spread widely in HF group, which was accompanied

by shrinking of the size of the implant. In contrast,

although soft tissue looked maintained, the bonelike tissue

occupied larger area in the three experimental groups than

that observed at 4 weeks. Again, calcium apposition was

Figure 4. Reconstructed 3D-images of the implants. Increase of radiopaque in BMP-2 groups is

prominent, which indicates new mineral apposition.

Figure 5. Measurement of mineral content by dual-energy X-ray absorptiometry. Data is expressed

as mean 6 SD. * is recognized as statistically different: p\ 0.01.
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observed by Alizarin Red S staining, aligning along the

inside of the implant surface (Figure 8).

At the last time point of 12 weeks, HF degraded and

almost disappeared. On the other hand, the bony tissue in

the experimental groups kept expanding (Figure 7). In Aliz-

arin Red S staining, the histological observation did not al-

ter so much since the time point of 8 weeks (Figure 8).

DISCUSSION

The mechanism in which GAM accelerates tissue engineer-

ing has been demonstrated as follows.6,7,10 In the process

of the regeneration, the cells surrounding GAM migrate

into the matrix. Fundamentally, those cells are mainly

fibroblastic cells; some cells can be regarded as the targets

for the plasmid. Once the cells engulf the plasmid vector,

they subsequently get set to produce the encoded protein.

Thus, GAM acts as a bioreactor for producing an encoded

protein, which in our case was human BMP-2. The dura-

tion of the gene expression in this transgene system may

depend on the size of GAM, which presumably influences

the period of the matrix degradation, and the application

site.

In this experiment, the HF was used as a new version of

GAM instead of collagen sponges. Although collagen

sponges have been well used as implant scaffolds for keep-

ing the space for regenerate of tissues and releasing the sig-

nals, they are not yet osteoconductive themselves and may

cause inflammation and allergy representative for immune

problems when grafted in human because of its source of

animal. On the other hand, HA is biocompatible and osteo-

conductive, and is not of animal origin but a synthetic mol-

ecule. It bonds directly to vital bone and is, therefore,

expected to be a useful substitute for bone formation and

regeneration.14,22,23 However, the problems with conven-

tional apatite compounds are low porosity, small pores, and

poor permeability, which may make cells and tissues diffi-

cult to penetrate into the apatite. Furthermore, it is reported

that HA is not highly degraded, although many attempts

have been made to increase the absorbability of HA by its

combined use with highly absorbable materials.23,24 On the

other hand, HF is easy to be handled and fill bone defects

due to its flexibility. Although we have not examined cell

migration into HF, many of inflammatory cells and hemato-

poietic cells, which permeated into the matrix, were

observed in the histology since as early a stage as 4 weeks

postoperation. Therefore, it was suggested that HF not only

served as a bone substitute but also, as a reservoir, allowed

endogenous cells to immigrate to get HF a more biocom-

patible matrix, and then, most of the HF only group

showed they were almost absorbed at 12 weeks after

implant.

CaP, in which plasmid vector is incorporated, has been

used for in vitro gene transfer.25–30 Since CaP stabilizes

nucleic acids,26 we speculated that CaP would be also use-

ful for in vivo gene transfer.20,31 In the previous study, we

used plasmid vector encoding EGFP, combined it with

CaP, and mixed this combination with collagen. The com-

bined material was then subcutaneously transplanted to the

rats.20 Such a GAM as modified with CaP showed a signifi-

cantly higher fluorescence of EGFP than the original GAM

without CaP. This result from our previous study indicated

that modification with CaP increased the efficiency of gene

transfer in the GAM system. We also demonstrated that

this modification reliably holds plasmid vector in the GAM

and that it also protects plasmid DNA from DNase diges-

tion. These two characteristics are expected to increase the

efficiency of gene transfer in not only the previous version

but also the HF version of our modified GAM systems.

Indeed, clinical trials of gene transfer with plasmid vectors

encoding angiogenic proteins, such as FGF, VEGF, and

HGF, have already been started. Although further studies

are required, the present study indicates that our modified

Figure 6. Radiopaque volume calculated from 3D-images by micro-CT. Data is expressed as mean 6
SD. * is recognized as statistically different: p\ 0.05; # is recognized as statistically different: p\ 0.01.
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GAM method has potential for application in experimental

and therapeutic fields that employ plasmid DNA transfer,

especially in tissue regeneration.

In this study, we prepared three different doses of the

BMP-2 coding plasmid vector such as 10, 50, and 100 lg
for BMP-2(10), BMP-2(50), and BMP-2(100) groups,

respectively. When compared with HF and BMP-2(10)

groups, BMP-2(50) group was significantly higher in the

mineral content over time. According to BMP-2(100)

group, the peak of its mineral content was observed at

4 weeks, whereas the mineral content of BMP-2(50) group

was maintained ascending to 12 weeks, which might sug-

gest that the peak point was advanced as the dose of the

plasmid increased. This might be because osteogenic

reagents, such as BMP-2, recruit and activate not only

osteoprogenitor cells but also bone-resorbing cells like

osteoclasts.32–34 Since a fine balance probably exists

between the opposing effects of osteogenic factors, it is

necessary to optimize its dose, its mode of delivery, and

the timing of its release to maximize osteoinductive or

osteoconductive responses. Furthermore, the radiopaque

volumes of all groups profiled similar to the mineral con-

Figure 8. Histological images stained with Alizarin Red S. Arrowheads indicate the mineral apposi-

tion. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.

com.]

Figure 7. Histological images by hematoxylin and eosin staining. Arrowheads in the high power

picture indicate the giant cell and asterisks represent newly formed bonelike tissues. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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tents through the experimental period. As demonstrated in

previous studies, such changes seen in radiographic analy-

ses or mineral measurements are intimately attributed to

newly formed bone apposition dependent on BMP-2 protein

dose.21,35,36 In this study, BMP-2 was carried as not a pro-

tein but a plasmid gene; therefore, the amount of ectopic

bone formation seemed to be dependent on the expression

level of rhBMP-2, although this point was not examined in

the present study.

We demonstrated an example, which examined a new

biocompatible matrix, HF, employing plasmid gene transfer

to induce ectopic bone formation. Conclusively, although it

remains explored, HF as a modified GAM constituting a

BMP-2 coding plasmid and CaP may become a new candi-

date for bone formation and regeneration.

We sincerely thank Dr. Keiichi Ohya, Pharmacology, Tokyo
Medical and Dental University, and Dr. Michiko Suzuki, Oral
Implantology and Regenerative Dental Medicine, Tokyo Medical
and Dental University, for technical help and advice.
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[n this study the efTects of molecular structure of proteins on their adsorption behaviour and viscoelastic 
ity are investigated using a QCM-D method. The adsorption measurements show that sphericallysozyme 
is rapidly adsorbed on the gold surface as a stiffmonolayer，as indicated by a sharp drop in the oscillation 
frequency (ム，f)� of the sensor，and by a very small increase in the energy dissipation of the adlayer (Ll.D) 
Fibrous calfskin collagen (CSC) is，however，adsorbed on the same surface rather slowly in two steps to 
form a thick and soft multilayer (large Ll.fand Ll.D) at pH 3 in salt-free conditions. The rwo-step adsorp 
tion is not observed for stiff1y aggregated CSc.This study clearly demonstrates that the polymer structure 
strongly afTects not only how adsorption develops but also the viscoelastic properties of the adlayer. 

~2010 Elsevier B.V. AIl rights reserved. 

1. Introduction 

Interactions between biopolymers and solid surfaces are 
involved in many biological phenomena， including adhesion of 
cells on artificial materials [1，2] or plaque formation [3.4]. There 
fore， it is important to investigate the adsorption behaviour of 
biopolymers on solid surfaces and to gain an understanding of 
the rheological properties of their adsorbed layers (adlayers). 
Among biopolymers，proteins are important because oftheir struc 
tural variety and their capacity to form new functional materiaJs. 
Proteins are divided morphologicalIy into globular and日brous 
groups. 

In the globular famiJy，a spherical protein with a rigid higher 
order structure can be adsorbed on a surface wi th Jess struc 
tural f1uctuation，and we chose Iysozyme as an example of such 
a protein. Lysozyme is a compact and almost spherical pro-
tein (3 nm x 3 nm x 4.5 nm) that has been well-characterised both 
structuralIy and functionalIy [5，6]. Because Jysozyme is a secreted 
a，ntibacterial protein，itcan be safely incorporated into newly devel-
oped functional biomaterials， and it has been shown to adsorb 
rapidJy to various surfaces as a monoJayer [7]. 

In contrast to a simple spherical shape，a日brousshape may 
induce complex adsorption of proteins on surfaces due to their 
structural f1uctuations， which depend on their rheological prop 
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erties. Collagen is a typical fibrous protein of significant biological 
importance [8]. Jt is an extremely slender stru仁� turalprotein (1.5 nm 
in diameter and 300 nm in length) with relatively high stiffness 
because of its triple helical structure. In a physiological environ-
ment， collagen molecules preserve the morphology of tissues by 
aggregating and crosslinking to form mechanically stronger bun-
dles [9]. Recently，colIagen has been widely used in bioengineering 
as a scaffold [10] or as a substrate for drug-delivery systems [11]. 

Among various means to investigate the adsorption of macro-
molecuJes on the solid surface， the quartz crystal microbalance 
(QCM) proves a reliable technique with high sensitivity for adsorp 
tion measurements. An improved QCM developed in the late 1990s 
was capable of dealing with soft adlayers，which was difficult with 
the conventional QCM device. Because this advanced technique 
measures the energy 'dissipation・ofthesensor oscillation ca used by 
the drag of a medium with which the sensor is in contact，it is calJed 
QCM-D. QCM-D measurements make it possible to deduce some 
important viscoelastic parameters，such as shear modulus and vis-
cosity，as welI as layer thickness [12] by choosing an appropriate 
viscoelastic model. 

In the present study， we investigate adsorption of proteins 
with totally different shapes (i.e.， long thread司Iikecollagen and 
compact spherical Iysozyme) on a gold surface using the QCM-D 
method，because both ofthese major biopolymers may be involved 
in deveJoping the functionalised material in future. Furthermore， 

we discuss the differences in adsorption of the two proteins on the 
basis of moJecuJar geometry and rheology of the adlayer. To survey 
the effect on adsorption of the conformation and aggregation of 

http:tnezu@iwate-med.ac.jp
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calfskin collagen (CSC). we also performed circular dichroism (CO) 
measurements on CSc. 

2. Materials and methods 

2.1. Materials 

We used acid-soluble CSC type 1 (Lo t 101 K7 038; Sigma. St 
Louis. Mo. USA) and lysozyme chloride from egg white (Lyz) (Lot 
M6K8742; Nacalai tesque. Kyoto. ]apan). These proteins were dis-

solved in distilled water to prepare 0.1 g/L stock solutions. In this 
study. no buffer was used and the pH of CSC or Lyz solution was 
adjusted by adding analytical grade hydrochloric acid or sodium 

hydroxide solution (1 or 0.1 mol/L solutions; Nacalai tesque. Kyoto. 

]apan). When needed. a simple 1:1 salt. reagent grade sodium chlo-
ride (Nacalai tesque. Kyoto. ]apan). was used to adjust the ionic 

strength of the solutions. The stock protein solutions were then 
diluted to 0.02 g/L by adding distilled water or aqueous NaCI solu-
tion at the desired pH. Care was taken with solutions of neutral pH 

to minimize the pH drop due to absorption of atmospheric C02・� 

2.2. Overview of QCM and QCM-D 

In this section. we outline the method used in this study. The 
oscillation frequency fof a quartz crystal oscillator is lowered when 
a substance is bound to its surface. The frequency changeムf is 
directly proportional to the weight change ofthe oscillator per unit 
areaム� mby adsorption [13]. given by 

.6.f = -I1 C.6.m， )1(
 

where nis the fundamental driving frequency (5 MHz for our appa-

subtracted the artefactsムr and .6. D fromthe observedム� fand企� D，事� 

respectively，to obtain the net adsorption information. We note that 

these correction values are small enough compared to .6.f and .6. D 

ratus) overtone order and C is an instrument constant. With the 
fundamental frequency (n ~ 1). a decrease in什� equencyby 1 Hz in 

our system corresponds to the adsorption of 17.7 ngcm-2. This 
linear relationship. however. is limited to the case where the adsor-
bate is firmly bound and moves together with the crystal. If the 

driving osc川� ation(amplitude Ao) to the sensor is stopped. the 

oscillation amplitude A decays by friction at the adlayer/medium 
interface. given as 

A=い� P [~t] sin岬� +<p) (2) 

where τis the exponential decay constant. f the frequency of 
the quartz sensor and <p is the phase angle [12]. For a soft 
adlayer. the decay becomes more rapid (corresponding to smaller 

τ). Energy dissipation D is the reciprocal of the quality factor 

Q ~2JTEsrored/Edissipared. and is expressed as [14): 

D=(πfτr 1 • (3) 

Thus. a soft adlayer exerting strong damping (smallτ) leads to 
a large D. so the change in dissipation .6. D is related to a change in 

the rheological properties or softness. of the adlayer. 

2.3. QCM-D measurement 

We investigated the adsorption of CSC and Lyz on a gold surface 
using a QCM-0300 quartz crystal microbalance with dissipation 

monitoring (Q-Sense AB; Gateborg. Sweden) equipped with an AT-
cut quartz sensor with a gold surface. The equilibrated sample 

solution was introduced into a chamber (80μL) facing the sensor 
that detected the frequency f and the dissipation D. In the follow 
ing discussion. these will be referred to in terms of changes in 
the frequency (ム刀 anddissipation (.6.D) after adsorption starts 

The temperature was maintained rigorously at 25 0 C throughout 
the measurements. Measurements were done at the fundamen-

tal driving frequency of 5 MHz. and for the third.日� fthand seventh 

overtones (i. e.. 15.25 and 35 MHz). Instead of plottingfn itself. we 
plotted the reduced frequency fn/n for each overtone n as a func-
tion of time. reflecting the fact that Eq. (1) can be expressed as 

.6.刀η~ -C.6. m.Of all data accumulated at each overtone. however. 
f5/5.6.fthovertone; 25 MHz). and (日 we only consider those for n~ 5 

and .6. D5 are hereinafter denoted asムf and 企� D.This is because 
the features in .6.f andム� Dwere essentially common to all orders 

n. AIl exceptions to this notation are explicitly mentioned at each 
Jn stance 

Both .6.fandム� Dare. however. influenced not only byadsorption 

but also by the physical factors such as medium density or vis-
cosity. This has to be considered when the solvents with different 
salt concentrations are introduced in turn. It actually occurred in 

our experiment when the CSC adlayer in water was rinsed by NaCI 

solution.ln this case. the observed .6.fandム� Dwere due to both the 

actual change in properties ofthe adlayer and the physical artefacts 
by the medium exchange.ln order to eliminate such artefacts and to 
adequatelyobtain any infor口� lationon the adsorption. we estimated 

in advance the .6.f and .6. D simpJy due to the density or viscosity 
change. In this blank measurement. pure water and 50 mM  NaCI 
solution ofthe same pH 3 werealternately applied. Wh en the water 
was replaced by the saline solution. .6.fdecreased by 2.2 Hz (=-.6.f) 

while totally opposite つ，� D(=.6.6x 10-.4D increased by 0.6.and 

changes were observed for the saline/water exchange. Since no 
particular adsorption is expected for NaCJ， theムr and .6. D ISrea事� 

sonably attributed to the densityor viscosity change ofthe medium. 
Thus， when the CSC adlayer in water was rinsed with 50 mM  NaCI 
solution at the same pH 3 (Fig. 1A. indicated by “� +50 mM  NaCl"). we 

values for the protein adsorption/desorption. as seen in the results 
section (typically 10-30 Hz forム� fand(1 -8) x 10-6 for .6. D). 

2.4. CD measurement 

Using a]・� 805spectropolarimeter (J ASCO. Tokyo， ]apan). we 

measured the circular dichroism (CO) spectrum of CSC to confirm 
its conformation. An optical cell with a light path of 1 cm was ther 

mostatted at the desired temperature. Four scans between 190 and 

260 nm were accumulated to improve the spectral quality， and. 
when needed， temperature scan was conducted from 20 to 55 'C 
at 0.5 K min-1 • CO 

a 
is expressed by the residual molar ellipticity [θl 

(deg cm2dmol-1) on the basis of an averaged residual molecular 

weight of 89 for the type 1 collagen used in this study. By repeating 

the measurements. we confirmed the reliability of the CO results. 

as well as the QCM-O results. 

3. Results 

3.1. Adsorption ofCSC observed by QCM-D 

Fig. 1 A shows the dynamics of .6.f and .6. D as functions of time 
after introducing a 0.02 g/L CSC solution at pH 3 into the cell. In the 

absence of salt (thick line). .6.f initially drops and slowly relaxes， 

whereas D barely increases. At 50 min. an additionaJ decrease in 
.6.f begins， again followed by a slow relaxation. At the same time. 

D begins to increase markedly. After 3 h.ムf stabilises near -35 Hz 
and 企� Dnear 8 x 10-6.We denote the白� rststep (before 50 min)ぉ� 

the sen-Wh en 1.phase 1 and the second step (after 50 min)as phase 1 

sor was rinsed by introducing 50 mM  NaCl solution into the cell，ム� f 
recovered promptJy by approximately 15 Hz. and .6. D by approx卜� 

mately 5 x 10-6.Conversely， no change occurred after rinsing with 
pure water (data not shown). 

http:exchange.ln
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The thin line in Fig. 1A shows the dynamicsムfandム� ofor CSC 
at pH 3 with 50 mM NaCl. ln contrast to the salt-free system，in this 
caseム� fissmaller and has asingle relaxation feature; 6.0 is simply 
reciprocal toム工� Thefinal values forムf andム� oare -20Hz and 
3 x 10-6，respectively，which coincide with the values obtained for 
the salt-free system after the equilibrated sensor was rinsed with 
a 50 mM salt solution. 

Fig. 1Bshows the dynamics ofム� fandム� oat pH 7with no added 
salt. Qualitatively，the change inムfandム� oconsists ofa mixture of 
the features observed for the cases with and without salt at pH 3. 
The two consecutive decay curves observed at pH 3 forムfappear 
to overlap; the latter ofwhich appears at 100 min for the pH 7 case. 
However，the second decay in 6.fis not distinct compared to the 
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case for pH 3 with no salt (Fig. 1A，thick line)，so that 6.fappears 
to have only a single dominant decay time constant. Although the 
overall features ofム� fandム� oresemble those for the system with 
50 mM salt at pH 3，the dynamics are more gradual and continuous 
than that at pH 3，and no equilibrium is reached within4 h. Because 
CSC aggregates severely at pH 7 with 50 mM NaCl， we were unable 
to perform QCM-D measurements at this pH. 

3.2. Ad.soゅ� tionofLyz observed using QCM-O 

Fig. 2A shows the dynamics ofム� fandム� oafter the introduction 
ofO.02g{L Lyz at pH 3，in the absence (thick line) and presence (thin 
line) ofsalt. ln contrast to CSc，ムfdrops immediately to a constant 
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drops quickly to reach a constant value below -10Hz. With 50 mM  
salt added，the drop inムfreducesto approximately -4 Hz (Fig. 23， 

thin line). ForムD，no change is detected at pH 7，in contrast to the 
result at pH 3. 

3.3. Conformation ofCSC in solution investigated by CD 

The results indicate that the adsorption of CSC depends on the 
pH and the presence{absence of salt in a distinctly different man-
ner from the adsorption of Lyz. A potential cause of this different 
adsorption behaviour is the conformation or aggregation state of 
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CSC in solution. which we therefore examined by CD. In order 

to examine the relation between the pH-dependent adsorption 

behaviours and anyspecific conformation ofCSC， CDwas measured 

at pH 3 and pH 7. Fig. 3A shows CD spectra of CSC for different 
pH values. Each spectrum consists of two features. a deep trough 

at 197 nm and a peak at 221 nm. which are characteristic of the 
collagen helix (poly (pro)Il helix) [15].Whereas the CD intensity 
de仁� reasesslightly with increasing pH，the overall features of the 

spectra are similar，and we find an iso-CD point at 209 nm. Fig. 4， 

which shows the pH-dependence of the specific仁� Dat 197nm 

([81197) and at 221 nm ([81221).shows that both [8]197 and [θ]221 

are constant up to pH 5.From pH 5 to pH 6，[θ1197 increases and 

lθ1221 decreases，and above pH 6，[θ1197 and [θ1221 are again con-
stant. The reverse process is observed when the pH is decreased 
(shown by inverted triangles in Fig.4). 

A te口lperaturescan of CD gives a denaturation curve. ln gen-
eral，each constituent species is distinguished on the denaturation 

curve， as in the differential scanning calorimetry (DSC). ln order 

to examine if any speci日cspecies of CSC are concerned with the 

D.fand D.D features in the QCM-D，we made temperature scans for 
CD.For thispurpose，we日rstlyexamined theCDspectra atdifferent 

temperatures. Referring now to Fig. 3B，we see that increasing the 

temperature ofthe CSC solution results in the CD spectrum chang-
ing from poly(Pro)Il-like to poly(Pro)l-like，with an iso-CD point at 
211 nm (pH 3) or at 213 nm (pH 7). Fig. 5 shows the dependence 

of the specific CD ([8h97 or [81221 )on temperature，which repre 
sents the thermal denaturation curves of CSC. The upper panel of 

Fig. 5A hints that the denaturation curve at pH 3 (thick line) con-

sistsofa two-step profile(a marked change followed bya moderate 
change)，whereas at pH 7 (thin line) we see only a single-step pro-

file. We based the denaturation curve in the presence ofsalt at pH 

3 (Fig. 5B，upper panel) on [8]221 instead of [81197 and limited the 
concentration of NaCI to 10mM  because a higher concentration 
of仁� 1-resulted in excessively noisy CD spectra at shorter wave-

lengths.Addition of salt (pH 3) causes the denaturation curve to 

shift towards lower temperatures (Fig. 5B，upper panel). To make 

these points clearer，differential denaturation curves are presented 

in the lower panels of Fig. 5A and B. For c 

a denaturation temperature Td to the temperature that gives the 
maximum on the differential denaturation curve. Thus，Td =37oC 

at pH 3 and Td =40
cC at pH 7，whereas at pH 3 and in the presence 

of salt at 10mM，Td =35oc.Though Td at pH 3 is lower by 2oC in 

the presence of salt compared to the salt-free condition. no spec-

tral difference is observed in the presence and in theabsence ofsalt 
(data not shown). 

4. Discussion 

4.1. Quick m'ld tightadsorption ofLyz 

After its introduction into the instrument cell. Lyz is promptly 
adsorbed on the gold surface. regardless of pH or the presence or 
absence ofsalt (Fig. 2Aand B).This characteristic is remarkably dif-

ferent from the adsorption behaviour of仁5仁:� a difference that we 

tentatively attribute to the different molecular geometry. lt is rea-
sonable that the almost isotropic small particle (Lyz) settles on the 

valuesム.fSC).The(仁 surface more quickly than a bundle of fibres 

reach about -10Hz，which is almost half those for CSc.Although 

the ability of Lyz to adsorb onto a gold surface appears inferior to 
that ofCSCasshown by the smaller D.ffor Lyz. this resultshould be 

interpreted cautiously，becausefis affected by D as shown by the 
Eq.(3)(しe..the largerdrop inffor theCSCadlayermaybe partly due 

to the larger increase in D because of a high viscoelasticity).OnJy 
at pH 7 in the presence of salt is the adsorption weakened.The 

suppressed adsorption of Lyz caused by higher pH (reduced elec-

trostatic repulsion)and lower polarityofthe medium hints that the 
hydrophobic interaction is concerned in the adsorption.ム� Dis sig 

nificantly smaller at pH 3 for Lyz than for仁SC(about 1/80-1/160. 

i.e..approximately two orders of magnitude less).At pH 7. D.D 
is below our detection limit，while D.fremains significant. These 

results indicate that Lyz attaches to the gold surface very tightly， 

and thattheadlayer is more rigid at pH 7 thanatpH 3.Wespeculate 
that at pH 3，more positively charged Lyz molecules attach on the 

surface. Jeading to a stronger intermolecular repuJsion that allows 

water to interpenetrate. resulting in a Jooser adlayer. 
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As a basis for discussion，企� Dis plotted against 6.f in Fig.6. 
Schematic drawings for the plausible modes of adsorption ofCSc， 
as well as Lyz， are also given in the lower half of Fig.6. Examin-
ing Fig. 6B， we note that the adsorption of Lyz is quite different 

from that ofCSC(Fig. 6A).There are no transitional or intermediate 

states involved for the adsorption of Lyz， as indicated by the dis-

crete appearance in the plot of 6. D versusムよ百� lischaracteristic 
strongly indicates that the adsorption is limited to a single layer， 

which is consistent with the monolayer adsorption nature of Lyz 
[16-18]. 

Because the adlayerofLyz is rigid in terms ofQCM-D forall con-
ditions used in this study， the Ii near relationship between 6.f and 
6. m holds. Using an instrument constant of 17.7 ngcm-2 HZ-l for 

our experiments， we estimate the weight gain by adsorption to be 

ム� m=ー� 17.76.f Using the observed value ofム.f"'" -11 Hz，a molecu-
larweight of 14，300 and an approximate molecular projection area 

of 10 nm2， and assuming a monolayer of Lyz， we estimate that the 
surface is almost fullycovered by theadsorbed Lyz. Similaradsorp-

tion behaviour ofLyz has been shown for silica and titania surfaces 
as well [7]， and tight monolayer binding seems to be a common 
property of Lyz. 

4.2. Slow and loose adsorption ofCSC 

4ユ� 1. Two-step adsoゅ� tionatpH3 in salト� freecase 
The most striking feature in theadsorption ofCSC is the distinct 

two-step profile (phases 1and 11)observed at pH 3 in the absence of 

salt. The two-step change infand D (Fig. 1A) indicates that at least 
two distinguishable types of adlayer are involved. We tentatively 

interpret each step as follows. 

TheCSCslowlysettleson thesensorsurface， possiblybecause its 

extremely anisotropic geometry hinders a prompt rearrangement 
to an optimal configuration， both in phases 1and Il. Theoretically， 

ム刀� nor 6. D are the same for aJJ overtones when the adlayer is rigid 
and uniform，asseen fortheadsorption ofLyz，whereas divergences 
between overtones are found in highly viscoelastic systems with 

D are the6. 1' n06.刀Because the results for9].いlarge dissipation
same forall overtones in the firststep (data not shown)， the slowly 

formed adJayer in phase 1seems less mobile or less f1 uctuating.We 

speculate that the long CSC molecules are perhaps laid firmly on 
the sensor surface， and thereby reducing 企� D. 

In phase I!， more CSC molecules accumulate on the CSC layer 
that was formed in phase l. Because the magnitude ofbothム.f� and

a fairly thicl< adlayer must have，11 Dbecomes larger in phaseムthe 
developed. Jn addition， we observe a larger 6. D with time than 
6.f， so Eq. (1) suggests that T for the adlayer formed in phase I! 

is smaller， indicating that the layerf1 uctuates more easily. Discrep 
ancy in both 6.刀 nandム� Damong the overtones (n=3，� 5，� 7) occurs 

when the adlayer is stronglydissipating，which actually happens in 
softness'indicates a weaker binding・the increased，Thus 11. phase 

and a swaying feature for CSC， which is presumably caused by the 
secondary binding with its random orientation on the pre-formed 

1. layer of phase 

At pH 3 and in the absence of salt， the viscoelasticity of the 

adlayer in phase 1is distinguished from that in phase II by the dif-
ferent slopes (Fig. 6A， solid circles). ln phase 1， a relatively rigid 

adlayer grows，お� indicatedby the small increase in 6. D with the 

progression of adsorption (i. e.， increasing 6.f). Subsequently， an 
as indicatedsofter adlayer develops in phase 11， ，uctuatingf1easily 

bya large increase inム� Dwith 6.f These results suggest the exis-
tence of two different species of CSc. The increment inム� Das a 
function of 6.ffor each phase suggests multilayer adsorption [20]. 

There are some possible expJanations 

recoverymainly to desorption oftheweaklyadsorbed CSC in phase 
11.Supporting this hypothesis is the fact that after the rinse， both 

6.f andム� Dapproach the values observed for the system in the 
presence of the same 50 mM  salt (Fig. 1B)， in which no additional 

weal< adsorption (phase 11) is found. In addition， if this recovery 
represents just the rheological change in the adlayer without any 

desorption (i.e. a collapsing conformational change or a shrinking 
ofthe adlayer)， 6.fwould not have changed as much as we observe. 

In fact， no conformationaI change is caused for CSC by a simple 
1:1 electrolyte， namely NaCl， as brief1 y mentioned in Section 3.3. 
Besides， some AFM work [21] shows that the bundled structure 

of collagen is well retained after the adsorption on a solid sur-
face in the presence of0.15 M salt. As long as the bundle remains 

unchanged， it is quite possible that the each constituent collagen 

molecule keeps its native triple helix structure.Considering these 

all， we think that both 6.f and 6. D after the rinse by NaCI solution 
would be mainlydue to desorption， rather than to any distinct con-

formational changeoftheCSC molecules ortheshrinkingofthe CSC 
adlayer. 

4.2.2. One-step adsorptionロ� tpH 3 in the p陀� senceofsalt orロ� tpH 
7 

In contrast to the adsorption at pH 3 for the salt-free case， 

the adsorption proceeded in a single step at pH 3 in the pres-
ence of salt， or at pH 7. In addition， Fig.6 indicates that CSC is 
bound more loosely in these conditions. Considering the aggre-

gating nature of CSC at higher pH or in the presence of salt， 

the CSC in these conditions may be less f1 exible than that in 
the salt-free environment at pH 3. While the f1 exible CSC can 
fully attach to the substrate surface (l ower 6. D/L主凡� the aggre-
gated and less f1 exible CSC cannot stably contact to the surface 
(higher 6. D/6.f). Thus， we suppose that the difference between 
the one-step and two-step adsorptions is probably due to the 
different f1 exibility of adlayers that may be related to associa-
tIOn. 

The plot of6. D versusム.f� exhibitsnearly a single slope (Fig.6A; 
opencirclesforpH 3with saltand small crossesforpH7)，indicating 

a single adsorbed species. The difference between the plots for pH 

3 with salt and for pH 7， however， indi日� tesa different viscoelas-

tic nature between these two. It is probably due to the different 
degree of aggregation. That is， higher 6. D for the adlayer formed 

at pH 7 in the absence of salt suggests that the adlayer consists 
of bulky aggregates with lower density. The degree of aggrega-

tion seems lower in the adlayer at pH 3 with 50mM  NaCl than 
at pH 7， because the feature of 6.D-6.f curve for the former is 
somewhat similar to that at pH 3 with no salt，where aggregation-

free CSC is assumed. The suppressed adsorption (l owerム刀� forthe 
salt-containing system indirectly suggests that the hydrophobic 

interaction between thesurfaceand each CSCmolecule，orbetween 
CSC molecules participates in the adsorption and the following 
stacking. 

4.2.3. A plausibleattribution oftwo specieswith the aid ofCD 
Here the results of CD regarding the CSC structure， although 

limited to solution， are useful to the discussion.The iso-CD point 
in the spectra for different pH values (Fig. 3A) and the single-step 
pH titration curve (Fig. 4 旧1冗� econformation of CSC i引)汀rmeanthat th 凶n 
solution i 山li陪shablebetween pH 3 and pH 7. The凶5optically di凶stingu

two conformations reversibly interchange at pH 5.5 (Fig. 4). How-
ever， because the conformational difference is small (ぉ previously 
reported [22])， it is at best attributable to a different helix pitch， 

with the overall collagen helix conformation maintained. Never 

theless， the rheology related to these two conformations [23] is 
different，as seen from the 6. D curves in the QCM-D results foreach 

pH (Figs. 1 and 2). Considering that collagen expands to become 
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swollen at lower pH (l arger helix pitch)， whereas it shrinks and 
tends to aggregate at neutral pH (smaller helix pitch)， we propose 
the following interpretation for our results. The conformation at 
pH 3 may be related to a swollen structure with higher softness， 

which is consistent with the discussion in the previous section 
(4.2.1) that the fIexible CSC molecules are tightly attached to the 
solid surface (phase 1 of the adsorption) at pH 3. lt is also con-
sistent with a larger 6. D (or a larger slope in the 6.D-6.f plot) in 

of the adsorption (secondary weak adsorption). Con-11 the phase 
trary to this，the conformation at pH 7 with the relatively rigid helix 
structure，which is unfavourable for the intimate contact to the suト� 

face， might have lead to a larger initial slope in the 6.D-6.fplot at 
pH 7 

The denaturation curves (Fig. 5A，upper panel) or their differen-
tial forms (Fig. 5A， lower panel) illustrate two important points. 
First， the denaturation temperature Td of CSC is higher for pH 
7 (Td =40 oc) than for pH 3 (Td =37 oc). ln other words， CSC is 
more stable at pH 7 than at pH 3. Second， the thermal denatu 
ration at pH 3 seems to occur in two steps， whereas at pH 7 it 
is a single-step process. The two steps in the denaturation curve 
observed at pH 3 (Fig. 5A， upper panel， thick line)仁� onsistof a 
part with a steeper slope (marked conformational change) at lower 
temperatures and a part with a gradual slope (moderate confor-
mational change) at higher temperatures. The former suggests a 
free (non-aggregated) CSC species with lower stability，while the 
latter suggests an associated (or weakly aggregated) species that is 
more resistant to thermal denaturation (presumably， both with a 
common conformation).ln comparison with the QCM-D results，the 
assumed free species could be related to phase 1 in the adsorption 
process because its higher flexibility is favourable for the struc四� 

tural rearrangement to achieve an intimate and stable contact to 
the substrate surface， as reflected in the low 6.D. The associated 
species is related to the phase J[ (Iarger 6.D)， where it might be 
loosely accumulated. The single aggregated species indicated by 
CD at pH 7 (Fig. 5A， thin curve) is consistent with the single-step 
change in the QCM-D results with larger 6.DI6.f. Although this 
interpretation of the adlayers is less strict because the information 
provided by CD concerns only the bull 

4.3. Conformational change ofpolymers in the adlayer deduced 
from theムD 

Proteins are sometimes denatured by adsorption [29]. and QCM-
D would be appropriate in that itcan reveal the viscoelastic features 
of the adlayer that might reflect a speciJic conformatio!l of the 
adsorbed polymer [30].lf a large conformational change occurs for 
the polymer adsorbed on the surface， D should change cO!l comi-
tantly. In this sense， no conformational change is detected for Lyz， 

at least within the elapsed time， because 6. D was almost constant 
throughout the observation period once the instantaneous adsorp 
tion was completed. This may be related to the observation that the 
dots appear in a verysmall area in the 6.D-ム� fplot(Fig. 6'8)， i.e.，both 
Mandム� Dbarely depend on time. On the other hand， the time-
dependent change in 6. D and the continuity in theム� Dーム.f plot 
for CSC (Fig. 6A) hints at a slow continuous accumulation of CSc. 
It is possible that the CSC molecule slightly changes its structure 
in the course of adsorption while seeking the thermodynamically 
most stable conformation. However，we can draw no solid conclu-
sion from 6. D regarding the conformational change of CSC after 
its adsorption because it is difficult to separate the contribution to 
ム� Dby the conformational change from the contribution to 6. D by 
the growing adlayer. Furthermore，such conformational change of 
CSC may be too small as described in the last part of Section 4.2.1. 
Thus， at this moment， we only state that the 6. D would be related 
to the change in the flexibility or the swaying nature of associ-
ated CSC in the adlayer rather than to any specific conformational 
change. 

5. Conclusion 

We investigated the adsorption on a gold surface oftwo biotech-
nologically important proteins with completely different shapes 
using a QCM-D technique. Both adsorption kinetics and the vis-
coelastic properties ofthe adlayer were investigated and discussed 
in detail. 

Calf旨� kincollagen (CSC) of an extremely long fibrous shape is 
adsorbed very slowly with a marked relaxation characteristic. In a 
salt-free solution at pH 3， the adsorption progressed in two steps. 
Based on the results of the QCM-D and CD measurements， we 
attribute the first step with smaller dissipation (企 D)to the tight 
adsorption of a relatively flexible species with minimal aggrega-
tion. The second step we tentatively attribute to sparse and swaying 
adsorption. Furthermore， the adlayer formed in the second step is 
easily desorbed by adding salt; it was absent at pH 3 with salt and 
at pH 7 with no salt. 

Lysozyme (Lyz)， which has a compact spherical shape， is 
adsorbed on the surface veryrapidly; this is verydifferent from the 
case with fibrous CSc. The very small 6. D indicates tight adsorp-
tion of Lyz， where the Lyz monolayer almost fully covers the 
surface 

These results strongly suggested the importance of the geome-
tryofadso巾� ates，which also affect theviscoelasticity ofthe adlayer. 
Viscoelastic analysis of the adlayer would help to design and char-
acterise biologically functional surfaces covered by polymers of 
various types， and the current study demonstrates the usefulness 
of QCM-D for this purpose. 
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AbstrAct
Amelogenin expression is regulated in a cell- 
type-specific manner. Investigators have previously 
identified an enhancer element by using the 5′ flank-
ing sequence of the amelogenin promoter. However, 
the cell-type-specific regulation of the amelogenin 
gene remains poorly understood. In some genes, the 
first intron regulates tissue-specific expression. We 
hypothesized that intron 1 is important for the cell-
type-specific regulation of amelogenin expression. 
We identified a suppressor element between -74 and 
-464. We also found enhancer activity in intron 1. 
Additionally, we found that the suppressor element in 
the promoter region suppressed intron 1 enhancer 
activity. The suppressor and the enhancers acted in an 
ameloblast-like cell line, but not in HeLa cells. 
Mutation of the Oct-1 binding sites reversed the sup-
pressor activity, suggesting that Oct-1 sites are essen-
tial for suppression. These results suggest that Oct-1 
and intron 1 may contribute to cell-type-specific 
amelogenin expression.

KEY WOrDs: Oct-1, amelogenin, cell-type-
specific expression, intron, ameloblast.

INtrODUctION

Amelogenin expression is regulated at both the transcriptional and post-
transcriptional levels. Previously, we demonstrated that the re-uptake 

of amelogenin protein results in increased levels of amelogenin mRNA 
through enhanced mRNA stabilization (Xu et al., 2006a,b). The CCAAT/
enhancer-binding protein α (C/EBPα) plays a key role in the developmentally 
regulated expression of the amelogenin gene in a cell-type-specific manner at 
the transcriptional level (Zhou and Snead, 2000). Msx2 mediates interference 
with the binding of C/EBPα to its cognate site on the mouse amelogenin mini-
mal promoter (p70) by protein-protein interaction (Zhou et al., 2000). NF-Y 
and C/EBPα synergistically activate the mouse amelogenin gene in a manner 
that can contribute to its physiological regulation during amelogenesis (Xu 
et al., 2006). However, the tissue-specific and temporal-spatial regulation of 
amelogenin expression is not yet completely understood.

The first intron of many genes participates in regulating tissue-specific or 
stage-specific expression via intronic enhancer or repressor activity and/or by 
mediating interactions between the promoter and the first intron (Bornstein 
and McKay, 1988; Bornstein et al., 1988; Rippe et al., 1989; Alder et al., 
1992; Zhou et al., 2006). To understand the molecular mechanisms involved 
in the cell-type-specific expression and developmental regulation of the 
amelogenin gene, we analyzed the effects of intron 1 on the amelogenin pro-
moter activity in HAT-7 cells.

MAtErIALs & MEtHODs

Plasmid construction

To generate pGL3-74 and pGL3-464 reporter constructs, we subcloned the 
5′- to 3′-Nhe I-Xho I digested PCR-amplified fragments of the rat amelogenin 
promoter into the 5′- to 3′- Nhe I-Xho I site of pGL3-Basic (Promega, 
Madison, WI, USA). To generate pGL3-74+intron1, pGL3-114+intron1, 
pGL3-172+intron1, pGL3-250+intron1, pGL3-344+intron1, and pGL3-
464+intron1, we cloned the intron 1 fragment (+56/+1390) of the amelogenin 
gene from rat genomic DNA and then fused it downstream of the promoter 
region driving exon 1 by using the fusion PCR method. The promoter-intron 1 
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fragments were subcloned into the 5′- to 3′- Nhe I-Xho I site of 
pGL3-Basic. To generate heterologous intron 1 or intron 1 dele-
tion mutants/pGL3-promoter driving luciferase plasmids, we 
subcloned each of the PCR-amplified fragments—intron 1 
(+56nt/+1390nt), F1 (+56nt/+386nt), F2 (+387nt/+916nt), F3 
(+917nt/+1186nt), and F4 (+1187nt/+1390nt)—upstream of the 
pGL3-promoter (Promega) and designated them as pGL3pro-
Int, pGL3pro-F1, pGL3pro-F2, pGL3pro-F3, and pGL3pro-F4. 
To generate pGL3-172/+F1 and pGL3-250/+F1 plasmids, we 
subcloned PCR-amplified -172/+F1 and -250/+F1 fragments 
into the Nhe I-Xho I sites of pGL3-Basic. The site-directed 
mutagenic plasmids pGL3-250/+F1 (Oct1m) and pGL3-250/+F1 
(Oct1m x2) were generated by the incorporation of mutations 
into the primers. All of the generated plasmids were verified by 
sequence analysis. The primers used in this study were desig-
nated as follows: (-464F) 5′-CAGACTTGCTAGCGTGAT 
TGTACAATTCTGAATTCT-3′; (-344F) 5′-TAGATCTGGCT 
AGCAGAAACTTGACCATTCACTTAA-3′; (-250F) 5′-TAGA 
TCTGGCTAGCTGAATATATCAGCATATGCAGTC-3′;  
(-172F) 5′-TAGATCTGGCTAGCACGAGTATATGCACTAAT 
CACAAC-3′; (-114F) 5′-TAGATCTGGCTAGCAATCATGA 
TACAGGGATTTTTC-3′;   (-74F) 5′-CAGACTTGCTAGCTTCA 
TTCTGAAACCTGATTGGCT-3′; (Exon1-R) 5′-ATCGACTC 
GAGACATACCTTGAGTGTATGCTCAGTG-3′; (Intron1-R1)  
5′-CAATCGACTCGAGCTGAAATGTAAATCAACACC-3′;  
(Intron1 or F1-F) 5′-CCAGACTTGCTAGCGTATGTGTATTTC 
ATTCATAAT-3′; (F2-F) 5′-CCAGACTTGCTAGCTACAGT 
CTTGTTAAATCATATC-3′; (F3-F) 5′-CCAGACTTGCTAGCC 
CAAAATACATTTCAGTCTCTTC-3′; (F4-F) 5′-CCAGACTT 
GCTAGCCAAAAAACCCATTGCACTATTAGG-3′; (F1-R) 
5′-CAATCGACTCGAGTACAGAAGTAGCCCTCAGTC- 
3′; (F2-R) 5′-CAATCGACTCGAGGAGCACAACCCACTTG 
AGCA-3′; (F3-R) 5′-CAATCGACTCGAGGTGGTGGTGGTG 
GTGGTGGT-3′; (F4-R) 5′-CAATCGACTCGAGCTGAAATG 
TAAATCAACACC-3′; (250Oct1m1-F) 5′-TCCAGTACGGTA 
CCTGAATATATCAGCcgtcGtgGTCAA-3′; (250Oct1m x2-F) 
5 ′ -TGAATATATCAGCcgtcGtgGTCAACTAATTTGC 
TGACTTTAA  GACAGCCTCCTAAACCTATTATTGCCTGcc 
gcGtACGAGTATATGCACTAA-3′; and (F1-R2) 5′-CAATCGA 
TAAGCTTTACAGAAGTAGCCCTCAGTCTGTT-3′.

cell culture

HAT-7 cells, an ameloblast-like cell (Kawano et al., 2002; Xu 
et al., 2008), and HeLa cells were used. HAT-7 cells were cul-
tured in Dulbecco’s modified Eagle’s medium/F-12 (Invitrogen, 
Carlsbad, CA, USA), and HeLa cells were cultured in DMEM/
high glucose (Invitrogen).

transient transfection and Luciferase Assay

Transient transfection and the luciferase assay were performed with 
Lipofectamine 2000 (Invitrogen) and the dual-luciferase reporter 
assay system (Promega) as described previously (Xu et al., 2006a).

Preparation of Nuclear Extracts and  
Electrophoretic Mobility shift Assay (EMsA)

Crude nuclear extracts were prepared by the Dignam method 
(Dignam et al., 1983). For the EMSA-binding reaction, a 5-μg 

quantity of nuclear extract was incubated with 1 μg poly (dI-dC) 
(Sigma, Tokyo, Japan) and 10 fmol biotin-labeled Oct-1 probes 
for 15 min on ice. In the competition samples, 20-fold unlabeled 
Oct-1 wild-type DNA or Oct-1 mutant was added before the 
Oct-1 probe addition. The reaction mixtures were separated on 
a 7.5% polyacrylamide gel. The gel was transferred onto nylon 
membrane. After 10 min of UV-crosslinking, the shifted DNA-
protein complexes were detected by streptavidin-HRP by the 
use of a Light Shift Chemiluminescent EMSA Kit (Pierce 
Biotechnology, Rockford, IL, USA). The following double-
stranded oligonucleotides were used as probe and competitors: 
Oct-1 probe or wild-type Oct-1 competitor, 5′-tgaatatatCAG-
CATATGCAGTCAactaatttgc-3′; and mutant Oct-1 competitor, 
5′-tgaatatatCAGCCGTCGTGGTCAactaatttgc-3′.

DNAP Assay and Western blot

The binding reaction between the biotin-labeled Oct-1 DNA 
probe and nuclear extracts was performed in binding buffer that 
was the same as the buffer for the EMSA binding reaction, 
except that it contained 0.1% (v/v) Tween 20. The binding reac-
tion was incubated for 60 min on ice. Thereafter, the DNA-
protein binding complexes were purified by Dynabeads M-280 
Streptavidin (Dynabeads streptavidin trial kit, DYNAL 
Invitrogen). The purified DNA-protein complexes were sepa-
rated on a 7.5% polyacrylamide gel. The gel was transferred 
onto a PVDF membrane. The primary Oct-1 antibody (sc-232, 
Santa Cruz Biotechnology, Santa Cruz, CA, USA) reaction was 
performed in Tween-PBS with a 1:500 dilution overnight at 
4°C. The secondary antibody reaction was performed in Tween-
PBS with a 1:50,000 dilution of goat anti-rabbit IgG conjugated 
with horseradish peroxidase (Zymed Laboratories, Carlton, CA, 
USA). The immune complex was detected by the use of a 
Western blotting detection kit (Millipore, Tokyo, Japan).

Immunohistochemistry

Animal experiments were approved by the Committee on 
Animal Experiments of Iwate Medical University (Iwate, 
Japan). A mandible was dissected from a DDY mouse at post-
natal day 7 (PN d7) for immunostaining. The tissue was fixed 
in 4% paraformaldehyde in PBS and decalcified in 12.5% 
EDTA in PBS. The tissue was dehydrated in graded ethanol, 
embedded in paraffin, and sectioned. To unmask the sections, 
we placed them in 0.01 M citrate buffer (pH 6.0) and heat-
treated them in an autoclave (120°C) for 10 min. Then, the 
sections were incubated for 2 hrs at room temperature with 
rabbit polyclonal anti-Oct1 antibodies (GeneTex, San 
Antonio, TX, USA) and rabbit polyclonal anti-amelogenin 
antibodies (a gift from Prof. Takashi Uchida, Hiroshima 
University). Anti-rabbit antibodies Alexa546 and Alexa488 
(Invitrogen), respectively, were used as the secondary anti-
body. Nuclei were counterstained with Dapi (Invitrogen). 
Primary antibody was omitted as a negative control.

statistical Analysis

Data are presented as mean ± SD. Single-group comparisons 
were evaluated by Student’s t test. Statistical significance was 
set at *P < 0.05 and **P < 0.01.
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Figure 1. Identification of a suppressor element in the amelogenin pro-
moter. (A) Schematic structures of deletion mutants of the rat amelo-
genin promoter. (B) Relative luciferase activities in HAT-7 cells. (C) 
Relative luciferase activities in HeLa cells. Reporter gene activities are 
represented relative to the pGL3-control. The luciferase activity of the 
individual constructs was normalized to the co-transfected Renilla lucif-
erase activity. The mean ± SD from at least 3 independent experiments 
is shown. **P < 0.01.

rEsULts

Effects of First Intron sequences  
on Amelogenin Promoter Activity

To study the effects of first intron sequences on amelogenin 
promoter activity, we constructed a series of 5′-deletion mutants 
of the amelogenin promoter with or without intron 1 (Fig. 1A). 
These reporter plasmids were transfected into an ameloblast-
like cell line, HAT-7 (Fig. 1B), or HeLa cells (Fig. 1C), and then 
the promoter activities were measured. The promoter activity 
of pGL3-464+intron was significantly lower than that of 

pGL3-74+intron; however, the promoter activities of pGL3-464 
and pGL3-74 (without intron 1) showed no significant differ-
ences (data not shown). These results indicate that the sequence 
between nucleotides -172 and -250 acts as a suppressor element 
in the presence of intron 1. In the case of HeLa cells, no differ-
ences were observed between pGL3-250+intron1 and pGL3-
172+intron1 (Fig. 1C), suggesting that the suppressor element 
specifically acts in ameloblast-like cells.

Enhancer Elements Exist in Intron 1

Our results indicate that the sequence between nucleotides 
-172 and -250 acts as a suppressor element in the presence of 
intron 1, suggesting that this DNA fragment suppresses 
intron 1 enhancer activity. To analyze the sequences that are 
responsible for the intronic transcriptional enhancer activity 
of the amelogenin gene, we subcloned several fragments (F1-
F4) originating from intron 1 into the upstream region of the 
pGL3-promoter vector (Promega, Madison, WI, USA), which 
was derived from the SV40 promoter (Fig. 2A). We trans-
fected these reporter plasmids into HAT-7 cells (Fig. 2B) or 
HeLa cells (Fig. 2C) and then measured the promoter activi-
ties. Our results showed that the full-length intron 1 and the 
F1, F3, or F4 fragment enhanced the pGL3-promoter activity 
(Fig. 2B). No significant increase in pGL3-promoter activity 
was observed in the presence of the F2 fragment (Fig. 2B). 
Thus, fragments F1, F3, and F4 of amelogenin intron 1 con-
tain enhancer elements that increase heterologous SV40 
promoter activity. In HeLa cells, no significant increase in 
pGL3-promoter activity was observed for any fragments 
(Fig. 2C), suggesting that the intron 1 enhancer elements act 
in a cell-type-specific manner.

Oct-1 binding sites Are Important  
for suppressor Activity

The sequences from nucleotides -250 to -170 of the rat amelogenin 
promoter region are shown in Fig. 3A. We found two putative 
Oct-1 binding motifs in this region by using the GenomeNet motif 
search (http://www.genome.jp/ja/). To identify possible cis-motifs, 
we mutated the 2 Oct-1-binding sites in the promoter-reporter con-
structs (Fig. 3B, left panel), and these plasmids were transfected 
into HAT-7 cells (Fig. 3B, right panel) or HeLa cells (Fig. 3C). 
Then, the promoter activities were measured. In HAT-7 cells, the 
promoter activity of pGL3-250/+F1 was significantly lower than 
that of pGL3-172/+F1 (Fig. 1B). F1 alone was used in subsequent 
experiments; however, F3 and F4 yielded the same results as F1 
(data not shown). Our results suggest that the sequence between 
nucleotides -172 and -250 suppresses F1 enhancer activity. Mutation 
analyses in the promoter-reporter assay revealed that mutation of 
the upstream Oct-1 (–226nt/-240nt) motif [pGL3-250/+F1 
(Oct-1m)] almost completely reversed the suppression activity 
(Fig. 3B, right panel). Mutation of both Oct-1 motifs [-226nt/-240nt 
and –170nt/-182nt, pGL3-250/+F1 (Oct-1mx2)] did not yield much 
higher promoter activity than the mutation of the upstream Oct-1 
(–226nt/-240nt) motif alone (Fig. 4B, right panel). These results 
suggest that the upstream Oct-1 motif is important for the suppres-
sion effects of intron F1-mediated enhancer activity. The second 
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Figure 3. The Oct-1 motifs are essential for the suppression activity of the 
amelogenin promoter. (A) The sequences of the -250nt/-170nt regulation 
region of the rat amelogenin promoter and possible transcriptional factor 
binding sites (Oct-1). The mutated nucleotides in the core sequence of the 
Oct-1-binding sites are shown in italic letters below the original nucleotides. 
The Oct-1 consensus sequences are also shown. (B) Schematic representa-
tions of the rat amelogenin promoter driving exon 1-intron F1-luciferase 
reporter constructs. Arrows show Oct-1 mutation sites in the amelogenin 
promoter. The right panel shows the relative luciferase activity in HAT-7 
cells. (C) The relative luciferase activity in HeLa cells. Reporter gene activi-
ties were represented relative to the pGL3-control. The luciferase activity 
of the individual constructs was normalized to the co-transfected Renilla 
luciferase activity. The mean ± SD of at least 3 independent experiments is 
shown. **P < 0.01; n.s., no significant difference.
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Figure 2. Identification of enhancer elements in intron 1 sequences. (A) 
Schematic structures of deletion mutants of exon 1. Deletion fragments of 
intron 1 were ligated in front of the SV40 promoter. (B) The transcriptional 
activity of reporter genes in HAT-7 cells. (C) The transcriptional activity of 
reporter genes in HeLa cells. Reporter gene activities are represented rela-
tive to the pGL3-control. The pGL3-promoter transcriptional activity was 
considered 100%. The luciferase activity of the individual constructs was 
normalized to the co-transfected Renilla luciferase activity. The mean ± SD 
from at least 3 independent experiments is shown. *P < 0.05.

Oct-1 motif (–170nt/-182nt) was not likely involved in the suppres-
sor element-mediated suppression effects; this lack of involvement 
may be due to the different consensus sequence between the 2 
motifs (as shown in Fig. 3A). In HeLa cells, none of the constructs 
yielded a significant change in pGL3-promoter activity (Fig. 3C). 
Thus, the cooperation of Oct-1 cis-motifs and intronic enhancers 
may be important for cell-type-specific transcriptional expression 
of the amelogenin gene. The promoter activity of pGL3-172+F1 
(Fig. 3C) was a little higher than that of pGL3-172+intron 1 (Fig. 
1C) in HeLa cells, and the magnitude of increase was similar to that 
in HAT-7 cells. This increased activity is due to the deletion of the 
non-enhancer part of intron 1.

Oct-1 binds to the -226 to -240 region of  
the rat Amelogenin Promoter

To determine whether the Oct-1 binding motif can bind to 
the nuclear extracts from HAT-7 cells, we performed an 

electrophoretic mobility shift assay (EMSA) by using biotin 
end-labeled, double-stranded, rat amelogenin Oct-1 oligo-
nucleotides containing the putative Oct-1 consensus 
sequence. A DNA-protein complex was formed with nuclear 
extracts from HAT-7 cells, as evidenced by the shifted band 
(Fig. 4A, lane 2). The addition of a 20-fold molar excess of 
unlabeled wild-type Oct-1 competitor inhibited the binding 
of nuclear extracts to the labeled probe (Fig. 4A, lane 3). 
However, no inhibition was observed with a 20-fold molar 
excess of oligonucleotides encoding a mutated Oct-1-
binding site (Fig. 4A, lane 4). Analysis of these data dem-
onstrates that the Oct-1 binding motif specifically binds to 
nuclear extracts from ameloblast-like HAT-7 cells.

To confirm further whether the probe DNA-protein binding 
complex contains Oct-1, we performed a DNAP assay and 
Western blot. The biotin-labeled DNA-protein complex was 
affinity-purified with streptavidin beads and eluted with SDS 
sample buffer. The DNA-protein complex was then subjected to 
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Western blotting with Oct-1 antibody. The results revealed a 
detectable signal in the purified probe-protein complex (Fig. 4B, 
lane 2). However, no signal was detected with the addition of 
unlabeled wild-type Oct-1 competitor (Fig. 4B, lane 1) and in 
the control sample without probe (Fig. 4B, lane 3). These results 
indicate that Oct-1 in the nuclear extracts of HAT-7 cells spe-
cifically binds to the Oct-1 binding motif (-226 nt/ -240 nt) of 
the rat amelogenin promoter. Chromatin immunoprecipitation 
(ChIP) assays also showed that Oct-1 binds to the endogenous 
amelogenin promoter in HAT-7 cells (data not shown).

Immunostaining of Oct-1 and Amelogenin  
in Mouse Incisors

We performed immunostaining of Oct-1 and amelogenin in 
serial sections of PN d7 mouse incisors. Oct-1 immunoreactivity 
(Appendix Fig. B, red) was observed in the inner enamel epithe-
lium and was localized to the nuclei (Appendix Fig. F, pink). 
Amelogenin immunoreactivity (Appendix Fig. C, green)  
was strong in secretory ameloblasts, concomitantly with the 
decrease in the Oct-1 signal. Thus, Oct-1 appears to regulate 
amelogenin expression negatively in vivo.

DIscUssION

We identified a suppressor element in the promoter region and 
enhancer elements in intron 1. The suppressor and enhancers acted 

Figure 4. Nuclear Oct-1 binding to the Oct-1 consensus sequence of 
the rat amelogenin promoter in vitro and the expression of Oct-1 and 
amelogenin in incisors. EMSA with nuclear extracts from HAT-7 cells 
was performed to characterize the putative octamer binding sequence. 
Double-stranded DNA containing the putative Oct-1 binding site 
(-226nt/-240nt) was end-labeled with biotin and used as the probe. 
Unlabeled Oct-1 was the wild-type competitor (Oct-1wt), and mutant 
Oct-1 was the mutant competitor (Oct-1mut). The shifted band (indicated 
by an arrow) revealed a complex between the Oct-1 probe (10 fmol) 
and nuclear extracts (A, lane 2); this shifted band competed with a 
20-fold excess of wild-type competitor (A, lane 3). The Oct-1 mutant 
competitor failed to compete with the Oct-1 probe (A, lane 4). We 
verified that the shifted DNA-protein complex contains the Oct-1 factor 
by affinity precipitation analysis, followed by a Western blot probed 
with Oct-1 antibody (B, lane 2). No signal was detected with the 
addition of unlabeled wild-type Oct-1 competitor (B, lane 1) and in 
the no-probe control sample (B, lane 3). NS, non-specific complexes. 
M, protein molecular mass marker.

in an ameloblast-like cell line, HAT-7, but not in HeLa cells, sug-
gesting that these elements act in a cell-type-specific manner. 
Ameloblasts must secrete a large amount of amelogenin for enamel 
formation. In HAT-7 cells, the amelogenin mRNA expression level 
is very low; this low level may be due to poor differentiation. We 
speculate that the amelogenin expression increases during amelo-
blast differentiation by the down-regulation of this suppressor 
activity. Our examination of amelogenin and Oct-1 expression  
in mouse incisors confirmed that Oct-1 negatively regulates amelo-
genin expression in undifferentiated ameloblasts, and the increases 
of amelogenin expression in differentiated ameloblasts may 
require the cessation of Oct-1 expression.

Oct-1 is a ubiquitously expressed POU domain transcription 
factor that has been proposed as a regulator of a large group of 
target genes (Thevenin et al., 1993; Kim et al., 1996; Ström
et al., 1996; Weiser et al., 1997; Lee et al., 2001; Cheng et al., 
2002; Inman et al., 2005; Mesplède et al., 2005). Oct-1 imparts 
its specificity in gene regulation through its ability to interact 
with various genes, tissues, or cell-type-specific co-activators. 
For example, Oct-1 collaborates with Runx2 to control the 
expression of the mammary-gland-specific gene β-casein 
(Inman et al., 2005), Oct-1 physically interacts with Sp1 to 
regulate human U2 snRNA gene expression (Ström et al., 1996), 
and Oct-1 acts synergistically with the B-cell-specific co-activa-
tor Bob1 to stimulate transcription of immunoglobin genes (Lee 
et al., 2001). Oct-1 is a negative regulator for amelogenin tran-
scription in the presence of intron 1, but not in the absence of 
intron 1. We also found that Oct-1 has no suppressive effects on 
the promoter activity in the absence of intronic F1 (data not 
shown), suggesting that Oct-1 may cooperate with an intron 1 
regulator to control amelogenin transcription activity. We could 
not show a cell-type-specific binding pattern with EMSA, 
because we did not find a cell-type-specific region in intron 1. 
These findings suggest that Oct-1 as a co-factor might directly 
or indirectly collaborate in a cell-type-specific manner with the 
intronic enhancer in the amelogenin gene.
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Abstract. Although periodontal ligament (PDL) cells have
previously been isolated from permanent teeth, they have not
been isolated from deciduous teeth. Here, we used human
telomerase reverse transcriptase (hTERT) induction to establish
the first immortalized PDL cell lines derived from deciduous
teeth. Cells were transfected with plasmids containing hTERT.
Single-cell cloning was then performed using the limited
dilution method. Reverse transcriptase polymerase chain
reaction and stretch PCR were used to detect hTERT
expression in the clones. In order to determine whether the
clones could differentiate into osteoblasts, we stimulated the
cells with ascorbic acid and ß-glycerophosphate. We success-
fully obtained 3 single-cell clones, and named them single
cell derived from human deciduous PDL (SH) 9, 10 and 11.
All the SH cells showed hTERT expression and stable
proliferation after >80 population doublings and expressed
the marker genes of PDL cells, including scleraxis, periostin,
cementum-derived protein 23, and tenomodulin. Although all
the clones expressed osteoblastic markers, only the clones
from the SH 9 cell line differentiated into osteoblastic cells.
This is the first report of the immortalization of PDL cells
derived from deciduous teeth. These cells could be useful in
studies investigating the cellular mechanisms and regener-
ative processes of human PDL cells.

Introduction

The periodontal ligament (PDL) is a highly specialized
connective tissue that connects the cementum to the alveolar
bone (1). PDL tissue consists of a heterogeneous cell popu-
lation that includes fibroblasts, cementoblasts, osteoblasts,
endothelial progenitor cells, epithelial cell rests of Malassez,
macrophages, osteoclasts and progenitor/stem cells (2). As
PDL is located between the tooth root and alveolar bone, it
not only has an important role in supporting the teeth, but
also contributes to tooth nutrition, homeostasis and to the
repair of damaged tissue (3). However, it is unclear which
cells are responsible for homeostasis and the regeneration of
PDL tissue.

Fibroblasts are the predominant PDL cell type (4) and are
thought to control PDL homeostasis and regeneration (5).
Furthermore, we have previously reported that PDL fibroblasts
contribute to the regulation of bone metabolism by expressing
the receptor activator NF-κB ligand and osteoprotegerin
(6,7). Fibroblasts derived from the PDL have the ability to
form bone-like tissues in vitro, similar to osteoblasts (8), and
thus PDL cells function similarly to osteoblasts in hard tissue
formation and express proteins with osteoblastic properties
such as the runt-related transcription factor-2 (RUNX-2),
osterix (9), osteocalcin (OSC) (10), osteonectin (OSN), type I
collagen (Col I) (11), alkaline phosphatase (ALP) (12), para-
thyroid hormone receptor (PTHR) and periostin (13). Other
studies have also shown that PDL fibroblasts express scleraxis
(14), tenomodulin (15), and the cementum-derived protein-23
(CP-23) (16). However, the mechanism underlying the
regulation of the differentiation of PDL cells is unclear.

PDL cells used in previous studies were a heterogeneous
population, making it difficult to determine whether the cell
types functioned alone or in cooperation with other cell types.
These cells had a limited lifespan and were phenotypically
unstable (17). Therefore, an immortal PDL cell line is required
in order to clarify the functions of individual cells composing
PDL.

PDL cell lines have previously been derived from perma-
nent teeth (18,19), but not from deciduous teeth, as the cells
are difficult to isolate. Exfoliated deciduous teeth lack their
roots, which are needed to isolate the PDL cells, as these are
resorbed during the eruption of permanent teeth. As PDL
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cells derived from deciduous teeth are thought to contain
more progenitor/stem cells than those derived from permanent
teeth, they could be more useful for research.

Most somatic diploid cells lose telomere length during
cell replication, leading to replicative senescence (20).
Telomere length is dependent upon telomerase, a cellular
ribonucleoprotein complex consisting of 2 components,
namely integral RNA that serves as the telomeric template,
which has reverse transcriptase activity and an associated
protein (21). The induction of the human telomerase reverse
transcriptase (hTERT) results in telomere length elongation
and in the extension of the in vitro replicative life span of
human mortal somatic cells (22,23).

In this study, we describe how the induction of the hTERT
gene allowed us to establish immortalized PDL cells derived
from deciduous teeth. We also provide an evaluation of
whether these cell lines have PDL properties, and the potential
to differentiate into osteoblastic cells in vitro.

Materials and methods

Cell culture. PDL tissues were obtained from the middle
third of the root surfaces of healthy human deciduous teeth,
whose roots were not resorbed before the eruption of perma-
nent teeth (obtained from 3 donors, aged 7 to 8 years), as
previously described (6,7). Informed consent was obtained
from the parents of the donors before tooth extraction, which
was carried out in our hospital during the course of orthodontic
treatment. The study protocol was approved by the Ethics
Committee of Iwate Medical University, School of Dentistry
(no. 01101).

A surgical blade was used to cut the PDL tissues into
pieces so that they could be digested with collagenase (2 mg/
ml) at 37˚C for 30 min. The tissues were then washed with
Dulbecco's phosphate-buffered saline (PBS), placed on culture
dishes, and maintained in ·-modified minimum essential
medium (·-MEM; Gibco BRL, Gaithersburg, MD, USA)
supplemented with 10% foetal bovine serum (FBS; Gibco
BRL). Fibroblastic cells that grew from the PDL tissue culture
were used as the PDL cells. When they reached confluence in
35-mm culture dishes, they were detached with 0.2% trypsin
and 0.02% EDTA 4Na in PBS and subcultured at a 1:4 split
ratio. All cultures were maintained at 37˚C in a humidified
atmosphere of 5% CO2.

Transfection of the hTERT gene. All the PDL cells were
transfected with a pBABE-neo-hTERT plasmid containing a
neomycin-resistant gene (Addgene plasmid 1774, provided
by Addgene Inc. Cambridge, MA, USA) and Lipofectamine™
LTX (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer's instructions. Cells were exposed to 10% FBS
·-MEM containing 150 μg/ml G418 (Gibco BRL) for 12-15
days. The surviving cells were trypsinized and allowed to
grow in 100-mm culture dishes.

Single-cell cloning. Single-cell clones were obtained using
the limited dilution method. After hTERT transfection and
selection with G418, the surviving cells were seeded on a
96-well plate (Corning, NY, USA) at 0.5 cells per well, then
incubated at 37˚C in a humidified incubator in an atmosphere

of 95% air and 5% CO2. After the cells had grown for 10 days,
they were treated with trypsin and subcultured into 24-well
plates (Corning). This was repeated until confluency was
reached at 20 days after single cell cloning. The population
doubling (PD) level was defined as the number of doublings
required for a single cell to reach confluence in a 100-mm
culture dish. Both the PDs and the incubation day were
considered to be zero when single-cell cloning was performed.
PD was estimated at 20 for the PDL cell clones. Clones
obtained after single-cell cloning in this study were named
single cell derived from human deciduous PDL (SH).

Telomeric repeat amplification protocols. Telomerase
activity was assayed by the stretch PCR method, using the
TeloChaser (Toyobo, Osaka, Japan), according to the
manufacturer's instructions. The TAG-U primer was mixed
with crude cell extracts from SH or HeLa cells (2.5x104 cells
for each reaction) and was incubated at 37˚C for 60 min to
produce telomeric repeats (TTAGGG). After the telomerase
reaction, DNA was purified and amplified with CTA-R
primers. The PCR products were separated on a 10% acryl-
amide SDS-PAGE gel and stained with ethidium bromide. A
HeLa cell extract was used as the positive control for
telomerase activity. Heat-treated (60˚C for 10 min) extracts
of HeLa cells served as the negative control.
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Table I. Primers used in RT-PCR.
–––––––––––––––––––––––––––––––––––––––––––––––––
Gene Primer Oligonucleotide sequence (5'-3')
name
–––––––––––––––––––––––––––––––––––––––––––––––––
hTERT Forward TCTGGGATGCGAACGGGC

Reverse TCCGGCTCAGGGGCAGC
Scleraxis Forward TGCGAATCGCTGTCTTTC

Reverse GAGAACACCCAGCCCAAA
Periostin Forward TGTTGCCCTGGTTATATGAG

Reverse ACTCGGTGCAAAGTAAGTGA
CP-23 Forward AACACATCGGCTGAGAACCTCAC

Reverse GGATACCCACCTCTGCCTTGAC
TeM Forward TTGAAGACCCACGAAGTAGA

Reverse ATGACATGGAGCACACTTTC
RUNX2 Forward CCCCACGACAACCGCACCAT

Reverse GTCCACTCCGGCCCACAAATC
Osterix Forward CCTGGCTGCGGCAAGGTGT

Reverse GATCTCCAGCAAGTTGCTCTGC
OSC Forward CAGCAAAGGTGCAGCCTTTGT

Reverse TCCTGAAAGCCGATGTGGTC
OSN Forward CCGAAGAGGAGGTGGTGGCGG

Reverse ACGGGGTGGTCTCCTGCCTCC
Col I Forward ACTGGGGAAACCTGTATCCGG

Reverse AAGGGCAGGCGTGATGGCTTA
ALP Forward CTCGTTGACACCTGGAAGAGC

Reverse ACAGGATGGCAGTGAAGGGCT
PTHR Forward AGGAACAGATCTTCCTGCTGCA

Reverse TGCATGTGGATGTAGTTGCGCGT
ß-actin Forward CTGGCACCACACCTTCTACAATG

Reverse AATGTCACGCACGATTTCCCGC
–––––––––––––––––––––––––––––––––––––––––––––––––
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Gene expression detection with reverse transcription poly-
merase chain reaction (RT-PCR). After 23 PDs, total RNA
from the SH clones was isolated using TRIzol reagent
(Invitrogen), according to the manufacturer's instructions.
RNA sample (1 μg) was reverse-transcribed to first-strand
cDNA using a PrimeScript RT reagent kit (Takara Shuzo,
Kyoto, Japan), according to the manufacturer's instructions.
mRNA from cDNA samples was amplified with specific

primer pairs for ß-actin, hTERT (19), scleraxis (15), periostin
(24), CP-23 (16), and tenomodulin (TeM) (15) for the PDL
markers, and RUNX2 (25), osterix (19), OSC, OSN, Col1a,
ALP, and PTHR (26) for the osteoblastic cell markers. The
primer sequences are shown in Table I. 

Calcification assay. All the SH clones were cultured on 60-mm
culture dishes with or without 10% FBS ·-MEM containing
50 μg/ml ascorbic acid (Nakarai Tesque, Kyoto, Japan) and
6 mM ß-glycerophosphate (Sigma, St. Louis, MO, USA), a
mixture referred to here as the differentiation medium (DM).
Half the medium in each dish was exchanged every 2-3 days.
After 4 weeks of culture, the cells were fixed with 10%
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Figure 2. PD levels of SH cells.

Figure 3. Results from RT-PCR analysis and comparison of SH cell morphology. (A) All the SH cell lines expressed mRNAs specific for PDL at 23 PDs. (B)
There was no difference in the morphologies of the SH cell clones, either before or after confluence. The bars represent 100 μm.

Figure 1. Expression of hTERT mRNA and hTERT activity in SH cells. (A)
Telomerase activity was detected using stretch-PCR methods. (B) HeLa
cells were used as the positive control. HeLa cells extract inactivated by heat
treatment was used as the negative control.
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formaldehyde, then washed with distilled water and exposed
to von Kossa stain, as previously described (27).

Results

Expression of hTERT in SH cell lines 9, 10, and 11. At PD 23,
we observed the hTERT mRNA expression in the SH cell lines
9, 10 and 11 (Fig. 1A). The stretch PCR method indicated
that there was telomerase activity in the SH extracts and the
positive control, but not in the negative control (Fig. 1B).
These results show that the SH cell line possesses telomerase
activity.

Growth curve of SH cell lines 9, 10 and 11. All SH cell lines
grew at a similar rate, ~1 PD every 2 days (Fig. 2). The SH
cells divided at least 80 times and were passaged >40 times.

Characteristics of SH cell lines 9, 10, and 11. At PD 23, all
the SH cells expressed scleraxis, periostin, CP-23, and TeM
(Fig. 3A), at levels similar to those of the original primary
PDL cells. However, the scleraxis expression was lower than
that of the other genes.

The cells in all the 3 lines were spindle-shaped (Fig. 3B,
D and F), a feature consistent with fibroblasts. After culture
confluence, there were no morphological differences among
the SH clones (Fig. 3C, E and G).

Osteogenic characterization. At PD 23, all the SH cell lines
expressed bone-related genes, such as RUNX2, osterix, OSC,
OSN, Col I, ALP and PTHR (Fig. 4A).

The SH 9 cells cultured in DM formed von Kossa-positive
calcified deposits (Fig. 4B). The SH 10 and 11 cells cultured
in DM formed multilayer nodules, but not calcified deposits
(Fig. 4C and D).

Discussion

In this study, we established 3 PDL fibroblast cell lines
immortalized by transfection with hTERT. SH 9 cells have

the characteristics of original primary cells with respect to
morphological appearance, gene expression, and production
of calcified deposits. Our results suggest that immortalized
cells such as these could be useful tools for elucidating the
biology and regenerative mechanisms of human PDL.

Normal cells have a limited capacity to divide, and cellular
senescence occurs immediately in vitro. This is thought to
result from telomere DNA loss with passage progression (28).
Since cellular senescence is induced by telomere shortening
in certain cell types, the overexpression of the hTERT gene,
which prevents this process, facilitates the immortalization of
cells (21,23). In the SH cell lines transfected with the hTERT
gene (lines 9-11), we observed telomerase activity and growth
that was not retarded over >80 PDs. The morphology of the
SH cell lines was not altered. These results suggest that the
hTERT gene was stably expressed. Additionally, the induction
of the hTERT gene extended cell lifespan by preventing
cellular senescence.

PDL cells have osteoblastic properties and the capacity to
form bone-like tissue in vitro (8). In this study, only the SH 9
cells incubated in DM produced calcified deposits. However,
the SH 10 and 11 cells also expressed RUNX2, osterix, OSC,
OSN, Col I, ALP and PTHR, despite having no osteogenic
ability (Fig. 4A). SH 10 and 11 formed multilayered nodules
when cultured in DM, but did not produce calcified deposits
(Fig. 4C and D). Based on these findings, we believe that we
successfully isolated both osteogenic and non-osteogenic cell
lines from the original PDL cells.

All the SH cell lines expressed scleraxis and TeM mRNA.
Scleraxis, a basic helix-loop-helix transcription factor, is
expressed in tendon progenitor populations and mature
tendons (14,29). TeM is a late marker of tendon formation
(30,31). PDLs have tendon-like features, and they usually do
not differentiate into osteoblasts and form bone. This could
be a mechanism used to maintain PDL space in vivo. Addi-
tionally, periostin is an extracellular matrix protein that is
expressed in PDL and periosteum (32). CP-23 is expressed in
PDL fibroblasts and cementoblasts but not in osteoblasts
(16). Altogether, the presence of these products in our SH
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Figure 4. RT-PCR analysis and von Kossa staining in the SH cells cultured in DM for 4 weeks. (A) mRNA expression of RUNX2, osterix, OSC, OSN, Col I,
ALP and PTHR in SH cells. Results of von Kossa staining using phase-contrast microscopy. The SH 9 cells formed mineralized nodules (B) though the SH 10
and 11 cells only formed multilayered nodules (C and D). The bars represent 100 μm.
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cell lines indicates that the isolated cells have properties
expected of PDL fibroblasts.

It has previously been reported that PDL cells from
permanent teeth could not be immortalized with the hTERT
gene alone (19). In this study, PDL cells from deciduous teeth
were immortalized with single transfection of the hTERT
gene. As we also failed to establish immortalized cells from
dental pulp and PDL isolated from permanent teeth with the
hTERT gene alone (data not shown), it has been suggested
that certain systems such as tumor-suppression, could differ
between deciduous and permanent teeth.

To our knowledge, this is the first study detailing how
immortalized PDL cells can successfully be derived from
deciduous teeth. We achieved this in 3 separate cell lines by
transfecting them with the hTERT gene in order to elongate
the telomeres. These immortalized cells could be useful tools
for understanding the cellular functions and maintenance of
PDL tissues. They could also be useful in regenerative
therapies for periodontitis and oral injuries.
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Abstract. a blood supply is crucial for tissue healing and 
regeneration. periodontal ligament (pdl) tissue is situated 
between the tooth root and alveolar bone, and cells derived 
from pdl tissue are reported to have stem cell-like activity. 
this study aimed to evaluate the potential of pdl cells derived 
from deciduous teeth to express endothelial cell (EC)-specific 
markers. using quantitative pcr, we investigated whether 
pdl cells derived from human deciduous teeth express 
mRNA for the EC-specific markers: vascular endothelial-
cadherin (VE-cadherin), vascular endothelial growth factor 
receptor 2 (VEGFr2) and cd31 upon treatment with 15 ng/ml 
heparin or 10 ng/ml fibroblast growth factor (FGF)-2 in vitro. 
Quantitative pcr showed that pdl cells expressed mrna for 
the EC-specific markers, VE-cadherin and VEGFR2, when 
cultured in the presence of heparin alone or with FGF-2. By 
contrast, marked cd31 mrna expression was induced only 
when pdl cells were cultured with both heparin and FGF-2. 
Western blot analysis showed that the cd31 protein was 
induced in pdl cells upon treatment with both heparin and 
FGF-2 for 3 weeks. pdl cells derived from deciduous teeth 
inducibly express EC-specific markers and thus have the 
potential to differentiate into a vascular cell lineage.

Introduction

Endothelial cells (Ecs), which are derived from vascular 
progenitor cells, are responsible for angiogenesis and the 
events of wound healing (1). they are characterized by the 
expression of vascular endothelial-cadherin (VE-cadherin, 
cdh5) (2-4), vascular endothelial growth factor receptor 2 

(VEGFr2, Kdr) (5,6), and cd31 (also called platelet 
endothelial cell adhesion molecule-1, pEcam-1) (7). Since a 
blood supply is crucial for wound healing and tissue regenera-
tion, it is important to determine how the progenitors of Ecs 
differentiate into vascular cells in order to establish a practical 
strategy for regenerative therapy (1).

the periodontal ligament (pdl) is located between the 
tooth root and alveolar bone (8). Most PDL cells are fibro-
blasts with relatively high alkaline phosphatase (alp) activity 
(9,10). Fibroblasts derived from the pdl have the ability to 
form bone-like tissues in vitro, similar to osteoblasts (9,10), 
and thus pdl cells function similarly to osteoblasts in hard 
tissue formation. recently, several studies have demonstrated 
that pdl cells also differentiate into cementoblastic cells and 
adipogenic cells in vitro (1,11,12). therefore, the pdl probably 
contains pluripotent progenitor cells or putative stem cells.

For therapy involving pdl tissue, biologically active 
soluble factors such as cytokines and growth factors are being 
evaluated for clinical use in the regeneration of periodontal 
tissue damaged or lost as a result of periodontitis. Of these 
factors, basic fibroblast growth factor (FGF-2) is a multifunc-
tional growth factor that has a variety of effects, including the 
induction of proliferation and differentiation in a wide range of 
mesodermal and neuro-ectodermal cells. moreover, FGF-2 is 
one of the most potent angiogenesis inducers (13). therefore, 
we investigated whether FGF-2 induces EC-specific markers 
in cultured pdl cells in vitro.

in this study, we demonstrated that the expression of 
VE-cadherin, VEGFr2 and cd31 mrna is induced in 
cultured pdl cells by treatment with heparin alone or with 
FGF-2. We also demonstrated cd31 protein expression in 
pdl cell cultures using Western blot analysis. this is the 
first report on the inducible expression of the endothelial cell 
phenotype by pdl cells derived from human deciduous teeth.

Materials and methods

Reagents. FGF-2 was obtained from r&d Systems 
(minneapolis, mn, uSa). anti-cd31 monoclonal antibody 
for the Western blot analysis was obtained from cell Signaling 
technology, inc. (danvers, ma, uSa).

Effect of fibroblast growth factor-2 on periodontal ligament  
cells derived from human deciduous teeth in vitro
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Cell culture. pdl tissues were obtained from the middle 
third of the root surfaces of healthy human deciduous teeth 
(obtained from three donors, aged 7-8 years), as described 
previously (14,15). informed consent was obtained from the 
donors' parents before tooth extraction, which was carried out 
in our hospital during the course of orthodontic treatment. 
the study protocol was approved by the Ethics committee of 
iwate medical university, School of dentistry (no. 01101).

the pdl tissues were cut into pieces using a surgical 
blade and were digested with collagenase (2 mg/ml) at 37˚C 
for 30 min. then, the tissues were washed with dulbecco's 
phosphate-buffered saline (pBS), placed on culture dishes, 
and maintained in α-modified minimum essential medium 
(α-mEm; Gibco Brl, Gaithersburg, md, uSa) supplemented 
with 10% fetal bovine serum (FBS; Gibco Brl). Fibroblastic 
cells that outgrew from the pdl tissues were used as pdl 
cells. When the cells reached confluence, they were detached 
with 0.2% trypsin and 0.02% Edta •4na in pBS, and subcul-
tured at a 1:4 split ratio. the experiments were performed 
using 4th-passage cells cultured in α-mEm supplemented 
with 10% FBS in the absence or presence of 15 ng/ml heparin 
or 10 ng/ml FGF-2 for 2 days. the cultures were maintained 
at 37˚C in a humidified atmosphere of 5% CO2 in air.

Isolation of total RNA. total rna was extracted from the 
cultured pdl cells by using isogen (nippon Gene, tokyo, 
Japan) as described previously (14,15). the pellet of total rna 

was washed briefly with 75% ethanol, resuspended in 30 µl 
of diethylpyrocarbonate (dEpc)-treated water, and stored at 
-80˚C. The concentration of total RNA was determined spec-
trophotometrically by measuring the optical density at 260 nm.

Quantitative real-time reverse transcription-polymerase 
chain reaction (PCR). The RNA sample (1 µg) was reverse-
transcribed to first-strand cDNA using a PrimeScript RT 
reagent Kit (takara Shuzo, Kyoto, Japan) according to the 
manufacturer's protocol. a thermal cycler dice real-time 
System (takara Shuzo) was used for the two-step reverse 
transcription-PCR. The cDNA was amplified with SYBR 
Premix ExTaq and specific oligonucleotide primers for target 
sequences encoding parts of VE-cadherin, VEGFr2 and 
cd31. the primers (listed in table i) were designed based 
on the cdna sequences of human mrna for VE-cadherin, 
VEGFr2, cd31 and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH). Amplification conditions consisted of 
10 sec at 95˚C, followed by 40 cycles at 95˚C for 5 sec and 
60˚C for 30 sec, with a final 15 sec at 95˚C and 30 sec at 60˚C 
in the thermal cycler dice real-time System.

Western blot analysis of cell surface CD31 expression in PDL 
cells. after treatment with heparin and/or FGF-2 for 21 days, 
pdl cells were washed twice with pBS and then treated with 
lysis buffer [10 mm hEpES-KOh (ph 7.5), 100 mm Kcl and 
0.1% np-40]. the protein concentration in the cell lysate was 
measured using a Biorad protein assay Kit (Biorad, hercules, 
ca, uSa). Each sample containing equal amounts of protein 
was separated by 10% SdS-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to a polyvinylidene difluoride 
membrane (millipore, Bedford, ma, uSa). after being 
blocked with 5% skim milk in tris-buffered saline containing 
0.1% tween-20 (tBSt), the membrane was incubated with 
mouse anti-human cd31 antibodies and subsequently with 
anti-mouse secondary antibodies (zymed laboratories inc., 
San Francisco, CA, USA). Specific protein bands on the 
membrane were detected by using an enhanced ap conjugate 
Substrate Kit (Biorad) as described previously (14,15).

Statistical analysis. the results are expressed as the mean 
± SEM. Statistical significance was determined by one-way 
analysis of variance Bonferroni comparisons between pairs 
of groups. data with a p-value <0.01 were considered statisti-
cally significant.

table i. primers used in the quantitative real-time reverse 
transcription-polymerase chain reaction (real-time pcr).

Gene name primer Oligonucleotide sequence (5'-3')

VE-cadherin Forward: GaGacctcatcaGccttGGGataG
 reverse: ctGGatttGccaGcatttGaGa
VEGFr2 Forward: ccaGGcaacGtaaGtGttcGaG
 reverse: GGGacccacGtcctaaacaaaG
cd31 Forward: GacGtGcaGtacacGGaaGttca
 reverse: GtGcatctGGccttGctGtc
Gapdh Forward: GcaccGtcaaGGctGaGaac
 reverse: tGGtGaaGacGccaGtGGa

VE-cadherin, vascular endothelial cadherin; VEGFr2, vascular endothelial 
growth factor receptor 2; Gapdh, glyceraldehyde 3-phosphate dehydrogenase.

Figure 1. morphologies of pdl cells derived from deciduous teeth observed by phase-contrast microscopy in primary culture. (a) most of the pdl cells outgrown 
from the PDL tissues were fibroblastic cells (arrows). At 10 days after isolation, some cells exhibited a polygonal shape similar to epithelial cells and mature 
osteoblasts (arrowheads). Few cells exhibited a cell morphology similar to senescent fibroblast-like cells. (B) After reaching confluence and subculture, it was not 
possible to distinguish between the cell morphologies. Bar, 100 µM.
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Results

PDL cells derived from deciduous teeth in primary culture 
show various cell morphologies. as shown in Fig. 1, pdl cells 
exhibited various cell types at 10 days after isolation from pdl 
tissues using phase-contrast microscopy. most of the pdl cells 
derived from deciduous teeth were fibroblastic cells (Fig. 1A, 
arrows). Some cells were polygonal shape, similar to epithelial 
cells and mature osteoblasts (Fig. 1a, arrowheads). a few cells 
were senescent fibroblastic cells (Fig. 1A, arrowheads). After 

the cells reached confluence and subculture, it was not possibe 
to distinguish between the cell morphologies (Fig. 1B).

Morphological changes in PDL cells are induced by treatment 
with both heparin and FGF-2 for 2 days. after culturing for 
2 days, PDL cells were subconfluent in the control media and 
the presence of heparin or FGF-2 (Fig. 2). upon treatment 
with both heparin and FGF-2, PDL cells reached confluence, 
and their morphology was altered into long and thin spindle-
shaped fibroblasts (Fig. 2D).

Figure 2. Effect of heparin with/or FGF-2 on the morphologies of pdl cells derived from deciduous teeth. (a) pdl cells were cultured in the absence of 
FGF-2 for 2 days. (B) pdl cells were cultured in the presence of heparin alone for 2 days. (c) pdl cells were cultured in the presence of FGF-2 alone for 
2 days. (d) pdl cells were cultured in the presence of both FGF-2 and heparin for 2 days. the pdl cell morphology changed into a long and thin spindle-
shaped fibroblastic form. Bar, 100 µM.

  B

  D

  A

  C

  A   B

  C Figure 3. Effect of heparin with or without FGF-2 on endothelial cell marker 
mrna expression of pdl cells. (a) VE-cadherin, (B) VEGFr2 and (c) cd31 
mrna expression in the culture of pdl cells. VE-cadherin and VEGFr2 
mrna was markedly increased by the treatment with heparin and both 
heparin and FGF-2. however, VE-cadherin and VEGFr2 expression did not 
increase in the presence of FGF-2 alone. Expression of CD31 was significantly 
induced only in the presence of both heparin and FGF-2 (n=11).
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EC-specific markers are induced in PDL cells cultured in 
the presence of heparin alone or with FGF-2 for 2 days. 
as shown in Fig. 3a and B, when pdl cells were cultured 
in the presence of heparin alone, VE-cadherin and VEGFr2 
mrna expression was markedly increased. treatment with 

both heparin and FGF-2 also increased both VE-cadherin and 
VEGFr2 expression in pdl cells (Fig. 3a and B). however, 
upon treatment with FGF-2 alone, VE-cadherin and VEGFr2 
mrna expression was not induced in cultured pdl cells 
(Fig. 3a and B). In contrast, CD31 expression was significantly 
induced by treatment with both heparin and FGF-2 (Fig. 3c), 
but not with heparin or FGF-2 alone.

Morphological changes in PDL cells are induced by treatment 
with FGF-2 alone and both heparin and FGF-2 for 3 weeks. 
as shown in Fig. 4, pdl cells treated with FGF-2 alone and/
or heparin reached confluent multilayers when culturing for 
3 weeks. Due to confluence, there were no large differences in 
the morphology between the control and the cells treated with 
heparin alone (Fig. 4a and B). upon culturing in the presence 
of FGF-2 alone and both heparin and FGF-2, pdl cells 
showed long and thin spindle-shaped fibroblastic morphology 
(Fig. 4c and d, arrowheads) and polygonal morphology 
(Fig. 4d, arrows).

CD31 expression was induced in PDL cells cultured in the 
presence of FGF-2 and/or heparin. to determine whether 
cd31 protein was induced in pdl cells, they were cultured 
in the presence of heparin alone, FGF-2 alone or both heparin 
and FGF-2 (Fig. 5). upon treatment with heparin alone or 
with FGF-2 for 2 days, cd31 expression was not detected by 
using Western blot analysis (data not shown). until 2 weeks 
of culture, cd31 protein expression was not detected in pdl 
cells. after treatment with FGF-2 alone and both heparin and 
FGF-2 for 3 weeks, cd31 expression was detected by Western 
blotting (Fig. 5a). compared with the control, the production 

Figure 4. Effect of heparin with/or FGF-2 on the morphologies of pdl cells derived from deciduous teeth. (a) pdl cells were cultured in the absence of FGF-2 for 
3 weeks. (B) pdl cells were cultured in the presence of heparin alone for 3 weeks. (c) pdl cells were cultured in the presence of FGF-2 alone for 3 weeks. pdl 
cells exhibited a long and thin spindle-shaped fibroblastic morphology (arrowheads). (D) PDL cells were cultured in the presence of both heparin and FGF-2 for 
3 weeks. PDL cells showed a long and thin spindle-shaped fibroblastic morphology (arrowheads) and polygonal morphology (arrows). Bar, 100 µm.
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Figure 5. treatment with heparin and FGF-2 induced cd31 expression in pdl 
cells. (a) When pdl cells were cultured in control media and heparin only, 
cd31 expression was weakly detected. upon treatment with FGF-2 or both 
heparin and FGF-2, cd31 expression was induced in pdl cells. (B) the ratios 
of cd31 expression in pdl cells in the control media (control values were 
normalized to 1). data are expressed as the mean ± SEm. cd31 expression 
was stimulated by treatment with both heparin and FGF-2.
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of cd31 was induced in pdl cells by treatment with both 
FGF-2 and heparin (Fig. 5B).

Discussion

tissue regeneration and homeostasis in response to pathological 
and environmental changes such as periodontal disease, 
wounding and tooth movement with orthodontic treatment 
are thought to depend in large part upon angiogenesis in the 
periodontal tissue. pdl cells exist surrounding tooth roots 
and thus are likely to play an important role in periodontal 
tissue maintenance. recently, pdl cells were shown to have 
biological characteristics in common with bone marrow 
mesenchymal cells, suggesting that multipotent stem cells are 
present in the pdl tissue (11). however, it remains unclear 
whether pdl cells derived from human deciduous teeth can 
give rise to the endothelial cell (Ec) lineage in vitro. to 
investigate pdl tissue regeneration and homeostasis, it is 
crucial to determine whether pdl cells have the ability to 
become Ecs.

in this study, we used pdl cells derived from human 
deciduous teeth to investigate the effects of heparin and 
FGF-2 on the expression of markers specific for mature 
Ecs: VE-cadherin (2-4), VEGFr2 (5,6) and cd31 (7). 
previous studies have  found that pdl cells, which are not 
stimulated with FGF-2, do not express Ec markers such as 
cd31 (12,16). We also found that pdl cells do not express 
VE-cadherin, VEGFr2, or cd31 without treatment with 
FGF-2. Surprisingly, pdl cells increased the expression of 
VE-cadherin and VEGFr2 when cultured in the presence 
of heparin alone or with FGF-2. the expression of cd31 
was also significantly increased in PDL cells cultured with 
both heparin and FGF-2. this discrepancy might have been 
due to the presence of heparin in the cell culture condi-
tions. heparin, a soluble derivative of heparin sulfate and a 
well known cofactor for FGF-2, substantially enhances the 
activity of FGF-2 (17). Our observation that the addition of 
heparin in the absence of FGF-2 stimulated the expression of 
VE-cadherin and VEGFr2 suggests that heparin enhanced 
the activity of endogenously produced FGF-2. nevertheless, 
other mechanisms cannot be excluded. For example, heparin 
might have enhanced the activity of growth factors present in 
the fetal bovine serum, resulting in up-regulated expression of 
VE-cadherin and VEGFr2 in pdl cells.

compared with mrna expression, cd31 protein 
production showed relatively small changes in the pdl 
cells. However, the treatment with FGF-2 was sufficient to 
induce cd31 protein. as shown in Fig. 5, when pdl cells 
were treated with heparin and FGF-2, cd31 production was 
increased approximately 2-fold compared with the control 
group. the amount of protein, which is determined, not only 
by the mrna level, but also by multiple processes of protein 
synthesis and degradation, may be a critical factor.

Here, we demonstrated for the first time that PDL cells 
derived from human deciduous teeth inducibly express 
EC-specific markers, such as VE-cadherin, VEGFR2 and 
cd31 upon treatment with heparin alone or with FGF-2 
in vitro. These findings are useful to understand how to regen-
erate pdl tissue by inducing angiogenesis.
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dantly expressed the EC markers Flk-1 and Tie-2, vigorously 
constructed a blood vessel structure in a phosphoinositide 
3-kinase activation-dependent manner.  Conclusion:  Peri-
odontal ligament fibroblasts have the potential to construct 
an EC marker-positive blood vessel-like structure. Conse-
quently, the fibroblastic lineage in ligament tissue could be 
a candidate precursor for construction of a vascular system 
around damaged ligament tissue to facilitate its regenera-
tion.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 The periodontal ligament (PDL) is a fibrous connec-
tive tissue located between the tooth root and alveolar 
bone. PDL contains a heterogeneous mixture of cell types, 
including PDL fibroblasts, cementoblasts, osteoblasts, 
epithelial cells (rests of Malassez), vascular endothelial 
cells (ECs), smooth muscle cells (SMCs) and certain types 
of nerve cells  [1] . In response to oral pathological and 
physiological environmental alterations such as peri-
odontitis, wounding and tooth movement by orthodontic 
treatment, PDL cells have the capacity to reconstruct the 
periodontal structure. For tissue reconstruction, multi-
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 Three-dimensional vessel reconstruction  �  Angiogenesis  �  
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 Abstract 

  Objective:  To evaluate whether fibroblasts derived from 
periodontal ligament retain the ability to differentiate into 
putative vascular cells and construct vascular cell-specific 
marker-positive blood vessel structures. We also evaluated 
the morphological features of the structure and investigated 
the intracellular molecular mechanism underlying the an-
giogenic activity of these cells.  Methods:  Single cell-derived 
cultures (SCDCs) were established from primary rat ligament 
fibroblast cultures, and their expression of ligament cell-, 
mesenchymal stem cell- and vascular cell-specific markers 
was evaluated by RT-PCR and immunocytochemistry. The 
ability of the cells to construct a blood vessel structure was 
evaluated in a three-dimensional type I collagen scaffold. 
The morphological and immunohistological characteristics 
of the structure were then evaluated.  Results:  Each SCDC 
expressed endothelial cell (EC)-specific and smooth muscle 
cell-specific markers, in addition to mesenchymal stem cell- 
and ligament cell-specific markers. SCDC2 cells, which abun-
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potent progenitor cells or putative stem cells must be 
present in the PDL. The paravascular zones in the adult 
PDL contain the progenitors of fibroblastic and miner-
alised tissue-forming cell lineages, that is, the osteoblas-
tic and cementoblastic lineages  [2] . Recently, several stud-
ies have indicated that PDL fibroblastic cells share bio-
logical characteristics with bone marrow mesenchymal 
cells, suggesting that the mineralised tissue lineages may 
have originated from a common early progenitor cell  [3–
6] . Seo et al.  [7]  also demonstrated that PDL cells show 
cementoblastic/osteoblastic and adipogenic differentia-
tion in vitro and have the potential to generate cemen-
tum/PDL-like tissue in vivo, suggesting that multipotent 
stem cells are present in PDL.

  We previously demonstrated the ability of a swine 
PDL fibroblast cell line, TesPDL3, to express EC-specific 
markers in two-dimensional tissue culture plates and to 
construct a tube-like structure in a three-dimensional 
self-assembling peptide scaffold (PuraMatrix)  [8] . Thus, 
PDL fibroblasts seem to show EC-like characteristics in 
specific cell culture systems. However, the self-assem-
bling peptide does not contain the putative integrin-
binding motif RGD (Arg-Gly-Asp)  [9, 10]  found in the 
abundant extracellular matrix protein fibronectin; the 
peptide scaffold does not activate RGD-dependent inte-
grin-mediated intracellular signalling. In addition, the 
peptide scaffold does not contain the putative peptide se-
quence that binds fibronectin, which facilitates activation 
of integrin-mediated signalling in cells adhering to the 
peptide network. The RGD motif plays an important role 
in EC migration related to angiogenesis and neovascu-
larisation through integrin-mediated intracellular sig-
nalling  [11–13] . A mature continuous lumen throughout 
the tube-like structure constructed by TesPDL3 cells was 
not observed in sequential frozen sections of a cell culture 
in a peptide scaffold under bright-field microscopy (data 
not shown). Therefore, the ability of PDL fibroblasts to 
construct a vessel-like structure in the self-assembling 
peptide scaffold does not seem to be optimised. To dis-
cover whether PDL fibroblasts can differentiate into pu-
tative ECs that construct blood vessels with a mature lu-
men, we evaluated the ability of cells to vascularise in a 
three-dimensional type I collagen scaffold. The type I 
collagen scaffold contains many fibronectin-binding 
sites  [14] , and these promote EC vessel formation by pre-
senting the RGD motif on fibronectin, which is secreted 
by fibroblasts and binds to the fibronectin-binding site, 
to ECs adhering to the type I collagen network.

  The PDL cell line, TesPDL, was established by over-
expression of human telomerase reverse transcriptase 

(hTERT) in cells derived from swine PDL  [15] . However, 
we cannot exclude the possibility that hTERT itself af-
fects the expression of mesenchymal stem cell-like activ-
ity in cells derived from PDL. Li et al.  [16]  reported that 
hTERT-immortalised non-malignant human prostate 
epithelial cells retain the properties of multipotent stem 
cells. Thus, in order to define the multipotency of cells 
derived from PDL, it is necessary to eliminate the effects 
of exogenously introduced genes used to immortalise the 
cells, such as  hTERT .

  Here we first established several single cell-derived 
cultures (SCDCs) from a primary culture of rat fibro-
blasts derived from PDL by continuous stimulation of the 
cells with fibroblast growth factor (FGF)-1 plus heparin, 
without transfer of exogenous genes into the cells for the 
purpose of immortalisation. We then examined the ex-
pression of mesenchymal stem cell (MSC)-, ligament cell- 
and vascular cell-specific markers in each SCDC. We an-
alysed the relationship between the ability of the cells to 
construct blood vessel structures and the expression of 
various cell-specific markers in PDL fibroblasts. In addi-
tion, we evaluated the morphological and histological 
characteristics of the blood vessel structures constructed 
by PDL fibroblasts. To identify intracellular signalling 
pathways that play an important role in the angiogenic 
activity of PDL fibroblasts, we assessed whether phos-
phoinositide 3-kinase (PI3K)/Akt- and MEK/extracellu-
lar signal-regulated protein kinase (ERK)-dependent in-
tracellular signalling, which seem to play important roles 
in angiogenesis  [17–19] , affected the ability of the cells to 
construct the vessel-like structure.

  Materials and Methods 

 Isolation of Rat PDL Fibroblasts and Cell Culture 
 Four Wistar strain male rats (4 weeks old, about 100 g) were 

sacrificed, and all of the molars were then extracted. To avoid gin-
gival tissue contamination, supracrestal soft tissues attached to 
the cervical area of the molars were carefully curretted before ex-
traction. Extracted molars with PDL were rinsed once in F-12 
HAM (Sigma, St. Louis, Mo., USA) medium supplemented with 
kanamycin (100  � g/ml). The molars were then immersed in di-
gestion solution, 20 ml of F-12 HAM containing 2 mg/ml of col-
lagenase consisting of class I and class II collagenases (Collage-
nase NB4; Wako, Tokyo, Japan), at 37   °   C for 20 min with continu-
ous vigorous rocking. The solution was centrifuged to collect the 
tissue released from the surface of the roots of teeth. The released 
tissue was then treated with 0.1% trypsin (Difco Laboratories, De-
troit, Mich., USA) in phosphate-buffered saline (PBS) at 37   °   C for 
10 min with continuous vigorous rocking. The solution was then 
centrifuged to collect the cells released from the tissue. The cells 
were then cultured on type I collagen-coated plastic plates (Sumi-
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lon Celltight Plate; Sumitomo Bakelite Co., Tokyo, Japan) in F-12 
HAM supplemented with 10% foetal bovine serum (FBS; PAA 
Laboratories GmbH, Pasching, Austria), 10 ng/ml of FGF-1 (R&D 
Systems Inc., Minneapolis, Minn., USA), 15  � g/ml of heparin 
(Sigma), and 100  � g/ml of kanamycin (Sigma) in a humidified 
atmosphere of 5% CO 2  at 37   °   C. Heparin was included to achieve 
optimal FGF-1 activity  [20] . The culture medium was changed 
once every 3 days, and cells obtained from the third to seventh 
passages were used in the following studies. This study was car-
ried out in accordance with the guidelines on the care and use of 
laboratory animals issued by Hokkaido University.

  Establishment of SCDC from a Rat PDL Primary Fibroblast 
Culture 
 The cultured primary rat PDL fibroblasts described above 

were seeded into each well of a type I collagen-coated 96-well plas-
tic plate (Sumilon Celltight multi-well plate; Sumitomo Bakelite 
Co.) at a density of 1 cell/well. The cells were maintained in F-12 
HAM supplemented with 20% FBS, 10 ng/ml of FGF-1, 15  � g/ml 
of heparin and 100  � g/ml of kanamycin in a 5% CO 2  humidified 
atmosphere at 37   °   C. The culture medium was changed once ev-
ery 2 days. Individual cells from each well of the 96-well plate were 
deposited into the SCDC. Each SCDC was expanded to a sub-con-
fluent culture on a type I collagen-coated plastic plate (Sumilon 
Celltight Plate; Sumitomo Bakelite Co.) with a diameter of 9 cm. 
Cells obtained from the third to seventh passages were used in the 
following studies. 

  RT-PCR Analysis 
 Total RNA was extracted from the primary culture of rat PDL 

fibroblasts and SCDCs using Isogen (Nippongene Co., Toyama, 
Japan), according to the manufacturer’s protocol. Complemen-
tary DNA (cDNA) was synthesised with Omniscript reverse tran-
scriptase (Qiagen, Valencia, Calif., USA) using (dT) 15  primer
(1 m M ). Subsequent amplification for detection of cDNAs was 
performed for each cell using the requisite number of cycles under 
the following conditions: 94   °   C for 30 s, the annealing tempera-
ture optimised for each primer pair for 30 s and 72   °   C for 90 s. The 
primer sequences used for PCR amplification ( table 1 ) were de-
signed using rat mRNA cDNA sequences for MSC markers [CD44, 
CD146, vascular cell adhesion molecule 1 (VCAM1), smooth 
muscle  � -actin (SM � -actin), alkaline phosphatase (ALP)], liga-
ment fibroblast markers [scleraxis, periostin,  � 1(I)procollagen, 
osteopontin (OPN)], osteoblast markers [osterix, osteocalcin 
(OCN), runt-related transcription factor 2 (Runx2)], SMC mark-
ers (h1-calponin, smoothelin), EC markers [Tie-2, Flk-1, von Wil-
lebrand factor (vWF), CD31] and  � -actin. Amplified products 
were separated by agarose gel electrophoresis and stained with 
ethidium bromide. PCR experiments were performed using sam-
ples from at least 3 different cell preparations, and the results were 
confirmed by triplicate PCR experiments using the same cell 
samples.

  Construction of a Blood Vessel-Like Structure by SCDC Cells 
in the Three-Dimensional Type I Collagen Scaffold 
 In order to evaluate the ability of SCDC cells to construct a 

blood vessel-like structure, we modified an angiogenesis assay 
used for spheroid-based engineering of the vasculature  [21] . First, 
cells were suspended in 100  � l of F-12 HAM supplemented with 
20% FBS and FGF plus heparin and seeded into a well of a 96-well 

plastic plate (Sumilon Celltight Spheroid multi-well plate; Sumi-
tomo Bakelite Co.) at a density of 1.0  !  10 4  cells/well. The cells 
were then incubated in a 5% CO 2  humidified atmosphere at 37   °   C 
for 48 h. During the incubation, the cells migrated toward one 
another and formed a cell cluster, resembling a spheroidal aggre-
gation of cells. This cell cluster was transferred into the type I col-
lagen gel scaffold, which was prepared as follows: the gel was fab-
ricated by mixing 2 volumes of 0.3% type I collagen solution (Cell-
matrix I-A; Nitta Gelatin, Osaka, Japan), 4 volumes of sterilised 
water, 2 volumes of FBS, 1 volume of 10 !  concentrated F-12 
HAM and 1 volume of reconstitution buffer (260 m M  NaHCO 3 , 
200 m M  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and 
50 m M  NaOH in sterilised water). Then, 100  � l of the mixture was 
pipetted onto the bottom of a well in a 96-well tissue culture plate 
and incubated at 37   °   C for 30 min to solidify the mixture. After 
solidification, the spheroidal aggregate of cells constructed as de-
scribed above was placed onto the centre of the solidified gel, and 
an additional 100  � l of the type I collagen gel mixture was then 
placed over the cells and allowed to solidify. Finally, 100  � l of F-
12 HAM supplemented with 20% FBS and FGF plus heparin was 
added to the culture and incubated for the indicated time. Where 
indicated, the MEK inhibitor U0126 or PI3K inhibitor LY294002 
(all from Calbiochem) was added to the type I collagen gel and 
culture medium. The vessel-like structures originating from the 
surface of the spheroidal aggregate were viewed under a phase-
contrast microscope and photographed. The spheroid test was 
also performed for the uniformly solidified type I collagen gel. We 
confirmed that the vessel-like structures originating from the 
surface of the spheroidal aggregate sprouted from the uniformly 
solidified gel, as observed in the gel solidified using 2 steps (meth-
ods described above)   (data not shown). 

  Paraffin Sections of the Three-Dimensional Cell Culture in the 
Type I Collagen Gel 
 First, the three-dimensional cell culture in the type I collagen 

gel was fixed with 10% formalin for more than 3 days, and then 
stored in 70% ethanol overnight for dehydration. The specimen 
was then sequentially dehydrated in 70, 80, 90, 95 and 100% etha-
nol. After dehydration, the specimens were exposed to lemosole 
(Wako), and then embedded in 100% paraffin at 64–68   °   C (Wako). 
The paraffin-block was sectioned at 5  � m using a microtome 
REM-700 (Yamato, Saitama, Japan) and disposable metal blades 
(Feather, Tokyo, Japan). Sections were collected on MAS-coated 
glass slides and incubated at 37   °   C overnight for immobilisation. 
They were then deparaffinised in lemosole for 20 min, hydrated 
in a graded ethanol series (1–3 min each), and stained with hae-
matoxylin-eosin for 1 min (Mutokagaku, Tokyo, Japan) or used 
for immunohistochemical analysis. In some cases, cells in the 
type I collagen gel were first fluorescently labelled using the 
PKH67 Green Fluorescent Cell Linker Kit (Sigma), according to 
the manufacturer’s instructions. Fluorescence was detected using 
a BZ-9000 all-in-one fluorescence microscope (Keyence, Osaka, 
Japan). 

  Celloidin Sections of the Three-Dimensional Cell Culture in 
the Type I Collagen Gel 
 The cells were first fluorescently labelled as described above. 

Then, three-dimensional cultures of the labelled cells in the type 
I collagen gel were fixed with 10% formalin for more than 3 days. 
After several washes in distilled water and dehydration in the 
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graded ethanol series described above, the specimens were im-
mersed in a 1:   1 solution of 100% ethanol and ether for 1 day. They 
were then incubated in a 2% solution of Ceducol (Merck, Darm-
stadt, Germany) in a 1:   1 solution of 100% ethanol and ethyl ether 
for 2 days, 4% celloidin solution for 2 days, and then 8% celloidin 
solution for 2 days. The specimens were then immersed in a 10:   3 
mixture of 70% ethanol and 100% chloroform for 1–3 days. After 
hardening of the celloidin solution, the block was sectioned on a 
Reichert-Jung Mod.Hn40 microtome (Leica Instruments, Nuss-
loch, Germany) set at 50  � m. Sections were hydrated in a graded 

ethanol series and then lemosole containing a small amount of 
phenol (1–3 min each), and then mounted on glass slides and cov-
ered with Softmount coverslips (Wako). Fluorescence signals 
from the labelled cell structure were detected using a fluorescence 
microscope, as described above. 

  Immunofluorescence of Cultured Cells and
Paraffin-Embedded Sections 
 For immunofluorescence analysis of cultured cells, cells were 

subcultured in individual wells of type I collagen-coated 8-cham-

Table 1. Primers used for RT-PCR

Specificity Ologonucleotide sequence (5�–3�) Annealing
temp., ° C

Predicted
size, bp

Cycle

CD44 TACCTGGGAAGACCTAGGAGCA 58 213 36
TTCGCAAGCCAGTTGGTACTTA

CD146 ACCACCCTCACACCTGACTC 58 235 38
TCTCCTGTTTTCCTGAGCGT

VCAM1 CTCCAGATGTAGGTCAGAAC 51 291 38
TAATCAGTATACCATGAATTAGG

SM�-actin CGATAGAACACGGCATCATC 59 524 30
CATCAGGCAGTTCGTAGCTC

ALP CGCCTATCAGCTAATGCACA 59 315 35
AGGGAAGGGTCAGTCAGGTT

Scleraxis CGAGAACACCCAGCCCAAACAGAT 62 281 35
ATAGCCCGCCTGTCCATCTC

Periostin TGTGGGGTAGGAACTGAAGG 59 157 38
TCCAGCCTCTTCTTGACCAT

�1(I) procollagen GGAGAGAGTGCCAACTCCAG 59 206 30
CCACCCCAGGGATAAAAACT

OPN (osteopontin) GAAACTCCTGGACTTTGACC 55 357 30
GCCACTTGGCTGAAGCCTG

Tie-2 GGGCAAAAATGAAGACCAGCAC 61 512 38
GCATCCATCCGTAACCCATCCT

Flk-1 GGGAAAGACTATGTTGGG 52 498 38
ATCAATCTTGACCCCAGG

vWF GCCTCTACCAGTGAGGTTTTGAAG 61 297 38
ATCTCATCTCTTCTCTGCTCCAGC

CD31 AGGTGACCGTGGACAAAAAG 58 266 38
TCCGGATGAATTCTGAGGTC

Ang-1 GTTTTTGTGCTGGGTCTGGT 60 278 35
GTGGTGATCTGGAAGGGAGA

Smoothelin CCTACAGGCAACCAGAGAGC 53 386 30
TTCCGCTCTTCAAAGTTCGT

h1-calponin ACTGTGACACGCTCAACGTC 59 410 35
GTGCTTCCTTTGGGTGTTGT

Osterix GCAAGGCTTCGCATCTGAA 55 370 30
TAGCAGGTTGCTCTGCTC

OCN (osteocalcin) AACGGTGGTGCCATAGATGC 59 293 30
AGGACCCTCTCTCTGCTCAC

Runx2 AGTCCCAACTTCCTGTGCT 58 689 35
GTGTCATCATCTGAAATACGC

�-Actin AGCCATGTACGTAGCCATCC 60 226 21
TCTCAGCTGTGGTGGTGAAG
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ber slides at a density of 1  !  10 4  cells/well (BD Biosciences, 
Franklin Lakes, N.J., USA) for 2 days. Cells were then fixed in 4% 
paraformaldehyde for 30 min and permeabilised with 0.2% Tri-
ton X-100 in PBS. After background inhibition with 3% (w/v) 
bovine serum albumin in PBS, cells were labelled with anti-vWF 
rabbit polyclonal antiserum (1:   200; Dako, Carpinteria, Calif., 
USA), anti-h1-calponin mouse monoclonal antibody (clone hCP, 
1:   300; Sigma), or anti-Tie-2 rabbit polyclonal antibody (1:   50;
Santa Cruz Biotechnology Inc., Santa Cruz, Calif., USA) at room 
temperature for 1 h, and then at 4   °   C overnight. After washing 
with 0.2% Triton X-100 in PBS to remove the primary antibody, 
the cells were incubated with Alexa Fluor  �   488-conjugated goat 
anti-rabbit IgG or Alexa Fluor 488-conjugated rabbit anti-mouse 
IgG (1:   1,000; Molecular Probes, Leiden, The Netherlands) for 30 
min at room temperature. After washing with 0.2% Triton X-100 
in PBS to remove the secondary antibody, the cells were labelled 
with DAPI and Alexa Fluor 594 phalloidin (6.6  �  M ; Invitrogen, 
Paisley, UK). The fluorescent signal was detected using a fluores-
cence microscope. 

  For immunofluorescence analysis of cells in paraffin-em-
bedded sections, the sections were treated with 0.1% trypsin in 
PBS for 30 min at 37   °   C. Cells were first labelled with anti-Tie-2 
rabbit polyclonal antibody (1:   50; Santa Cruz Biotechnology 
Inc.). Second, the cells were incubated with Alexa Fluor 488-
conjugated rabbit anti-mouse IgG (1:   1,000; Molecular Probes) 
and, finally, the nuclei and actin fibres in the cells were labelled 
with DAPI and Alexa Fluor 594 phalloidin (6.6  �  M ; Invitrogen), 
respectively.

  Western Blotting 
 Cells were lysed in 25 m M  Tris-HCl (pH 6.5), 1% SDS, and 5% 

glycerol by boiling for 5 min. Equal amounts of protein from each 
cell lysate were separated in a 10% Tris-glycine SDS-polyacryl-
amide-gel electrophoresis gel. The separated proteins were trans-
ferred onto PVDF membranes (Millipore Corp., Bedford, Mass., 
USA) and incubated for 1 h at room temperature in blocking solu-
tion (5% (w/v) bovine serum albumin in PBS). The membranes 
were then incubated in blocking solution containing anti-p44/42 
MAPK rabbit polyclonal antibody (1:   1,000; Cell Signaling, Dan-
vers, Mass., USA) or anti-phospho-p44/42 MAPK rabbit poly-
clonal antibody (1:   1,000; Cell Signaling) at 4   °   C overnight. Mem-
branes were washed and incubated with a 1:   5,000 dilution of 
horseradish peroxidase-conjugated anti-rabbit IgG affinity puri-
fied goat antibody (Chemicon International Inc., Temecula, Cal-
if., USA) for 40 min at room temperature. Peroxidase activity on 
the membrane was visualised using the ECL Western blotting
detection system (Amersham Biosciences Corp., Piscataway,
N.J., USA), in accordance with the protocol provided by the
manufacturer.

  Cell Proliferation Assay 
 Cell proliferation was assessed as a function of NADH content 

using a TetraColor ONE [5 m M  (2-(2-methoxy-4-nytrophenyl)-3-
(4-nitro-phenyl)-5-(2,4-disulphphenyl)-2H-tetrazolium, mono-
sodium salt); 0.2 m M  1-methoxy-5-methylphenazinium methyl-
sulphate; and 150 m M  NaCl]-based assay, according to the man-
ufacturer’s instructions (Seikagaku Inc., Nihonbashi, Tokyo)  [22] . 
Briefly, cells (1.5  !  10 4  cells /well in 96-well plates) were incu-
bated for the times indicated with the selected concentration of 
U0126 or LY294002 in the culture medium. Ten microlitres of 

TetraColor ONE solution was then added to each well, and the 
cells were incubated for 2 h. The absorbance of each well was then 
determined at a wavelength of 450 nm, with background subtrac-
tion at 630 nm. The data were statistically analysed by the Student 
t test, and a value of p  !  0.05 was considered as significant. The 
data are presented as the mean  8  SD of triplicate determina-
tions. 

  Detection of Apoptotic Cells by TUNEL 
 The TdT-mediated dUTP nick end-labelling (TUNEL) assay 

 [23]  was performed using the DeadEnd TM  Colorimetric TUNEL 
System to detect nuclear apoptosis, according to the manufactur-
er’s instructions (Promega, Madison, Wisc., USA). This system 
labels the ends of fragmented DNA present in apoptotic cells. 
Briefly, SCDC2 cells were subcultured in each well of type I col-
lagen-coated 8-chamber slides at a density of 1  !  10 4  cells/well 
(BD Biosciences) for 2 days, and then some cells were treated with 
LY294002 (20 m M ) for 24 h. The cells were then fixed with 4% 
paraformaldehyde for 30 min, and apoptotic cells were labelled 
using the TUNEL assay. Finally, the labelled cells were viewed 
under a light microscope. 

  Results 

 Morphological Characterisation of Rat PDL 
Fibroblasts 
 A primary culture of rat PDL fibroblasts was estab-

lished and 4 SCDCs (SCDC1–4) were obtained from the 
primary culture as described in Materials and Methods. 
As shown in  figure 1 , primary rat PDL fibroblast ( fig. 1 a) 
and SCDC ( fig. 1 b–e) cultures have a fibroblastic spindle 
shape.

  Expression of MSC Markers and PDL-Related Genes 
in Rat PDL Fibroblasts 
 RT-PCR analysis revealed that the cultured primary 

PDL fibroblasts and all 4 SCDCs consistently expressed 
mRNA for MSC markers, that is, CD44, VCAM1, SM � -
actin and ALP  [24–28] , although slight differences in 
their expression levels were observed. In contrast, CD146 
is not consistently expressed in the cultured primary PDL 
fibroblasts and SCDCs: SCDC1 vigorously expressed 
CD146 but the cultured primary PDL fibroblasts and the 
other SCDCs not ( fig. 2 a). On the other hand, SCDCs 
consistently expressed mRNAs for extracellular matrix 
proteins of PDL, that is,  � 1(I) procollagen, OPN and peri-
ostin  [15] , although slight differences in their expression 
levels were observed ( fig. 2 b). Recent reports have also 
shown that PDL fibroblasts express scleraxis, a specific 
marker for tendons and ligaments  [7, 29] . All 4 SCDCs 
also expressed scleraxis mRNA, although slight differ-
ences in expression levels were observed. These observa-
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tions indicate that these cells possess characteristics of 
both undifferentiated mesenchymal cells and PDL fibro-
blasts. 

  Simultaneous Expression of EC and SMC Markers by 
SCDCs 
 We examined the mRNA expression of vascular cell 

markers by RT-PCR analysis. As shown in  figure 3 a, 
mRNAs for the EC markers Tie-2, Flk-1, vWF and CD31 
were expressed by all 4 SCDCs, although considerable 
differences in Tie-2 and CD31 expression levels were
observed. Tie-2 mRNA was abundantly expressed in 
SCDC2, but was nearly undetectable in the other SCDCs. 
CD31 mRNA was abundantly expressed in SCDC4, mod-
erately expressed in SCDC2, and expressed at very low 
levels in SCDC1 and -3. In contrast, mRNA for the de-
finitive EC marker Flk-1 was abundantly expressed in 
SCDC2 and moderately expressed in SCDC3 cells, but 
was not expressed in SCDC1 and -4. In addition, as shown 
in  figure 3 b, mRNAs for the SMC markers h1-calponin 
and smoothelin were consistently expressed in all 4 
SCDCs. Thus, SCDCs simultaneously expressed both EC 
and SMC markers. 

  Construction of Vessel-Like Structures in the 
Type I Collagen Scaffold by PDL Fibroblasts 
Abundantly Expressing EC Markers, but Not by Cells 
Demonstrating Abundant Expression of Osteoblast 
Markers 
 We evaluated the ability of SCDCs to construct a capil-

lary tube-like structure resembling microvasculature and 
examined the angiogenic activity of SCDC1 and SCDC2 
cells. As shown in  figure 3 a, SCDC2 cells exhibited EC-
like characteristics in that they demonstrated abundant 
expression of the various EC-specific markers, unlike 
SCDC1 cells. As shown in  figure 4 b, SCDC2 cells formed 
tight spheroidal aggregates, unlike SCDC1 cells, which 
displayed loose cell clusters around which many isolated 
cells were scattered ( fig. 4 a). The spheroidal aggregates 
were then embedded in a type I collagen scaffold and the 
angiogenic activity of SCDC1 and SCDC2 cells was com-
pared. As shown in  figure 4 d, SCDC2 cells formed many 
microvasculature-like structures originating from the en-
tire surface of the spheroid body. In contrast, SCDC1 cells 
formed only a few thin, tube-like structures originating 
from the loose cell clusters ( fig. 4 c). 
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  Fig. 1.  Morphological characterisation of rat PDL fibroblasts. Rat 
PDL fibroblasts were cultured on type I collagen-coated plastic 
plates and viewed by phase-contrast microscopy.  a  Primary cul-

ture of rat PDL fibroblasts.  b–e  SCDCs obtained from cultured 
primary PDL fibroblasts.  b  SCDC1;  c  SCDC2;  d  SCDC3;  e  SCDC4. 
Scale bar = 100  � m. 
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  Fig. 2.  Expression of MSC markers and PDL-related genes in rat 
PDL fibroblasts. RT-PCR analyses were performed using specific 
primers for genes expressed in MSCs ( a ) or ligament fibroblasts 
( b ). Cells obtained from cultured primary rat PDL (lane 1), SCDC1 
(lane 2), SCDC2 (lane 3), SCDC3 (lane 4) and SCDC4 (lane 5) 
were plated in type I collagen-coated 6-cm cell culture dishes at
3  !  10 4  cells/cm 2  and cultured for 72 h. Total cellular RNA was 

extracted and RT-PCR was performed to examine the levels of 
mRNA expression. The PCR products were separated in a 2% aga-
rose gel containing ethidium bromide and observed using an ul-
traviolet transilluminator. Equal loading of cDNA samples was 
confirmed by amplification of  � -actin cDNA. Data represent 1 of 
3 independent experiments with similar results. 

SCDC1

SCDC2

SCDC3

SCDC4

a

Tie-2

Flk-1

vWF

CD31

�-Actin

1 2 3 4

%
 o

f m
ax

im
um

 m
RN

A
ex

p
re

ss
io

n

20

0

60

40

80

100

Tie-2 Flk-1 vWF CD31

  Fig. 3.  Simultaneous expression of EC and SMC markers by 
SCDCs. RT-PCR analyses were performed using specific primers 
for markers of ( a ) ECs and ( b ) SMCs. Cells from SCDC1 (lane 1), 
-2 (lane 2), -3 (lane 3), and -4 (lane 4) were plated and cultured as 

described in the legend of figure 2. The right panels represent 
mRNA expression standardised as a ratio with respect to        � -actin 
mRNA.  
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  We previously reported that bone morphogenetic pro-
tein, which induces the expression of osteoblast differen-
tiation markers in PDL fibroblasts, clearly suppresses EC 
marker expression in cells  [8] . Based on these results, it 
seems reasonable to speculate that the expression of an 
osteoblastic phenotype attenuates that of the EC-like 
phenotype in PDL fibroblasts. Therefore, we compared 
the expression levels of osteoblast markers between 
SCDC1 and SCDC2 cells. Intriguingly, SCDC1, but not 
SCDC2, demonstrated abundant expression of the defin-
itive osteoblast markers osterix and OCN ( fig. 4 e). 

  Construction of a Mature Vessel-Like Structure with a 
Lumen  
 To evaluate the morphological details of the capillary 

tube-like structure, we obtained paraffin sections of 
SCDC2 in the type I collagen scaffold. As shown in  figure 
5 a–d, the basal part of the tube-like structure originating 
from spheroidal aggregates of SCDC2 cells was longitudi-

nally sectioned. A lumen-like cavity (red arrows) was clear-
ly observed between two wall-like structures (blue arrows) 
constructed by SCDC2 cells. Cross sections of the tube-like 
structure revealed several ring-like structures with a lu-
men in three serial sections (red arrows;  fig. 5 e–j). 

  A three-dimensional image of the vessel-like structure 
in a celloidin section (50  � m thick) was constructed us-
ing the fluorescence microscope. Vessel-like structures 
sprouted from the surface of the spheroidal aggregates in 
various directions ( fig. 6 a–c). As shown in  figure 6 d–m, 
ring-like structures constructed by SCDC2 cells were ob-
served in serial cross sections throughout the vessel-like 
structure.

  Expression of Definitive EC and SMC Marker Proteins 
in SCDC2 Cells 
 SCDC2 cells cultured on type I collagen-coated glass 

slides were stained using anti-vWF polyclonal antibody 
(green) ( fig. 7 b) and anti-h1-calponin (green) ( fig. 7 c). 
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  Fig. 4.  Construction of vessel-like structures in the type I collagen 
scaffold by PDL fibroblasts abundantly expressing EC markers, 
but not by cells demonstrating abundant expression of osteoblast 
markers. To compare the ability of SCDC1 ( a ,  c ) and SCDC2 ( b , 
 d ) to construct a tube-like structure, a cell cluster resembling a 
spheroid aggregate was constructed by each SCDC ( a ,  b ), as de-
scribed in Materials and Methods. The cell cluster was then em-
bedded in the type I collagen gel. After culturing for 30 h, the 
morphological characteristics of the embedded cell cluster were 

viewed by phase-contrast microscopy. SCDC2 vigorously con-
structed many thick, tube-like structures from the surface of the 
cell cluster ( d ), whereas SCDC1 constructed only a few thin, fibre-
like structures ( c ). Scale bars are 100        � m ( a ,  b ) and 50  � m ( c ,  d ). 
 e  RT-PCR analyses were performed using specific primers for 
markers of osteoblasts. Cells from SCDC1 (lane 1) and SCDC2 
(lane 2) were plated and cultured as described in the legend of fig-
ure 2. The right panels represent mRNA expression standardised 
as a ratio with respect to  � -actin mRNA ( e ). 
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  Fig. 5.  Construction of a mature vessel-like structure with a lu-
men. The tube-like structures and cell clusters constructed by 
SCDC2 cells were morphologically evaluated using a fluorescence 
microscope.  a–d  A three-dimensional culture of green fluores-
cence-stained cells in a type I collagen gel was fixed and embed-
ded in a paraffin block as described in Materials and Methods. 
The paraffin sections were stained with haematoxylin-eosin and 
viewed under a light microscope ( a ,  b ) or a fluorescence micro-
scope ( c ,  d ). Red arrows indicate portions of longitudinal sections 

present in basal parts of the vessel-like structures that protruded 
from the surface of the cell cluster. Scale bar = 50              � m.  e–j  Red ar-
rows indicate portions of cross sections of vessel-like structures 
protruding from the cell cluster.  e–g  Haematoxylin-eosin-stained 
paraffin sections.  h–j  Fluorescence signals from the same sections 
as those shown in  e–g . The lumen of a vessel-like structure was 
observed in 3 serial sections (5  � m thick). Yellow arrows indicate 
parts of the cell cluster body. Scale bars = 20  � m.           
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Nuclei and actin fibres in SCDC2 cells were stained with 
DAPI (blue) and phalloidin (red) in  figure 7 a–c, respec-
tively. No green fluorescent signal was detected in SCDC2 
cells labelled with secondary antibodies only ( fig. 7 a). As 
shown in these panels, the protein expression of vWF and 
h1-calponin in SCDC2 cells was confirmed. Moreover, 
SCDC2 cells cultured on glass slides expressed these cell-
specific markers simultaneously (data not shown). 

  Construction of Definitive EC Marker Tie-2-Positive 
Vessel-Like Structures in the Type I Collagen Scaffold 
 SCDC1 and SCDC2 cells cultured on type I collagen-

coated glass slides were stained using anti-Tie-2 poly-
clonal antibody (green) ( fig. 8 a, b). Nuclei and actin fibres 
in the cells were stained with DAPI (blue) and phalloidin 
(red), as indicated in  figure 8 a and b, respectively. As 
shown in  figure 8 a, Tie-2 protein expression (green) was 

a b
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  Fig. 6.  Three-dimentional images of cross 
sections throughout the vessel-like struc-
ture constructed by SCDC2 cells.  a  The 
three-dimensional images of vessel-like 
structures in celloidin sections (50                      � m 
thick) were constructed using a fluor-
escence microscope. The red rectangle in-
dicates the outline of the fluorescen ce-
scanned parts of the vessel-like structure 
and the cell cluster shown in  b–m .  b  and  c  
are three-dimensional views of vessel-like 
structures protruding from the surface of 
the cell cluster at different angles.  d  and  e  
are magnified images of the areas enclosed 
within the dashed blue rectangle in  b  and 
 c , respectively.  f–m  Images of cross sec-
tions throughout the vessel-like structure 
in  d . Scale bars are 50  � m (   a ) and 10      � m 
( b–m ). 
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not detectable in SCDC1 cells expressing a very low 
amount of Tie-2 mRNA ( fig. 3 a). In contrast, SCDC2 
cells, which expressed abundant Tie-2 mRNA ( fig. 3 a), 
clearly expressed Tie-2 protein around the cell membrane 
and in the cytoplasm ( fig. 8 b). Although Tie-2 expression 
must be within cell membrane, Tie-2 expression in 
SCDC2 cells was observed within cytoplasm than cell 
membrane in  figure 8 b. Most of Tie-2 receptors might be 

endocytosed and internalized into SCDC2 cells: Bogda-
novic et al.  [30]  reported that around 70% of Tie-2 within 
cell membrane was rapidly internalized into   the human 
umbilical vascular endotherial cells within 30 min after 
stimulation with Tie-2 ligands, angiopoietin (Ang)-1. Be-
cause RT-PCR analysis revealed that SCDC2 actually ex-
pressed Ang-1 (data not shown), it seemed reasonable to 
suppose that Ang-1 stimulated Tie-2 receptors in an au-

a b c

  Fig. 7.  Expression of definitive EC and SMC marker proteins in 
SCDC2 cells. SCDC2 cells were plated on type I collagen-coated 
glass slides at a density of 1                  !  10 4  cells/well, cultured for 2 days, 
and fixed for immunocytochemical examination.      a  In the ab-
sence of primary antibodies against either vWF or h1-calponin, 
but with fluorescently labelled secondary antibodies against rab-

bit and mouse IgG (green);  b  in the presence of primary antibody 
against vWF and fluorescently labelled secondary antibody 
against rabbit IgG (green);  c  in the presence of primary antibody 
against h1-calponin and fluorescently labelled secondary anti-
body against mouse IgG (green).  a–c  The cells were stained with 
both phalloidin (red) and DAPI (blue). Scale bar = 50              � m.              
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  Fig. 8.  Construction of a definitive EC 
marker Tie-2-positive vessel-like structure 
in a type I collagen scaffold. Cultured 
SCDC1 ( a ) and SCDC2 ( b ) were immuno-
cytochemically evaluated with an anti-
Tie-2 antibody. The cells were simultane-
ously stained with anti-Tie-2 antibody 
(green), phalloidin (red) and DAPI (blue). 
 c ,  d  The tube-like structures and cell clus-
ters constructed by SCDC2 cells were im-
munohistochemically evaluated with an 
anti-Tie-2 antibody. In  c , paraffin sections 
of the three-dimensional culture of SCDC2 
cells were stained with anti-Tie-2 antibody 
(green). In  d , paraffin sections of the three-
dimensional culture of SCDC2 cells were 
simultaneously stained with anti-Tie-2 an-
tibody (green), phalloidin (red) and DAPI 
(blue). Scale bar = 50            � m.                                   
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tocrine fashion in SCDC2 cells resulting in the internal-
ization of Tie-2.

  Next, we evaluated Tie-2 expression in the vessel-like 
structure in the three-dimensional type I collagen scaf-
fold. The vessel-like structure and spheroidal aggregates 
composed of SCDC2 cells in paraffin-embedded sections 
were labelled with anti-Tie-2 polyclonal antibody (green). 

As shown in  figure 8 c, Tie-2 expression was clearly de-
tected in the vessel-like structure or around the edge of 
the SCDC2 spheroid. However, no Tie-2 expression was 
detected around the centre of the spheroidal aggregates. 
In addition, no Tie-2 expression was detected in the cap-
illary-like structure from the SCDC1 spheroid or in the 
SCDC1 spheroid (data not shown).
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  Fig. 9.  Association of PI3K-dependent intracellular signalling 
with angiogenic activity in SCDC2 cells. We evaluated whether 
the MAPK/MEK and PI3K/Akt signalling pathways in SCDC 
cells are important for angiogenic activity. The MEK inhibitor 
U0126 or PI3K inhibitor LY294002 was added to a three-dimen-
sional culture of SCDC2 cells. No additives ( a ), vehicle (0.2% 
DMSO) ( b ), 20 m M  U0126 ( c ) or 20 m M  LY294002 ( d ). The vessel-
like structure was viewed by phase-contrast microscopy. Scale
bar = 50                � m. In  e , the status of SCDC2 cell proliferation was as-
sessed as a function of NADH reductase activity. The percent pro-
liferation was calculated using the following formula: percent 
proliferation = 100 !  (A 450–630 nm  with each additive/A 450–630 nm  
without additives). Data are expressed as means  8  SD of 3 inde-
pendent experiments.  *  p  !  0.05 compared to the control. In  f , 
RT-PCR analyses were performed using specific primers for EC 
markers. SCDC2 cells were plated and cultured as described in 
the legend of figure 2. Right panels represent mRNA expression 
standardised as a ratio with respect to                  � -actin mRNA.             
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  Association of PI3K-Dependent Intracellular 
Signalling with Angiogenic Activity in SCDC2 Cells 
 To evaluate the effects of MAPK/MEK- and PI3K/Akt-

dependent intracellular signalling on the angiogenic ac-
tivity of SCDC2 cells, the MEK inhibitor U0126 (20 � M ) 
and the PI3K inhibitor LY294002 (20 � M ) were added
to three-dimensional cultures of SCDC2 cells in a type
I collagen scaffold. U0126 did not affect the formation
of vessels originating from the spheroidal aggregates 
( fig. 9 c), but Western blotting analysis revealed that 
U0126 completely suppressed FGF-induced phosphory-
lation of p44/42 MAPK (data not shown). In contrast, 
LY294002 completely suppressed the formation of vessels 
originating from the spheroidal aggregates ( fig. 9 d).

  We next evaluated the effect of the PI3K inhibitor on 
the growth and differentiation of SCDC2 cells. As shown 
in  figure 9 e, LY294002 inhibited the proliferation of 
SCDC2 cells by approximately 30% 30 h after adminis-
tration of the PI3K inhibitor to SCDC2 cell cultures. The 
TUNEL assay, however, revealed that LY294002 did not 
exert a pro-apoptotic effect on SCDC2 cells (data not 
shown). Intriguingly, LY294002 significantly suppressed 
the expression of the EC-definitive markers FLK-1 and 
Tie-2 mRNA ( fig. 9 f). 

  Discussion 

 Here we evaluated the expression of MSC markers in 
PDL fibroblasts. RT-PCR analysis revealed that all 4 
SCDCs originating from cultured primary PDL fibro-
blasts consistently expressed mRNA for MSC markers, 
that is, CD44, VCAM1, SM � -actin, and ALP ( fig. 2 a). Ex-
pression of MSC markers was also observed in cultured 
primary PDL fibroblasts ( fig. 2 a), suggesting that the 
MSC markers were consistently expressed from the time 
of PDL fibroblast primary culture establishment in FGF-
1 and heparin supplemented media. Tsutsumi et al.  [31]  
previously demonstrated that FGF is a potent mitogen for 
MSCs, and that incubation with FGF maintained the 
multilineage differentiation potential of MSCs through-
out many mitotic divisions. It seems reasonable to hy-
pothesise that FGF stimulation might maintain consis-
tent expression of MSC markers in PDL fibroblasts 
throughout many mitotic divisions. Recent reports have 
also shown that PDL fibroblasts express scleraxis, a spe-
cific marker of tendons and ligaments  [7, 29] . All 4 SCDCs 
also expressed scleraxis mRNA, although slight differ-
ences in expression levels were observed ( fig. 2 b). These 
observations indicate that these cells possess characteris-

tics of both undifferentiated mesenchymal cells and PDL 
fibroblasts. 

  We previously demonstrated the ability of a swine 
PDL fibroblast cell line, TesPDL3, to simultaneously ex-
press both EC-specific marker genes and PDL-related 
genes  [8] . Here we evaluated the status of vascular pheno-
type expression in SCDCs by RT-PCR analysis using spe-
cific primers to detect the mRNAs of EC and SMC mark-
er genes. In the present study, SCDC1–4 cells expressed 
EC and SMC markers in addition to MSC and ligament 
fibroblast markers ( fig. 2 ,  3 ,  7 ). Therefore, it seems rea-
sonable to conclude that SCDCs may be undifferentiated 
mesenchymal cells that do not express a specific cell type 
but possess a mixture of different cell features. 

  Blood vessels are composed of two cell types. ECs line 
the interior of the vessels, forming channels that allow 
blood flow, while SMCs cover the outside, protecting the 
fragile channels from rupture and controlling blood flow. 
Yamashita et al. demonstrated that both ECs and SMCs 
develop from the same precursor, that is, Flk-1-express-
ing cells derived from ESCs  [32] . They showed that some 
cells simultaneously exhibit both EC and SMC markers 
during terminal differentiation of the common precursor 
into ECs or SMCs, suggesting that such EC and SMC 
marker-positive cells might represent incompletely dif-
ferentiated common precursors of ECs and SMCs. In ad-
dition, we previously reported that a small population of 
human umbilical vein endothelium-derived cells dem-
onstrated simultaneous expression of both EC and SMC 
markers  [33] . In the present study, SCDC1–4 cells simul-
taneously expressed EC and SMC markers ( fig. 3 ). There-
fore, PDL fibroblasts seem to have the same characteris-
tics as the common precursor of ECs and SMCs. More-
over, we found that the originally established primary 
PDL fibroblast cultures contained a common precursor 
of ECs and SMCs such that they expressed both vWF and 
h1-calponin, as revealed by immunocytochemical analy-
ses. This suggests that such a common precursor actu-
ally resides in PDL tissue dissected from molars (data not 
shown). 

  Here we evaluated the ability of rat PDL fibroblasts to 
construct a blood vessel-like structure with a mature lu-
men in a type I collagen gel scaffold. Intriguingly, SCDC2 
cells, which demonstrated abundant expression of the 
EC-specific markers Flk-1 and Tie-2 ( fig. 3 a), displayed 
vigorous formation of many thick tube-like structures 
from the surface of the cell cluster ( fig. 4 b). However, 
SCDC1 cells, which expressed only a small amount of 
Flk-1 and Tie-2, but high levels of expressed osterix, 
formed only a few thin, fibre-like structures ( fig. 4 c). We 
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previously reported that bone morphogenetic protein, 
which induces osteoblastic differentiation of the swine 
PDL fibroblasts, TesPDL3, inhibited their formation of 
tube-like structure, suggesting that stimulation of osteo-
blastic differentiation might attenuate EC differentiation 
of PDL fibroblasts  [8] . These results support the idea that 
SCDC1 cells positive for the definitive osteoblastic mark-
er osterix possess little ability to construct vessel-like 
structures. 

  As shown in  figure 5 ,  6  and  8 , we demonstrated that 
PDL fibroblasts can construct definitive EC-specific 
marker Tie-2-positive blood vessel structures with a ma-
ture lumen in a type I collagen gel. Intriguingly, as shown 
in  figure 6 d–m, we observed a single continuous lumen 
throughout the 50- � m-long vessel-like structure, which 
was visible in fluorescent-scanned images of sequential 
sections of the cell culture in a type I collagen scaffold 
embedded in celloidin. The ability of SCDC2 cells to con-
struct a mature lumen in the vessel-like structure was 
confirmed by observation of sequential sections of for-
malin-fixed, paraffin-embedded cultured cells under a 
bright-field microscope ( fig. 5 e–j). In addition, as shown 
in  figure 8 c and d, Tie-2 expression was clearly detected 
in the vessel-like structure or around the edge of spheroi-
dal aggregates. However, no Tie-2 expression was detect-
ed at the centre of spheroidal aggregates. These results 
suggest that the cells around the surface of the spheroidal 
aggregates differentiated into mature ECs and possessed 
angiogenic activity. 

  Shankar et al.  [19]  reported that PI3K/Akt and MEK/
ERK activation seem to positively regulate angiogenesis 
by human umbilical vascular endotherial cells in vitro. 
As shown in  figure 9 a–d, the MEK inhibitor U0126 did 
not affect the ability of SCDC2 cells to construct a vessel-
like structure. In contrast, the PI3K inhibitor LY294002 
totally suppressed this ability. These results indicate that 
the ability of SCDC2 to construct a blood vessel-like 
structure is dependent on PI3K, but not on MEK/ERK 
activation. In addition, LY294002 moderately inhibited 
the proliferation of SCDC2 cells and also suppressed the 
mRNA expression of the EC-definitive markers FLK-1 
and Tie-2 in these cells ( fig. 9 e, f). Therefore, it seems rea-
sonable to postulate that PI3K-dependent intracellular 
signalling plays an important role not only in the prolif-
eration and differentiation but also in the angiogenic ac-
tivity of PDL fibroblasts.

  To make it clear that the expressions of the mixture of 
different cell features in SCDC2 was not due to the con-
tamination of MSC, EC and SMC into the ligament fibro-
blast culture, we examined the expression levels of vari-

ous differentiation markers in the SCDCs originating 
from SCDC2 cells. The SCDCs originating from SCDC2 
cells expressed MSC, ligament fibroblast, EC and SMC 
markers, as did the original SCDC2 cells (data not shown). 
Moreover, the SCDCs originating from SCDC2 cells 
formed a tube-like structure in a three-dimensional type 
I collagen scaffold similar to that formed by original 
SCDC2 cells (data not shown). These results prove that 
ligament fibroblasts can express a mixture of different 
cell features. 

  Blood supply is indispensable for the regeneration of 
damaged or lost PDL tissue  [34] . An understanding of 
how PDL tissue recruits the precursors of vascular cells 
and how the precursors differentiate into vascular cells is 
necessary for the establishment of a practical strategy of 
regenerative therapy for damaged or lost PDL. This is the 
first report to show that PDL fibroblasts have the vascular 
cell-like potential to construct blood vessel-like struc-
tures that express vascular cell-specific markers and have 
a lumen, and that this phenomenon is dependent on PI3K 
activation. Here we propose a novel idea that the fibro-
blastic lineage in the ligament tissue could be a candidate 
precursor for construction of a vascular system around 
damaged ligament tissue to facilitate its regeneration. 
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a b s t r a c t

The epithelial–mesenchymal transition (EMT) is an important event in the developmental process of var-
ious organs. In periodontal development during root formation of a tooth, this EMT has been a subject of
controversy. Hertwig’s epithelial root sheath (HERS), consisting of two epithelial layers, plays a role of
inducing odontogenesis during root development and thereafter becomes fragmented. Some researchers
have maintained that in the process of this fragmentation, some HERS cells change from epithelial to mes-
enchymal cells. Here, we established a HERS cell line (HERS01a) and examined its gene and protein expres-
sion. Immunohistochemical staining and real-time PCR analysis showed that HERS01a cells expressed
vimentin and N-cadherin as mesenchymal markers as well as cytokeratin14, E-cadherin, and p63 as epi-
thelial stem cell markers. In the presence of TGF-b, HERS01a cells also expressed many more mesenchymal
markers, as well as snail1 and 2 as EMT markers. Taken together, our data show that HERS01a displayed
unique features associated with EMT in the root formation process, and will thus be useful for analyzing
the biological characteristics of HERS and the molecular mechanism underlying the EMT.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The formation of a tooth root occurs by the sequential and
reciprocal interactions between the Hertwig’s epithelial root sheath
(HERS) and the surrounding mesenchyme, as well as by crown
development [1]. HERS consists of the epithelial bilayer derived
from the cervical loop epithelium at the cuff of the enamel organ.
After the completion of crown development, HERS fuses below the
level of the cervical margin of the crown [2]. Many studies have
indicated that HERS is involved in the induction of odontoblast dif-
ferentiation and subsequent dentin deposition during root forma-
tion through epithelial–mesenchymal interactions [3,4]. Root
formation starts as HERS begins to develop at postnatal day 5
(PN5d), and the root elongates for approximately 3 weeks
ll rights reserved.

mal growth factor receptor;
blast growth factor; HERS,

growth factor-I receptor; PN,
g growth factor beta.
istology and Developmental
try, Iwate Medical University,
ax: +81 19 652 4652.
a).
postnatally. HERS is maintained at the apex of the developing root
[5]; and at the other side of HERS, the epithelium disintegrates into
epithelial cell rests of Malassez in the periodontal ligament.

Recently, it was reported that the expression pattern of growth
factors changes at the transitional stage from crown morphogene-
sis to root formation. Meanwhile, Fgf-10 signaling in the dental
pulp disappears [6]; and it was reported that epidermal growth
factor and insulin-like growth factor-I signaling regulates the for-
mation and elongation of HERS in organ cultures [2,7]. Moreover,
it was suggested that HERS cells possibly possess the capability
for undergoing the epithelial–mesenchymal transition (EMT) [8].
However, this characteristic of HERS remains unclear, because
whether it is an original feature of HERS cells or the consequence
of stimulation by the surrounding mesenchyme has not been yet
answered.

In vitro studies would be very useful to understand the charac-
teristics of HERS cells. Though some cell lines derived from HERS
have already been reported [9–11], in the present study we also
produced a HERS cell line, examined its characteristics in terms
of protein and gene expression patterns, and compared them with
those of HERS in vivo. As a result, we obtained a new HERS cell line
that is very useful to study the molecular mechanism underlying
the EMT during root development.

http://dx.doi.org/10.1016/j.bbrc.2010.11.112
mailto:hideha@iwate-med.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2010.11.112
http://www.sciencedirect.com/science/journal/0006291X
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2. Materials and methods

2.1. Animals

The design and conditions of the animal experiments were ap-
proved by the Committee on Animal Experiments of Iwate Medical
University, Morioka, Japan. Newborn ddY mice were purchased
from Japan SLC Inc., (Shizuoka, Japan). Mouse first mandibular mo-
lars on postnatal day 6 (PN6d) were used for preparation of HERS
lineage cells, and PN5d mice were used for preparation of frozen
sections for immunohistochemical analysis.

2.2. Immunohistochemical staining

The dissected mouse mandibular bones without chemical fixa-
tion and decalcification were embedded in super cryo-embedding
medium (Leica Microsystems, Japan), and rapid-frozen by the hex-
ane-dry ice method. The samples were cut with a cryostat (Leica
Microsystems, Germany) into 6-lm-thick sections by using the
Film transfer method [12]. The sections on the film were dried in
the cryo-chamber for 12 h, and rinsed in PBS at room temperature
(RT). After having been blocked in 10% horse serum (RT, 1 h), the
sections reacted with the following antibodies (RT, 1 h): anti-cyto-
keratin 14 (Covance), anti-vimentin (DacoCytomation), anti-insu-
lin-like growth factor-I receptor (Santa Cruz), anti-EGF receptor
(Epitomics), anti-notch2 (Santa Cruz), anti-sonic hedgehog (Santa
Cruz), anti-E-cadherin (BD), and anti-N-cadherin (Sigma). As nega-
tive controls, sections were incubated with 1% BSA/PBS instead of
primary antibody or with the second antibody only. The sections
were then reacted with Alexa Fluor™ 546 or 488-labeled second-
ary antibodies (Molecular probes) at RT for 1 h.

The cells in culture dishes were fixed in 4% paraformaldehyde
and/or acetone/ethanol at RT for 15 min, once they had reached
approximately 60% confluence. After a rinse in PBS and incubation
in 0.1% Triton X-100/PBS when necessary, they were reacted by
using the above antibodies as well as antibodies against P63 (Lab
Vision) and ameloblastin (the courtesy of Prof. Uchida, Hiroshima
University, Japan) as per the histological protocol.

2.3. HERS cell culture

HERS cells that collected from PN6d mouse mandibular first
molar germs were seeded in a culture dish (PRIMARIA™, BD) and
cultured in DMEM/HAM F-12 medium (GIBCO) supplemented with
B27 (Invitrogen), fibroblast growth factor-2 (20 ng/ml), in a humid-
ified atmosphere of 5% CO2 at 37 �C. When the cells had reached
approximately 80% confluence, they were passaged with 0.25%
trypsin/EDTA (GIBCO) and maintained as a HERS cell line. These
cells were plated in culture dishes at a density 1 � 105 cells/dish,
and the medium was changed every other day.

2.4. RNA preparation and RT-PCR

The culture medium was removed from the cells, and the cells
were washed twice with PBS. Then, the cells were scraped from
the dish with a sterile cell scraper, and collected in Eppendorf
tubes. Total RNA was isolated from the HERS cells by using
RNeasy� mini (Takara, Japan), according to the manufacturer’s
instructions; and cDNAs were synthesized by using a PrimeScript�

RT reagent Kit (Takara). After mixing SYBR Premix Ex Taq™ II pre-
mix (Takara) with each cDNA, amplification was performed in a
Thermal Cycler Dice Real Time System, TP-800 (Takara). Primer se-
quences for each cDNA were the following: 50-GTC TCC TCT GAC
TTC AAC A-30 (forward) and 50-CAG GAA ATG AGC TTG ACA AA-30

(reverse) for GAPDH; 50-CAA GAC CAT CGA GGA CCT GAA-30
(forward) and 50-CAG GCT CTG CTC CGT CTC AA-30 (Reverse) for
cytokeratin14; 50- AAA GCG TGG CTG CCA AGA AC-30 (forward)
and 50-GTG ACT GCA CCT GTC TCC GGT A-30 (reverse) for vimentin;
50-CGT CCT GCC AAT CCT GAT GA-30 (forward) and 50-ACC ACT GCC
CTC GTA ATC GAA C-30 (reverse) for E-cadherin; 50-CGC CAA TCA
ACT TGC CAG AA-30 (forward) and 50-TGG CCC AGT GAC GCT GTA
TC-30 (reverse) for N-cadherin; 50-GTG GTC ATT TCA GAT GCG
ATT CA-30 (forward) and 50-ATT CCC GAG GCA TGT GCA G-30

(reverse) for fibronectin; 50-ACG CCA CCT GCC TGG ATA AG-30

(forward) and 50-CAC ACT GCC CGT TGT TCA CAC-30 (reverse) for
notch2; 50-AGC AGA CCG GCT GAT GAC TC-30 (forward) and
50-TCA CTC CAG GCC ACT GGT TC-30 (reverse) for sonic hedgehog;
50-TCT GAA GAT GCA CAT CCG AAG C-30 (forward) and 50-TTG CAG
TGG GAG CAG GAG AAT-30 (reverse) for snail1; 50-GGC TGC TTC
AAG GAC ACA TTA GAA C-30 (forward) and 50-GGT CTG CAG ATG
TGC CCT CA-30 (reverse) for snail2; 50-ACC GGG ATC TCA TCA
GCT TCA C-30 (forward) and 50-TCC TTG TTC GGA GGC AGG TC-30

(reverse) for IGF-I receptor; 50-GCA TCC AGT GCC ATC CAG AA-30

(forward) and 50-GCT GGG CAG GTC TTG ACA CA-30 (reverse) for
EGF receptor. Results of quantitative RT-PCR were standardized
to GAPDH, and compared as a ratio of each expressed gene.

2.5. Cell culture with TGF-b

HERS cells were seeded in culture dishes at a density
1 � 105 cells/dish, and pre-cultured in DMEM/HAM F-12 medium
(GIBCO) supplemented with B27 (Invitrogen) in a humidified
atmosphere of 5% CO2 at 37 �C for 5 days. After pre-culture, the
medium was changed to culture medium with/without 10 ng/ml
transforming growth factor beta (TGF-b); and the HERS01a cells
were then cultured for 8 days. Thereafter the cells were examined
immunocytochemically, as described above.

3. Results

3.1. Immunohistochemical features of HERS in vivo

HERS could be seen in the lower first molar germs at PN5d.
HERS cells, which had originated from the enamel organ, expressed
epithelial markers such as cytokeratin14 (CK14), E-cadherin, and
epidermal growth factor receptor (EGFr) (Fig. 1A, D, G). Interest-
ingly, some of the HERS cells showed positive immunoreactivity
for mesenchymal markers vimentin or N-cadherin (Fig. 1B, E).
The results suggest that some cells in HERS had characteristics of
both epithelial and mesenchymal cells (Fig. 1C, arrowheads). Im-
muno-reactions indicating the presence of Shh, notch2, and insu-
lin-like growth factor receptor (IGF-Ir) were also detected in
HERS (Fig. 1F, H, I). These results are consistent with those of pre-
vious reports [2,7,8].

3.2. Isolation of HERS cells and cell culture

We prepared cultures of HERS cells collected from PN6d mouse
mandibular first molar germs. Dissected tooth germs were soaked
in 1% collagenase at 4 �C for 2 h and separated into dental epithe-
lium and mesenchyme, after which sheets of HERS were cut off
from the dental epithelium (Fig. 2A, B). The sheets were incubated
in 0.25% trypsin/EDTA solution (GIBCO) at 37 �C for 5 min, and
HERS cells were isolated. During the first five passages, 3 weeks
were required for the cells to reach confluence in culture. After
more than 60 repeated passages, the cells showed a cobblestone-
like appearance and retained active cell-proliferating potency. A
single cell clone (HERS01) was obtained from one of the cultures
by the limiting dilution-culture technique. The cells of this clone,
designated HERS01a, proliferated actively (Fig. 2C–F), formed



Fig. 1. Immunohistochemical phenotype of HERS in mandibular first molar at
PN5d. CK14 (A) is detected, and vimentin (B) is observed weakly, in HERS. C shows
merged-photos of ‘‘A’’ and ‘‘B’’. Some cells in HERS had characteristics of both
epithelial and mesenchymal cells (C, arrowheads). E-cadherin (D), N-cadherin (E),
Sonic hedgehog (F), EGF receptors (G), and IGF-I receptors (H) are detected in HERS.
Notch2 (I) is detected in HERS, and especially the intensity is strongly in the inner
layer of HERS. Each arrow points to HERS. Scale bars = 50 lm.

Fig. 2. Microscopy of HERS sheets and cell growth patterns. Dissected tooth germs
(A) separated into dental epithelium and mesenchyme, and sheets of HERS (B) were
cut off from the dental epithelium. After 60 passages in culture, the immortalized
cells were established. Colonization begins at day 1 of culture (C); and small cell
masses develop at day 3 (D), spread at day 5 (E), and become almost confluent by
day 7 (F). Microscopy by staining with toluidine blue shows that HERS01a cells
form two cell layers by culture day 7 (G). Electron microscopy shows a cell having a
flat shape and sparse cytoplasm in the double layer. Scale bars = 50 lm (C–F),
20 lm (G), 5 lm (H). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)
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colonies by 3 days in culture, and became confluent by 7 days.
Interestingly, at that time the cells became stratified, making two
layers (Fig. 2G). Electron microscopic observation showed the typ-
ical HERS cell feature of having a high nuclear/cytoplasm ratio
(Fig. 2H).

3.3. mRNA expressions in HERS01a cells

We characterized the HERS01a cells by comparing them with a
mouse dental epithelial cell line (mHAT9a). Both HERS01a and
mHAT9a cells expressed CK14, E-cadherin, notch2, Igf-Ir, and Egfr
(Fig. 3A). Interestingly, the HERS01a cells expressed vimentin and
N-cadherin at levels 1000- and 2000-fold, respectively, greater than
those found in mHAT9a. The expression of Shh mRNA could not be
detected in either cell type.

3.4. Immunocytochemistry of HERS01a

We characterized HERS01a cells by immunostaining them. The
cells expressed not only epithelial markers CK14 (Fig. 3B), E-cad-
herin (Fig. 3E), P63 (Fig. 3D), Egfr (Fig. 3H) but also mesenchymal
markers vimentin (Fig. 3C) and N-cadherin (Fig. 3F). These results
are consistent with those obtained by the real-time PCR analysis.
Immunostaining for notch2 (Fig. 3G), Igf-Ir (Fig. 3I), and amelobla-
stin (Fig. 3J) as HERS markers was positive.
3.5. Alteration of HERS01a cells in the presence of TGF-b

When HERS01a cells were cultured in the presence of TGF-b,
cells at the edge of colonies became irregular, extended cellular
processes, and migrated away from the periphery of the colony
(Fig. 4A, arrows). Also, the cells started to express vimentin more
obviously; and the expression of CK14 was down-regulated
(Fig. 4A, arrows). Furthermore, we examined quantitatively the
mRNA expression for epithelial and mesenchymal markers by per-
forming real-time PCR (Fig. 4B). In the presence of TGF-b, the rela-
tive quantity of CK14 and E-cadherin decreased. On the other hand,
the expression of mRNAs of N-cadherin, vimentin, and fibronectin
increased 5.4, 6.4, and 6.7-fold respectively, compared with the
control levels. The cells in the TGF-b group also started to express
snail1 and 2, which are involved in the EMT.

4. Discussion

HERS has unique features in comparison with the other parts of
the dental epithelium. Our immunohistochemical study showed
that some cells in the intact HERS co-expressed epithelial and mes-
enchymal markers, findings identical with those of some previous
reports [8,11,13]. These results suggest strongly the possibility of
EMT in HERS during root development, but this hypothesis has re-
mained controversial. It is notable that not all cells in HERS have
the ability to undergo the EMT; rather, only a small minority of
them can do so. Although some HERS cell lines transformed by



Fig. 3. (A) Expression levels of various mRNAs in HERS01a cells. Total RNA from
HERS01a cells was analyzed by real-time PCR, and the expression level of each
target mRNA was compared with the corresponding one of mHAT9a, an enamel
epithelial cell line, after standardization by GAPDH. HERS01a cells expressed CK14,
vimentin, IGF-I receptor, EGF receptor, E-and N-cadherin, and notch2 mRNAs,
respectively, but not sonic hedgehog mRNA. Vimentin and N-cadherin mRNAs in
HERS01a cells were expressed at higher levels than those in mHAT9a cells. Data are
expressed as means ± SD. ⁄ p < 0.01. (B–J) Fluorescence immunocytochemistry of
HERS01a cells. Staining with each antibody was performed on the cells. Double
staining for CK14 (B) and vimentin (C) simultaneously in HERS01a cells gave
positive reactions. P63 (D), E-cadherin (E), N-cadherin (F), notch2 (G), EGF receptor
(H), IGF-I receptor (I), and ameloblastin (J) proteins were also detected in the cells.
Scale bars = 50 lm.

Fig. 4. Effects of TGF-b on mRNA/protein expression in HERS01a cells. After a 5-day
pre-culture period, HERS01a cells were cultured for 8 days in medium containing
TGF-b. After the cells had been fixed, they were double-stained for CK14 and
vimentin (A). Almost all HERS01a cells in the control group expressed both CK14
and vimentin. In the TGF-b-treated group, cell groups that strongly expressed
vimentin were observed in spots. The cells that had migrated from a colony
expressed only vimentin, not CK14. (B) Results of real-time RT-PCR showed higher
values of N-cadherin, vimentin, and fibronectin for the treated cells than for the
control ones. Furthermore, the expression of snail1 and 2 was increased in cells of
the TGF-b group. Scale bars = 50 lm (applies to all photos in ‘‘A’’). Data are
expressed as means ± SD. ⁄ p < 0.05.
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use of SV-40 have been reported [11], these cell lines do not
have the characteristics of the HERS cells in vivo. Hence, we sought
to establish a cell line derived from this minor population of
HERS cells having this unique character (showing EMT).
Immunohistochemical study and real-time PCR analysis showed
that the clonal HERS01a cells expressed both epithelial markers
such as CK14, E-cadherin, and P63, as well as mesenchymal
markers such as vimentin, N-cadherin, and fibronectin, in addition
to growth factor receptors that are detected in the intact HERS.
This study is the first report of the successful establishment of an
immortalized mouse HERS cell line that presents unique character-
istics associated with the EMT.

The EMT plays crucial roles in the formation of the body plan, in
the differentiation of multiple tissues and organs during embryonic
development, in tissue repair during wound healing, and in tumor
metastasis. When cells undergo the EMT, they change their mor-
phology from epithelial to mesenchymal, and start migration. Fur-
thermore, the cells increase the expression of mesenchymal
markers and decrease that of epithelial ones [14–16]. The EMT is
known to be regulated by expression of Snail through TGF-b signal-
ing [14–16]. Some HERS01 cells in the presence of TGF-b changed
their morphology from cobblestone to an elongated shape with cell
processes, and these cells moved away from the colony. Further-
more, they showed increased expression of vimentin, and lost
the expression of CK14, as judged immunocytochemically. The re-
sults of the real-time PCR assays showed that the TGF-b-treated
cells increased their expression of mesenchymal markers such as
vimentin, N-cadherin, and fibronectin and decreased that of epithe-
lial markers such as CK14 and E-cadherin. Also, TGF-b induced the
gene expression of Snail1 and 2 in the HERS01a cells. TGF-b is
known to induce the gene expression of Snail by acting through
Smad family members [14]. Because HERS cells also express Smad4
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[17], these results suggest that TGF-b is an important growth fac-
tors in the EMT of HERS during root development. Taken together,
our data show that HERS01a cells had the ability to undergo the
EMT and that TGF-b could trigger the EMT of these cells.

With respect to root development, some aspects remain to be
clarified. HERS disintegrates in vivo and forms a meshwork referred
to as the epithelial cell rests of Malassez (ERM). These clonal HER-
S01a cells might be an in vitro model to studying ERM formation as
well as be a helpful tool to elucidate the mechanism underlying
HERS development.

5. Conclusion

We established an immortalized HERS cell line (HERS01a) and
examined its gene and protein expression. HERS01a cells main-
tained the cell characteristics of the intact HERS. Furthermore,
HERS01a displayed unique features associated with the EMT in
the root formation process. Thus this cell line will be useful for
further analysis of the biological characteristic of HERS and the
molecular mechanisms involved in the EMT.
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Abstract Interactions between epithelium and mesen-
chyme are important for organ and tissue development. In
this study, in order to mimic interactions between epithe-
lium and mesenchyme during native tooth development, we
constructed three-dimensional culture systems in vitro
using a collagen membrane. Two types of collagen
membrane-based in vitro culture systems were constructed
in which dental epithelial and dental follicle cell lines were
cultured. One co-culture method involved inoculation of

one cell line into one side of the collagen membrane, and
the other cell line into the opposite side of the membrane
(sandwich co-culture). As a control, the second method
involved culture of one of the cell lines on a culture dish
and the second cell line on a collagen membrane, facing
away from the first cell line (separate co-culture). The HAT-
7 cells were also grown as a monolayer culture on collagen.
Ameloblast differentiation in these cultures was investigat-
ed by analysis of the mRNA and/or protein expression of
ameloblastin and amelogenin. Our results suggest that
interaction of epithelial and mesenchymal cells via the
extracellular matrix is important for tooth differentiation in
vitro. Our culture system should be a useful method for
investigation of epithelial–mesenchymal interactions.

Keywords Ameloblastin . Amelogenin . Tooth
differentiation . Co-culture . ECM

Introduction

Epithelial cells communicate with epidermal cells through the
extracellular matrix (ECM) to maintain and regulate highly
differentiated functions. These interactions are thought to play
an important role in the control of various characteristics of
cells such as proliferation and differentiation. In order to
mimic these interactions that occur in native tissue, three-
dimensional culture systems have been created using various
cell populations (Kurosawa et al. 2005; Takayama et al. 2007;
Ohno et al. 2008) and reconstituted ECM (Takezawa et al.
2007). Co-culture models in vitro between two different cell
types via reconstituted ECM have been developed for
clarification of cell behavior associated with development,
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differentiation, regeneration, and pathogenesis in vitro
(Gingras et al. 2003).

Tooth development is a classic instance of the process of
epithelium–mesenchyme interactions and provides a useful
experimental system for understanding the molecular
mechanisms of organogenesis (Thesleff and Sharpe 1997;
Jernvall et al. 2000). The early stage of tooth development
is regulated by reciprocal interactions between epithelial
and mesenchymal cells via cytokines such as transforming
growth factor beta, fibroblast growth factor, and leucine-
rich amelogenin protein [reviewed by (Thesleff and
Mikkola 2002)], (Aberg et al. 1997; Thesleff and Mikkola
2002). Mesenchyme differentiates into odentoblasts which
then form dentin. Epithelium differentiates into ameloblasts
which secrete enamel matrix and form enamel. In the
presecretory stage of tooth development, the dental epithe-
lium and mesenchymal preodontoblasts are separated by
the basement membrane matrix [reviewed by (Thesleff and
Hurmerinta 1981)].

Enamel matrix secreted by ameloblasts has been classi-
fied into two major categories: amelogenin which makes up
about 90% of the enamel extracellular matrix, and non-
amelogenin including ameloblastin, enamelin, and tuftelin
[reviewed by (Smith 1998)]. Ameloblastin, also known as
amelin (Cerny et al. 1996) or sheathlin (Hu et al. 1997), and
amelogenin are tooth-specific genes which play a critical
role in proper tooth enamel formation (Fong et al. 1996;
Krebsbach et al. 1996; Fukumoto et al. 2004; Xu et al.
2006a; Xu et al. 2006b). In vitro culture models that
facilitate the study of epithelium–mesenchyme interactions
are important for understanding tooth development at a
molecular level. However, there is no useful model
available that permits investigation of the molecular
mechanism by which the ECM at sites of epithelial–
mesenchymal interactions modulates tooth formation in
vitro.

Collagen gels and Matrigel often play important roles as
scaffolds for reconstructing co-culture models. For exam-
ple, endothelial cells form a network of branching tubular
capillary-like structures into an overlaid collagen gel with
embedded fibroblasts (Velazquez et al. 2002). The use of
transparent collagen membranes has a number of advan-
tages. It allows observation of the cells using a phase-
contrast microscope, it can store cytokines and it is a simple
culture method for three-dimensional culture systems
(Orisaka et al. 2006).

In this study, we constructed three-dimensional culture
systems in vitro using a collagen membrane for the co-
culture of dental epithelial cells and dental follicle cells and
gene and protein expression levels in these co-cultures were
examined. Our results suggest that the interaction of
epithelial and mesenchymal cells via the extracellular
matrix is important for tooth differentiation in vitro.

Materials and Methods

Cells and Cell Cultures. The HAT-7 cells used in this study
were derived from a dental epithelial cell line, which
originated from the apical bud of a rat incisor (Kawano et
al. 2002). The culture medium consisted of Dulbecco’s
modified Eagle’s medium/F-12 (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS) and
penicillin (100 units/ml)/streptomycin (100 μg/ml). The
BCPb8 cells used were derived from a dental follicle cell
line (a cementoblast progenitor), which originated from the
follicle tissue of a bovine incisor (Saito et al. 2005). The
culture medium consisted of α-minimum essential medium
(α-MEM) supplemented with 10% FBS, penicillin
(100 units/ml)/streptomycin (100 μg/ml), 50 mg/ml ascor-
bic acid and 2 mM L-glutamine (Invitrogen). All cultures
were maintained in a humidified atmosphere of 5% CO2 at
37°C.

Co-culture using a transparent collagen membrane. Two
different co-culture models were set up, both of which used
the two dental cell lines and a transparent collagen
membrane (Fig. 1). In the sandwich co-culture (SW) system
one cell line was inoculated into one side of the collagen
film in a culture dish and the second cell line was
inoculated into the opposite side of the collagen film.
(Orisaka et al. 2006). In the separate co-culture (SC)
system, the BCPb8 cells were first seeded onto a 60 mm
dish. After confirming microscopically that the BCPb8 cells
had adhered to the dish, the dish and the transparent
collagen membranes were washed with PBS. The HAT-7
cells (1×106 cells) were then seeded onto the collagen film
inserted into the dish, on the side of the film facing away
from the BCPb8 cells. The cells were cultured in DMEM/
F12 using 6.5 ml of medium per dish. The media were
replaced with fresh media every 2 d. As a further control,
HAT-7 cells were also grown in monolayer culture on a
collagen film.

RNA extraction and real-time PCR analysis. The mRNA
levels of differentiation-related marker genes were deter-
mined using quantitative real-time PCR and species-
specific primers (Kurosawa et al. 2005). Briefly, total
RNA was extracted at various time points using ISOGEN
(Nippon Gene, Tokyo, Japan). Three micrograms of total
RNA was reverse-transcribed into cDNA using the Super-
Script first-strand synthesis system (Invitrogen) according
to the manufacturer’s protocol.

Real-time PCR was performed using an ABI PRISM 7000
Sequence Detection System (Applied Biosystems, Foster City,
CA, USA). A standard reaction was performed in a 96-well
plate. This reaction was composed of 10 μl of SYBR Premix
Ex TaqTM II (Takara, Siga, Japan), 10 pmol each of the
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forward and reverse primers, 1 μl of HAT-7 cDNA and
distilled water to a final volume of 20 μl. The thermocycling
conditions were 95°C for 30 s, following by 40 cycles of 95°C
for 5 s and 60°C for 34 s. Species-specific primers
corresponding to a region of low-homology between rat and
bovine cDNA were designed using Primer Express Software
version 2.0 (Applied Biosystems) based on the sequence of the
target gene. The data were normalized using expression of the
housekeeping gene glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as an endogenous control in the same reaction
as the gene of interest. The primers used in this study were
designated as follows: rat ameloblastin forward primer 5′-
TTCACCCAAGGGAGGAGACTT-3′, rat ameloblastin re-
verse primer 5′-CTCTCCTTTCTCAGGGCCTTTAGT-3′, rat
amelogenin forward primer 5′-TGGGAGCCCTGGTTATAT
CAA-3′, rat amelogenin reverse primer 5′-GCTGCCTTAT
CATGCTCTGGT-A-3′, rat GAPDH forward primer 5′-
GCCCCCAACACTGAGCAT-3′, rat GAPDH reverse primer,
5′-CCAGGCCCCTCCTGTTGT-3′.

Immunocytochemistry and immunohistochemistry. The sur-
faces of the cultured cells were washed three times with
phosphate-buffered saline (PBS) and the cells were fixed
in 10% formalin for 10 min. After permeabilization with
0.5% Triton X-100 in PBS for 10 min, ameloblastin was
stained using a polyclonal goat anti-ameloblastin anti-
body (1:50, Santa Cruz, Santa Cruz, CA) for 1 h. After
several washes with PBS containing 0.1% Tween 20
(Sigma, St. Louis, MO), the cells were incubated with

the secondary antibody, Alex-488-conjugated anti-goat
IgG serum (1:200), for 1 h at room temperature. Nuclei
were visualized by Hoechst 33258 (Wako, Osaka, Japan)
staining. Confocal microscopy was performed using a
Zeiss LSM 510 microscope (Carl Zeiss, Oberkochen,
Germany).

Statistical analysis. Result were presented as means ±
standard deviation (n=3).SD. Date were statistically ana-
lyzed by Student t tests. P<0.05 was regarded as
significant.

Results

Interaction between epithelial and mesenchymal cells is
important for tooth development. This interaction is
mediated by the ECM, which acts as a cytokine store in
vivo. It is therefore important to mimic ECM functions
when constructing an in vitro co-culture system. We
constructed two co-culture models to investigate the
interaction between two different dental cell lines, a rat
HAT-7 cell line that originated from dental epithelia, and
bovine BCPb8 cells, derived from cementoblast progenitor
cells (Fig. 1). One co-culture method, SW, cultured these
cells by inoculation of the cell lines onto opposite sides of a
collagen film suspended in a cell culture dish. The second
control method, SC, cultured BCPb8 cells on the culture

Sandwich

co-culture (SW)

Bovine dental folicle cell line (BCPb8)

Rat dental epithelial cell line (HAT-7)

A transparent 
collagen 
membrane

(A) (B)

Separate

 co-culture (SC)

Figure 1. Construction of the in vitro dental cell co-culture systems.
Two dental cell lines were co-cultured in in vitro co-culture systems
using a transparent collagen membrane. The two cell lines used were:
a dental epithelial cell line (HAT-7) established from a cervical loop
epithelium of a rat incisor, and a dental follicle cell line (BCPb8)
established from the follicle tissue of a bovine incisor. The sandwich
co-culture (SW) method involved inoculation of HAT-7 cells into one

side of a collagen film suspended in a culture dish, and inoculation of
BCPb8 cells onto the opposite side of the same collagen film (B). The
separate co-culture method (SC) involved seeding of BCPb8 cells
onto a cell culture dish, followed by seeding of HAT-7 cells onto a
collagen film in the same a dish, using the side of the film facing away
from the BCPb8 cells (A).
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dish and the HAT-7 cells on a collagen film that faced away
from the BCP8 cells on the dish.

To determine the gene expression levels of enamel matrix
proteins quantitatively, we performed real-time PCR analysis
using specific primers (Kurosawa et al. 2005). The specific rat

primers used for this analysis were designed from regions of
low-homology between rat and bovine cDNA to avoid cross-
amplification. Glyceraldehyde-3-phosphate dehydrogenase
mRNA expression in each cell line was used as an internal
control. Ameloblastin mRNA expression in these culture
systems is shown in Fig. 2. In the SW cells, the expression
level of ameloblastin mRNA gradually increased after
seeding of HAT-7 cells and continued to increase until at
least day 14. The ameloblastin expression level was
significantly increased on day 14 compared with the others
condition such as SC culture, monolayer culture on a collagen
membrane (ML). The degree of ameloblastin mRNA up-
regulation in SC-cultured cells was less than that of SW-
cultured cells on days 7 and 14. These results suggested that
direct interaction of HAT-7 and BCPb8 via the collagen
membrane was important for tooth differentiation.
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Figure 3. Sandwich co-culture of HAT-7 cells enhances Amelogenin
mRNA expression. The level of amelogenin mRNA expression in
HAT-7 cells grown in monolayer culture on a transparent collagen
membrane (white bars; ML), in the sandwich co-culture system (black
bars; SW) or in the separate co-culture system (gray bars; SC) was
analyzed. Total RNAwas prepared from the cells at the indicated time
points and was used for synthesis of cDNA. The levels of amelogenin
mRNA expression were analyzed using real-time PCR and species-
specific primers. Data were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expression levels in the same
sample. Values are presented as means ± standard deviation (n=3).
Error bars indicate the standard deviation of mean changes. Data were
statistically analyzed using student t test. *p<0.05
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Figure 2. Sandwich co-culture of HAT-7 cells enhances Ameloblastin
mRNA expression. The level of ameloblastin mRNA expression in
HAT-7 cells grown in monolayer culture on a collagen membrane
(white bars; ML), in the sandwich co-culture system (black bars; SW),
or in the separate co-culture system (gray bars; SC) was analyzed.
Total RNA was prepared from the cells at the indicated time points
and was used for the synthesis of cDNA. The levels of ameloblastin
mRNA expression were analyzed using real-time PCR and species-
specific primers. Data were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA expression levels in the same
sample. Values are presented as means ± standard deviation (n=3).
Error bars indicate the standard deviation of mean changes. Data were
statistically analyzed using student t test. *p<0.05.

Figure 4. Sandwich co-culture of HAT-7 cells enhances ameloblastin
protein expression. Ameloblastin protein expression in sandwich co-
cultured HAT-7 and BCPb8 cells was analyzed on days 1 (A), 3 (B), 7
(C) and 14 (D and E) of culture using immunofluorescence. On each
day, HAT-7 cells were fixed and stained for ameloblastin (green) and
nuclei were stained with Hoechst 33258 (blue). The cells were
analyzed using a confocal laser scanning microscope. The image in E
is a cross-sectional view of the 14-d sample. Ameloblastin protein
expression was detected in HAT-7 cells (arrow in E) but not in BCPb8
cells (D). The expression of ameloblastin protein was detected in
HAT-7 cells from day 3 of the sandwich co-culture with BCPb8 cells.
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The expression of amelogenin mRNA in these culture
systems is shown in Fig. 3. In the SW cells, the expression
levels of amelogenin mRNA gradually increased after
seeding of HAT-7 cells and continued to increase until at
least day 14. On day 14, amelogenin expression was
increased compared to HAT-7 cells grown in either
monolayer culture or in SC method, although the difference
compared to either control culture was not statistically
significant. These results further suggest that direct inter-
action of HAT-7 and BCPb8 cells via a collagen membrane
was important for tooth differentiation.

We next analyzed expression of the ameloblastin protein
in the SW system by immunofluorescent staining using an
anti-ameloblastin antibody, an Alexa 488-conjugated sec-
ond antibody, and confocal laser scanning microscopy. The
Alex488-Ameloblastin signal was detected in sandwich co-
cultured HAT-7 cells from 3 d and had disappeared by day
14 (Fig. 4B, C, and D). No ameloblastin signal was
detected on day 1 of culture (Fig. 4A). Ameloblastin protein
expression was not detected in co-cultured BCPb8 cells on
day 14 (Fig. 4E). These results indicate that HAT-7 cells
can gradually differentiate into ameloblast-like cells in the
SW system but not in the SC. These results suggest that
interaction between HAT-7 and BCPb8 cells via a collagen
membrane was important for tooth differentiation in protein
expression level.

Discussion

We constructed and compared two in vitro culture systems
both of which involved culture using a collagen membrane.
Whereas, in both co-culture systems, the two cell lines are
exposed to soluble factors produced by both cell lines, only
the SW co-culture system allows the two cell lines to
physically contact each other through the collagen mem-
brane. Our results showed that both the mRNA and protein
expression of the ameloblastin were significantly increased
in HAT-7 cells that were co-cultured with BCPb8 cells
using the SW method. Soluble factors produced by the
BCPb8 cells may also contribute to induction of amelo-
blastin expression. Furthermore, our data indicated that the
collagen membrane might play a role, not only in the
accumulation of, but also in the stabilization of, soluble
factors from BCPb8 cells.

Although the soluble factors produced by BCPb8 cells that
contribute to amelogenin expression have not been studied,
they must be of relatively low molecular weight since only
molecules with a molecular weight of less than 12.5 kDa can
pass through the collagen membrane. Several soluble factors
are known to be involved in the interaction between epithelial
and mesenchymal tissue during tooth development including
growth factors, cytokines and extracellular matrix molecules.

Among these factors, the insulin-like growth factors (IGFs)
have been proposed as autocrine/paracrine regulators of in
vivo tooth development (Caton et al. 2005; Yamamoto et al.
2006) and the molecular weight of IGF is less than 12.5 kDa.
Therefore, IGFs are promising candidate soluble factors for
mediation of the stimulation of ameloblastin mRNA and
protein expression in HAT-7 cells.

We reconstructed the interaction of dental epithelial and
mesenchymal cells by co-culture of these cells using a
collagen membrane in vitro. This method is easier to
perform than other methods of co-culture that use extracel-
lular matrix components such as Matrigel. Using this
method, we were able to analyze cell signal transduction
pathways that require dental epithelial and mesenchymal
cell interactions. This study provides a useful tool for future
analysis of epithelial–mesenchymal interactions.
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a b s t r a c t

Recent studies have demonstrated the existence of dental stem cells in the continuously growing tooth.
However, much remains to be learned about the complex mechanism involving stem cells during tooth
development. We determined the expression patterns of four stem cell markers ABCG2, Bmi-1, Oct-3/4,
and Yap in the developing mouse incisors between embryonic day (E) 11 and postnatal day (PN) 20.
ABCG2 was localized strongly in the perivascular region of the incisor mesenchyme from E11 to PN20,
and in the odontoblasts from E18 to PN20. Bmi-1 was expressed in both the dental epithelium and mes-
enchyme from E11 to E14. The expression of Bmi-1 was noticeably reduced at E16, and was restricted to
the apical bud from E16 to PN20. Oct-3/4 was localized in the nucleus of the cells in the superficial layer
and stellate reticulum within the dental epithelium from E11 to E14 and in the apical bud from E16 to
PN20. Meanwhile, once the ameloblasts and odontoblasts began to appear at E16, they expressed Oct-
3/4 in the cytoplasm. Yap was expressed in most of the basal cells of the incisor dental epithelium from
E11 to E14, but was expressed mainly in the transit-amplifying (TA) cells within the basal cell layer from
E16 to PN20. The unique and overlapping expression patterns of ABCG2, Bmi-1, Oct-3/4, and Yap suggest
the independent and interactive functions of the four stem cell markers in the developing mouse incisor.

� 2010 Elsevier B.V. All rights reserved.

1. Results and discussion

Stem cells are able to self-renew and to give rise to various
specialized cell types (Barrilleaux et al., 2006). They therefore have
potential uses in organ repair and regeneration in treatments for
various diseases and disabilities. The developing mouse incisor is
an ideal model with which to study stem cell biology. Stem cells
are believed to be compartmentalized within the apical bud, which
is the epithelial component at the end of the labial cervical loop
that is responsible for continuous growth of the incisors through-
out life (Harada and Ohshima, 2004; Ohshima et al., 2005;
Yokohama-Tamaki et al., 2006). Within the apical bud, the stellate
reticulum cells and the surrounding basal cells are known to exhi-
bit stem cell characteristics (Harada et al., 1999; Kawano et al.,
2004; Morotomi et al., 2005; Thesleff and Tummers, 2009).

Specific markers such as ABCG2, Bmi-1, Oct-3/4, and Yap (Yes-
associated protein) can be used to isolate stem cells, and combina-
tions of multiple stem cell markers can be used to identify and
characterize stem cells (Jackson et al., 2001). ABCG2, a member
of the ATP binding cassette transporter G family, is a transmem-
brane protein that plays significant roles in transporting various
molecules across cell membranes (Rocchi et al., 2000). It is also
thought to be involved in increasing the proliferation and retaining
the phenotype of stem cells (Ding et al., 2010). Bmi-1, a member of
the polycomb gene family of transcriptional repressors, is a key
regulator of self-renewal and proliferation in stem cells in multiple
tissues (Lessard and Sauvageau, 2003; Molofsky et al., 2005; Park
et al., 2003; Wang et al., 2010). Oct-3/4, a class V POU-domain
transcription factor, is a crucial regulator of pluripotency and dif-
ferentiation in stem cells (Nakatake et al., 2006; Niwa et al.,
2000; Pesce et al., 1998; Scholer et al., 1989; Stefanovic and Puceat,
2007; Zeineddine et al., 2006) and it has two isoforms: Oct-3/4A
and Oct-3/4B (Takeda et al., 1992). Oct-3/4A is located in the
nucleus, and it is considered to be related to self-renewal and
pluripotency (Lee et al., 2006), while Oct-3/4B is located in the cell
cytoplasm in somatic tissues (Atlasi et al., 2008; Mizuno and
Kosaka, 2008). Yap is a transcriptional coactivator that regulates
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self-renewal and differentiation in stem cells (Dong et al., 2007;
Lian et al., 2010). Although these stem cell markers are obviously
important in understanding the biology of stem cells, their expres-
sion patterns in the developing tooth germ are yet not well
described.

The present study investigated the expression patterns of four
stem cell markers (ABCG2, Bmi-1, Oct-3/4, and Yap) in the develop-
ing mouse incisor. This was achieved by employing immunohisto-
chemistry in the tooth germ at the lamina stage, bud stage, cap
stage, bell stage, and eruption stage. This exploration will provide
insight into the complex mechanism involving stem cells in the
developing mouse incisor.

1.1. Expression pattern of ABCG2 during mouse incisor development

ABCG2 is a marker used to identify stem cells in various tissues,
such as bone marrow, embryonic stem cells, limbal epithelium,
skin, skeletal muscle, liver, and testis (Coomarasamy et al., 2003;
de Paiva et al., 2005; Hu et al., 2008; Jackson et al., 1999; Lassalle
et al., 2004; Shimano et al., 2003; Vander Borght et al., 2006; Yano
et al., 2005). In addition, ABCG2 mRNA is known to be strongly ex-
pressed in the dental pulp in human deciduous teeth (Nam and
Lee, 2009). However, none of these investigations have revealed
the localization of ABCG2 in the developing tooth. We analyzed
the expression pattern of ABCG2 in the incisor from E11 to PN20
by immunohistochemical staining. ABCG2 was not detected in
the epithelial component, including the apical bud (Fig. 1). In con-
trast, in the dental mesenchyme, ABCG2 staining was most prom-
inent in the perivascular regions but was relatively weak in the rest
of the dental mesenchyme. These expression patterns were noted
consistently early in the lamina stage and with a relatively con-
stant intensity throughout the process of odontogenesis (Fig. 1).
Previous studies on the adult dental pulp showed that ABCG2
was expressed in the perivascular regions (Iohara et al., 2006)
which are believed to be stem cell niches (Shi and Gronthos,
2003). These studies suggested the possible role of ABCG2 in the
maintenance of the perivascular stem cell niche in the adult dental
pulp. Since the adult dental pulp tissue originates from the dental
papilla of the developing tooth germ, we suggest that ABCG2 may
be involved in the maintenance of the perivascular stem cell niche
in the developing mouse incisor.

Interestingly, the expression of ABCG2 in the mesenchyme cells
in the center of the dental papilla was down-regulated at the early
bell stage (E16) (Fig. 1D, arrowhead). On the other hand, the mes-
enchyme cells adjacent to the dental epithelium exhibited weak
expression of ABCG2 (Fig. 1E, arrowheads). Subsequently, from
the middle bell stage (E18) to the eruption stage (PN20), the
expression of ABCG2 in the center of the dental papilla was absent
(Fig. 1G and J; arrowheads; PN10 and PN20 data not shown) and
confined to odontoblasts adjacent to the dental epithelium
(Fig. 1H, K, and N; PN10 data not shown). The detection of ABCG2
expression in the odontoblasts indicates that ABCG2 is also present
in differentiated cells (Fig. 1H, K, and N). Therefore, together with
studies showing that ABCG2 functions in the cell defense mecha-
nism in differentiated cells (Zhou et al., 2001), we suggest that
ABCG2 functions to maintain the integrity of odontoblasts by
transporting various molecules across the cell membranes.

1.2. Expression pattern of Bmi-1 during mouse incisor development

Bmi-1 is another well-known stem cell marker that is essential
for maintaining the ability to self-renew via proliferation in hema-
topoietic stem cells (Park et al., 2003), peripheral and central ner-
vous stem cells (Molofsky et al., 2003), and leukemic stem cells
(Lessard and Sauvageau, 2003). We therefore investigated the
localization of Bmi-1 in the developing incisor. At the lamina stage,

few cells in the dental epithelium and mesenchyme showed weak
expression of Bmi-1 (Fig. 2A). Bmi-1 expression was initially abun-
dant and stronger in the dental mesenchyme at the bud stage
(Fig. 2B), extending into the epithelium during the subsequent
cap stage (Fig. 2C). At the beginning of the bell stage (E16), the
expression level of Bmi-1 was dramatically reduced in both the
mesenchyme and epithelium, including in the apical bud
(Fig. 2D). From E18 to PN20, Bmi-1-expressing epithelial cells were
found mainly in the apical bud (Fig. 2E–H), and not in the amelo-
blasts or the odontoblasts (Fig. 2I–L). The strong expression of
Bmi-1 in the dental mesenchyme in the bud stage and the cap
stage may suggest that Bmi-1 expression is involved in regulating
self-renewal of the stem cells in the dental papilla at the early
stage of incisor development. In addition, it is important to note
that at the bell stage and the eruption stage, the expression of
Bmi-1 is maintained in the stellate reticulum within the apical
bud (Fig. 2D–H), which has been reported to contain stem cells
in the mouse incisor (Harada et al., 1999). These findings suggest
that Bmi-1 may play a regulatory role in maintaining the ability
of the apical bud cells to self-renew.

1.3. Expression pattern of Oct-3/4 during mouse incisor development

Oct-3/4 expression has been reported in adult pluripotent stem
cells in the kidney, breast, epidermis, pancreas, mesenchyme,
stomach, and liver (Tai et al., 2005). However, the expression pat-
tern of Oct-3/4 in tooth development has yet to be described. We
therefore examined the localization of Oct-3/4 during incisor
development. At the lamina stage (E11), weak nuclear staining of
Oct-3/4 was detected in both the dental epithelium and mesen-
chyme (Fig. 3A). At the late bud stage (E13), Oct-3/4 was strongly
expressed in the nucleus of the cells located in the superficial layer
of the dental epithelium; no expression was found in the basal cell
layer (Fig. 3B). At the cap stage (E14), Oct-3/4 was localized abun-
dantly in the nucleus of the stellate reticulum within the dental
lamina region (Fig. 3C, arrow), while it was absent in the basal cells
of the dental epithelium (Fig. 3C, arrowheads). At the early bell
stage (E16), nuclear staining of Oct-3/4 in the apical bud which is
formed by the elongation of the labial cervical loop remained
mainly in the stellate reticulum and was also found in the outer
dental epithelium layer (Fig. 3F, arrows), leaving the TA cells
(Fig. 3F, asterisk) and the rest of the basal cells in the inner layer
unstained (Fig. 3F, arrowhead). This finding is in line with that
for the rest of the dental epithelium, where Oct-3/4-positive cells
were found in both the stellate reticulum layer and the inner den-
tal epithelium layer (Fig. 3E), with the number of Oct-3/4-positive
cells being higher in the stellate reticulum layer than in the inner
dental epithelium layer. From E18 to PN20, nuclear staining of
Oct-3/4 in the apical bud was detected largely in the stellate retic-
ulum cells and the outer dental epithelium cells, and also in the
mesenchymal cells surrounding the apical bud (Fig. 3J, N, O, and
S); however, no Oct-3/4 staining was detected in the TA cells
(Fig. 3J, N, O, and S; asterisks) or the basal cells in the inner layer
(Fig. 3J, N, O, and S; arrowheads). These distinct expression pat-
terns of Oct-3/4 in the apical bud at the bell stage and the eruption
stage suggest that Oct-3/4 may be involved in the regulation of
self-renewal or pluripotency of the epithelial stem cells.

Distinct from the nuclear staining findings discussed above,
Oct-3/4 was detected in the cytoplasm of the dental mesenchymal
cells during incisor development. At E16, Oct-3/4 was detected
mainly in the cytoplasm of the dental mesenchyme cells as they
begin to align adjacent to the inner dental epithelium (Fig. 3D
and E). At E18 and PN2, Oct-3/4 was detected not only in the cyto-
plasm of the odontoblasts but also in the subodontoblastic mesen-
chymal cells (Fig. 3I and M; arrows) and in most of the ameloblasts
(Fig. 3I and M; Am). However, Oct-3/4 was clearly down-regulated
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near the incisal edge (Fig. 3H and L; arrowheads), where the odon-
toblasts showed the phenotype of mature odontoblasts (Ohshima
and Yoshida, 1992). Weak expression of Oct-3/4 in the cytoplasm
of the odontoblasts and the ameloblasts near the incisal edge
was found at PN20 (Fig. 3P and Q; arrowheads).

1.4. Expression pattern of Yap during mouse incisor development

Yap is reportedly expressed in the stem cells of various organs
such as the liver, intestine, and neural tube (Camargo et al.,
2007; Cao et al., 2008; Lee et al., 2010; Ramalho-Santos et al.,

Fig. 1. Localization of ABCG2 in the developing mouse incisor from E11 to PN20. The samples are sagittal sections from E11 to PN20. (A–C) ABCG2 strongly expressed in the
perivascular region (arrows) and weakly expressed in the rest of the dental mesenchyme at E11 to E14. (D, G, and J) ABCG2 localization, low magnification of developing
mouse incisor. (D–F) ABCG2 strongly expressed in the perivascular region (E, arrow) and weakly expressed in the mesenchymal cells near the dental epithelium (E,
arrowheads) but absent in the center of the dental papilla (D, arrowhead) and the apical bud (F) at E16. (E and F) Higher-magnification images of red and blue boxes in panel
D, respectively. (G–L) ABCG2 strongly expressed in the perivascular region and odontoblasts (H and K, Od) but absent in the apical bud (I and L) at E18 and PN2. (N) ABCG2 in
the perivascular region and the odontoblasts at PN20. (M and O) ABCG2 absent in the apical bud at PN10 and PN20. Scale bars: A, E, F, H, I, K, L, and M–O, 50 lm; B and C,
100 lm; D, 200 lm; G and J, 400 lm.
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2002). However, the expression pattern of Yap in tooth develop-
ment has yet to be described. We therefore examined the localiza-
tion of Yap during incisor development. At the lamina stage (E11)
few cells exhibited prominent expression of Yap in the dental
epithelium (Fig. 4A). At the late bud stage (E13), Yap was detected
primarily in the nucleus of the basal cells, but was absent in the
superficial layer and the stellate reticulum cells of the dental lam-
ina, with weak expression in the dental mesenchyme (Fig. 4B). At
the cap stage (E14), the expression of Yap was strong in the nu-
cleus of most of the basal cells and weaker in the stellate reticulum
cells and dental papilla (Fig. 4C). At the early bell stage (E16),
strong localization of Yap persisted mainly in the TA cells
(Fig. 4D–F; arrows). In contrast, within the apical bud, the amount
of Yap detected was distinctly reduced in the basal cells (Fig. 4F,
arrowhead). In addition, stellate reticulum cells in the central core
of the apical bud exhibited sparse staining (Fig. 4F, SR). Subse-
quently, at the middle bell stage (E18), the expression of Yap was
still strong in the TA cells (Fig. 4G and I; arrow) and weak in the
cells comprising the apical bud (Fig. 4I, arrowhead). However, the
Yap expression disappeared once the inner dental epithelium cells
had differentiated into ameloblasts in the anterior-labial region of
the incisor (Fig. 4H). From the late bell stage (PN2) to the eruption
stage (PN20), the expression patterns resembled those observed at
E18 (Fig. 4J–P). Yap expression remained strong in the inner dental
epithelium (Fig. 4L, O, and P; arrows), but was weaker in the apical
bud (Fig. 4L, O, and P; arrowheads) and was absent in the differen-
tiated ameloblasts (Fig. 4K, M, and N).

Our results showing the preferential expression of Yap in the
basal cells after E16, when the apical bud is formed, are similar

to those reported previously, in which the rate of Bromodeoxyuri-
dine (BrdU) incorporation was high in the TA cells and lower in the
cells comprising the apical bud (Wang et al., 2007). In addition,
previous studies have shown the close relationship between Yap
and the proliferation of stem cells (Camargo et al., 2007). Together
these findings suggest that Yap plays an important role in the cell
division of stem cells and the proliferation of TA cells during the
continuous growth of the incisor.

1.5. Summary

We have demonstrated the novel expression patterns of the
stem cell markers ABCG2, Bmi-1, Oct-3/4, and Yap in the develop-
ing incisor tooth between E11 and PN20. From the lamina stage to
the eruption stage, ABCG2 expression persisted in the perivascular
regions (Fig. 1), but it was also expressed in the cytoplasm of the
odontoblasts (Fig. 1). From the lamina stage to the cap stage,
Bmi-1 was detected in both the epithelium and mesenchyme
(Fig. 2). From the early bell stage to the eruption stage, Bmi-1
expression was dramatically reduced, remaining mainly in the api-
cal bud (Fig. 2). The expression pattern of Bmi-1 overlapped with
that of Oct-3/4 within the apical bud (Figs. 2 and 3). However,
Oct-3/4-positive cells were more widely distributed than Bmi-1-
positive cells. Interestingly, we demonstrated the opposing expres-
sion patterns of Oct-3/4 and Yap within the dental epithelium
(Figs. 3 and 4). From the lamina stage to the cap stage, Oct-3/4
was detected in the stellate reticulum cells surrounded by the ba-
sal cells, while Yap was detected in the basal cells (Figs. 3 and 4).
From the late bell stage to the eruption stage, when the apical

Fig. 2. Localization of Bmi-1 in the developing mouse incisor from E11 to PN20. The samples are sagittal sections from E11 to PN20. (A) Bmi-1 weakly stained in the
epithelium (arrowhead) and mesenchyme (arrow) at E11. (B) Bmi-1 weakly stained in the epithelium (arrowhead) but strongly stained in the mesenchyme (arrows) at E13.
(C) Bmi-1 abundantly stained in both the epithelium (arrowheads) and the mesenchyme (arrow) at E14. (D–H) Bmi-1 in the stellate reticulum cells within the apical bud
(arrows) from E16 to PN20. (I–L) Bmi-1 absent in both ameloblasts (Am) and odontoblasts (Od) from E18 to PN20. Scale bars: A and D–L, 50 lm; B and C, 100 lm.
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bud was observed, Oct-3/4 was detected in the nucleus of the cells
in the apical bud and in the cytoplasm of the ameloblasts and
odontoblasts, whereas Yap was localized mainly in the nucleus of
the TA cells (Figs. 3 and 4). These complementary expression pat-

terns of Oct-3/4 and Yap were also observed in formation of the
trophectoderm in the embryo (Nishioka et al., 2009). These unique
and overlapping expression patterns suggest that ABCG2, Bmi-1,
Oct-3/4, and Yap may play independent roles or interact with

Fig. 3. Localization of Oct-3/4 in the developing mouse incisor from E11 to PN20. The samples are sagittal sections from E11 to PN20. (A) Oct-3/4 weakly localized in the
dental epithelial and mesenchymal cells (arrows) at E11. (B–C) Oct-3/4 strongly localized in the superficial layer (B, arrow) or the stellate reticulum (SR) cells (C, arrow) but
absent in the basal cells (arrowheads) of the dental epithelium at E13 and E14. (D–F) Oct-3/4 in both the stellate reticulum (SR) and the basal cells (E and F; arrows), except in
the TA cells (F, asterisk) and the basal cells in the inner layer (F, arrowhead) in the apical bud region at E16. (D and E) Oct-3/4 mainly in the mesenchymal cells near the inner
dental epithelium (IDE). (G and K) Oct-3/4 localization, low magnification of developing incisor. (H–J and L–N) Higher-magnification images of red, green, and blue boxes in
panel G and K, respectively. (H, I, L, M, and P–R) Oct-3/4 in the ameloblasts (Am) and odontoblasts (Od), and in the subodontoblastic mesenchymal cells (I and M; arrows) but
faint in the mature odontoblasts or ameloblasts in the incisal edge (H, L, P, and Q; arrowheads) from E18 to PN20. (J, N, O, and S) Oct-3/4 densely localized in the stellate
reticulum (SR), the outer dental epithelium (ODE), and the dental mesenchyme (arrows) around the apical bud but not in the TA cells (asterisks) or the basal cells in the inner
layer (arrowheads) from E18 to PN20. Scale bars: A, B, E, F, H–J, and L–S, 50 lm; C, 100 lm; D, 200 lm; G and K, 400 lm.
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one another in the regulation of stem cells during the development
of the mouse incisor.

In addition, in this study we found that certain stem cell mark-
ers were localized in the cytoplasm of the cells that had begun to
undergo differentiation and were no longer stem cells. For exam-
ple, ABCG2 was found in the odontoblasts (Fig. 1). This result is

in line with many previous studies showing the expression of
ABCG2 in differentiated cells (Zong et al., 2006). We therefore
suggest that ABCG2 functions as a transmembrane protein in odon-
toblasts. Another example is Oct-3/4, which is found in the cyto-
plasm of both odontoblasts and ameloblasts (Fig. 3). Based on
the results of the studies describing the two isoforms of Oct-3/4

Fig. 4. Localization of Yap in the developing mouse incisor from E11 to PN20. The samples are sagittal sections from E11 to PN20. (A) Yap prominent in few cells in the dental
epithelium (arrow) and weak in the dental mesenchyme at E11. (B) Yap primarily localized in the basal cells (arrow) and weakly localized in the dental mesechymal cells but
absent in the stellate reticulum and the superficial layer at E13. (C) Yap localized abundantly in the basal cells (arrows) and weakly in the stellate reticulum layer and dental
papilla at E14. (D, G, and J) Low magnification of incisor at E16, E18 and PN2. (E, F, H, I, K, and L) Higher-magnification images of red and blue boxes in panel D, G, and J,
respectively. (E, F, I, L, O, and P) Yap localized strongly in the TA cells (arrows) and weakly in the apical bud (SR and arrowheads) from E16 to PN20. (H, K, M, and N) Yap absent
in the differentiated ameloblasts (Am) from E16 to PN20. Scale bars: A, E, F, H, I, and K–P, 50 lm; B–D, 100 lm; G and J, 200 lm.
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(Oct-3/4A and Oct-3/4B), we suggest that the cytoplasm of odonto-
blasts and ameloblasts contains Oct-3/4B, which is detected in dif-
ferentiated cells and not in stem cells (Atlasi et al., 2008).
Moreover, a recent study showed that the promoter of ABCG2 con-
tains the binding sites of the Oct-3/4 transcription factor (Marques
et al., 2010), and so Oct-3/4 and ABCG2 may interact with each
other in the regulation of odontogenesis.

While the expression patterns of the ABCG2, Bmi-1, Oct-3/4,
and Yap have now been described, the characteristics of the stem
cells detected by these markers remain unclear. Future studies
should examine the fundamental roles of the stem cell markers
during incisor development in order to explore the precise molec-
ular mechanisms underlying the role of stem cells during tooth
development.

2. Experimental procedures

All experiments were performed according to the guidelines of
the Intramural Animal Use and Care Committee of the College of
Dentistry, Yonsei University.

2.1. Animals

Adult ICR mice were housed in a temperature-controlled room
(22 �C) under artificial illumination conditions (lights on from
0500 to 1700 h) and 55% relative humidity, with access to food
and water ad libitum. The embryos were obtained from time-mated
pregnant mice. E0 was designated as the day on which the pres-
ence of a vaginal plug was confirmed. Embryos and postnatal mice
at each developmental stage (E11, E13, E14, E16, E18, PN2, PN10
and PN20) were used in this study.

2.2. Immunohistochemistry

Immunostaining was applied (using a previously reported
method) to evaluate the expression patterns and locations of dif-
ferent molecular markers that have been proposed to identify stem
cells in the wax sections of mouse incisor. In brief, embryos were
fixed in 4% paraformaldehyde, embedded in wax, and sectioned
at 4 lm. Sections were blocked against endogenous peroxidase in
0.3% hydrogen peroxide for 15 min. The sections were boiled in
10 mM citrate buffer (pH 6.0) for 15 min and then cooled at room
temperature for 20 min. Sections were blocked with normal goat or
rabbit serum for 30 min to reduce nonspecific antibody interac-
tions. Slides were incubated in rat anti-ABCG2 (Abcam, Cambridge,
UK, 1:1000), mouse anti-Bmi-1 (Cell Signaling Technology,
Danvers, MA, 1:2000), rabbit anti-Oct-3/4 (Santa Cruz Biotechnol-
ogy, CA, USA, 1:500), or rabbit anti-Yap (Cell Signaling Technology,
Danvers, MA, 1:500) overnight at 4 �C. After washing with PBS, the
secondary antibody [biotinylated rabbit anti-rat (Dako, Glostrup,
Denmark) or goat anti-rabbit (Life Technologies, Carlsbad, CA,
USA)] was added for ABCG2, Oct-3/4, and Yap, and incubated for
15 min and followed by streptavidin peroxidase for another
15 min at room temperature. For the Bmi-1 studies, the Envi-
sion + system HRP-labeled polymer (Dako, Glostrup, Denmark)
was added. Samples were visualized using a diaminobenzidine re-
agent kit (Life Technologies, Carlsbad, CA, USA) and counterstained
with hematoxylin.
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During tooth development, ameloblasts undergo several
differentiation processes to form dental enamel (Fincham et al.,
1999). In the rodent incisor, dental epithelial stem cells are
localized in the apical bud (Harada et al., 1999; Harada and
Ohshima, 2004). These cells produce inner enamel epithelium
(IEE) cells, a transit-amplifying progenitor population that
further differentiates into pre-secretory ameloblasts.
Differentiation from pre-secretory ameloblasts into highly
polarized secretory ameloblasts involves cytoplasmic growth
and elongation, changes in nuclear and organelle polarities, and
development of a complex cytoskeleton (Slavkin, 1974). The
processes of morphogenesis and cytodifferentiation are
regulated by sequential and reciprocal epithelial–mesenchymal
interactions, which are mediated by a number of soluble
proteins (Jernvall and Thesleff, 2000; Thesleff et al., 2001;
Thesleff and Mikkola, 2002). In addition, cytoskeletal
components and cell–cell junctional complexes have been
implicated in the regulation of histomorphogenesis (Lesot et al.,
1982; Fausser et al., 1998). Although a number of paracrine
signal molecules that mediate these interactions have been
identified, intracellular signaling in ameloblasts is poorly
understood.

The small GTPase Rho is a molecular switch that regulates
several steps during cytoskeletal dynamics and contributes to
various cellular processes, including cell polarity, adhesion,
migration, cytokinesis, proliferation, secretion, and
transformation (Bar-Sagi and Hall, 2000; Schmitz et al., 2000;
Etienne-Manneville and Hall, 2002). In addition, recent studies
have highlighted a potential regulatory role for Rho-mediated
signaling in amelogenesis (Hatakeyama et al., 2009; Biz et al.,
2010).

Rho activity is transduced by downstream Rho effectors,
including Rho-associated coiled-coil-containing protein kinase
(ROCK). Two ROCK isoforms have been identified in
mammals: ROCK1 and ROCK2. Each contains a highly
conserved N-terminal serine/threonine kinase domain (>90%
homology between the two isoforms), whereas the carboxyl
terminals differ (Nakagawa et al., 1996). Previous studies
showed that ROCK1-deficient mice were born with open
eyelids and an omphalocele phenotype (Shimizu et al., 2005),
� 2 0 1 0 W I L E Y - L I S S , I N C .
whereas loss of ROCK2 resulted in placental dysfunction,
intrauterine growth retardation, and fetal death (Thumkeo
et al., 2003).

ROCK reorganizes the actin cytoskeleton by
phosphorylating several substrates, such as myosin regulatory
light chain and LIM kinase, each of which contributes to actin
filament assembly and contractility (Maekawa et al., 1999;
Amano et al., 2000). Therefore, ROCK plays important roles in
cell morphology (Ridley et al., 2003; Riento and Ridley, 2003). In
addition, ROCK is involved in cell–cell adhesion. ROCK and
myosin-based contraction of the actin cytoskeleton are
required for cadherin-mediated adhesion and maintenance
(Shewan et al., 2005; Martinez-Rico et al., 2009). Potential roles
for ROCK in tooth development, in particular amelogenesis,
have not been elucidated, however. Here, we addressed a
functional role of ROCK in amelogenesis using mouse incisor
organ cultures and a dental epithelial cell line.



TABLE 1. qRT-PCR Oligonucleotide Primers Used to Determine Relative

mRNA Expression Levels

mRNA Orientation Sequence

ROCK1 Forward 50-GGTATCGTCACAAGTAGCAGCATCA-30

Reverse 50-TAAACCAGGGCATCCAATCCA-30

ROCK2 Forward 50-TTGCCAACAGTCCCTGGGTAG-30

Reverse 50-CGCCTGGCATGTACTCCATC-30

E-cadherin Forward 50-CGTCCTGCCAATCCTGATGA-30

Reverse 50-ACCACTGCCCTCGTAATCGAAC-30

b-Catenin Forward 50-TGCAGATCTTGGACTGGACATTG-30

Reverse 50-GGCCGTATCCACCAGAGTGAA-30

GAPDH Forward 50-TGTGTCCGTCGTGGATCTGA-30

Reverse 50-TTGCTGTTGAAGTCGCAGGAG-30

Fig. 1. Expression of ROCK in mouse incisors. Images show
immunohistochemistry for ROCK1 (A) and ROCK2 (B) in lower
incisors from 1-day-old mice. The upper images are lower
magnification views of the incisors. Bar U 250 mm. Lower images are
high magnification views of the boxed areas in the upper images. (a–f).
Bar U 150 mm. ab, apical bud; am, ameloblasts; be, basal epithelium;
de, dentin; en, enamel; iee, inner enamel epithelium; od,
odontoblasts; p, dental pulp; si, stratum intermedium; sr, stellate
reticulum.
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Materials and Methods
Reagents

Antibodies: Anti-ROCK1 rabbit monoclonal antibodies were
obtained from Abcam (Cambridge, MA). Anti-ROCK2 goat
polyclonal antibodies and anti-b-catenin mouse monoclonal
antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-E-cadherin mouse monoclonal antibodies were
obtained from BD Biosciences (San Jose, CA). Monoclonal rat
anti-Ki67 antibodies were obtained from DakoCytomation
(Glostrup, Denmark). Hoechst33342, Alexa Fluor 488, and Alexa
Fluor 546 secondary antibodies were purchased from Invitrogen
(Carlsbad, CA). Anti-amelogenin and anti-ameloblastin rabbit
polyclonal antibodies were kindly gifted from Dr. Uchida (Uchida
et al., 1991, 1997). Inhibitors: Y27632 (50 mM), fasudil (10 mM), and
H-1152 (1 mM) were purchased from Merck (Tokyo, Japan).
Latrunculin A (Lat-A; 1 mM) was obtained from Invitrogen.

Mouse incisor organ culture

The mouse incisor organ culture has been previously described
(Harada et al., 1999). Briefly, incisors were dissected from the lower
jaws of ddY mice (Japan SLC, Shizuoka, Japan) on post-natal day 1–3.
The apical bud regions were mechanically removed from the incisors
using an 18-gauge needle and cultured for 7 days in culture medium.
The tissueswere fixed in4%paraformaldehyde inPBS, and decalcified
in Osteosoft (Merck). For hematoxylin and eosin (H&E) and
immunostaining, the samples were dehydrated in a graded ethanol
series, embedded in paraffin wax, and sectioned (thickness, 6 mm). All
experiments were conducted in accordance with the Protocols for
the Humane Treatment of Animals of Iwate Medical University.

Cell culture

mHAT9a cells are a dental epithelial cell line derived from the apical
bud of a mouse incisor. Culture medium consisted of Dulbecco’s
modified Eagle’s medium/F12 (Invitrogen) containing B-27
supplement (Invitrogen), bFGF (20 ng/ml; R&D Systems,
Minneapolis, MN), and EGF (20 ng/ml; R&D Systems). Cell numbers
were determined using the trypan blue dye exclusion method.

Immunostaining and F-actin staining

After adding blocking serum (5% normal horse serum in PBS),
paraffin-embedded sections were incubated with primary
antibodies overnight at room temperature. A VECTASTAIN ABC
kit (Vector Laboratories, Burlingame, CA), and Alexa Fluor
488- and Alexa Fluor 546-conjugated secondary antibodies were
used to detect target labeling. DAB (Vector Laboratories) was used
as the chromogen, and sections were counterstained with
hematoxylin. Cultured mHAT9a cells grown on glass coverslips
were fixed with 4% paraformaldehyde and permeabilized in 0.1%
Triton X-100 (Sigma–Aldrich, Tokyo, Japan). After adding blocking
serum, cells were incubated with primary antibodies for 1 h at
room temperature. Alexa Fluor 488- or 546-conjugated secondary
antibodies were then added. To detect actin, sections and cells
were stained using Alexa Fluor 546-conjugated phalloidin.

Fluorescent images were obtained under a fluorescence
microscope (IX71, Olympus, Tokyo, Japan), or laser-scanning
confocal microscope (FV300, Olympus). Image analyses were
carried out using software provided with confocal microscope or
standard image analysis software (Metamorph, Universal Imaging,
Universal Imaging Corporation, Downingtown, PA).

Real-time actin imaging

To detect actin dynamics in living cells, Cellular Lights actin RFP
(Invitrogen) was introduced into mHAT9a cells according to the
manufacturer’s instructions. Cells cultured in glass bottom dishes
were transferred to a culture chamber installed on the stage of a
confocal microscopy, and maintained at 378C with moisturized
5% CO2 gas during image acquisition. Images were taken every 5 min.
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Small interfering RNA

Three 25-mer duplex Small interfering RNAs (siRNAs) that targeted
ROCK1 and ROCK2 were obtained from a commercial source
(Stealth selectRNAi; Invitrogen).All siRNAduplexes (10 nmol/L)were
transfected into cells using Lipofectamine RNAiMAX (Invitrogen) for
72 h at 378C in a CO2 incubator according to the manufacturer’s
instructions. Stealth siRNA negative control duplexes (Invitrogen)
were used as a control for sequence-independent effects following
siRNA delivery. Transfection efficiency, which was monitored using a
fluorescent oligonucleotide (BLOCK-iT fluorescent oligonucleotide;
Invitrogen), was estimated to be 80–90%. Inhibitory effects were
observed with all siRNA duplexes and siRNA that induced the highest
degree of inhibition was used in three independent experiments.

Quantitative reverse transcription polymerase chain reaction
(qRT-PCR)

Total RNA was extracted using an RNeasy mini Kit (Qiagen,
Tokyo, Japan) according to the manufacturer’s protocol. Reverse
transcription of total RNA (1 mg) was performed using a
PrimeScript RT reagent kit (Takara Bio, Siga, Japan). For
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quantitative analysis of gene expression, cDNA amplification was
performed in qRT-PCRs using SYBR1 Premix Ex TaqTM (Takara
Bio) and specific oligonucleotide primers for target sequences
(Table 1) with a Thermal Cycler Dice (Takara Bio) according to the
manufacturer’s protocol. Amplification conditions included 30 sec
at 958C, 40 cycles of 958C for 5 sec and 608C for 30 sec, followed by
dissociation for 15 sec at 958C, and 30 sec at 608C. Target gene
expression levels were normalized based on GAPDH expression.
The relative gene expression levels were calculated based on levels
in negative control cultures using the comparative Ct (2�DDCt)
method. Experiments were carried out in triplicate.

Statistics

All data are reported as means� SD. Statistical significance was
assessed using two-tailed Student’s t-tests for two groups or
analysis of variance Tukey’s test for more than two groups.
Significance was defined as P< 0.05.

Results
ROCK expression in mouse incisors

Expression of ROCK was immunohistochemically examined in
1-day-old mouse incisors. The expression gradually increased in
the process of dental epithelial differentiation. In the apical bud,
low levels of both ROCK1 and ROCK2 were detected in basal
epithelial cells, IEE cells and pre-secretory ameloblasts, whereas
those proteins were not detected in stellate reticulum cells
(Fig. 1A-c, B-f). ROCK1 and ROCK2 were strongly expressed
Fig. 2. EffectsofaROCKinhibitoronmouseincisors inorgancultures.A:S
untreated (cont) and Y27632-treated (Y27632) mouse incisors that have be
culture (day 0). Bar U 500 mm. The experiments were replicated seven tim
untreated (cont) and Y27632-treated incisors on day 7. Bar U 50 mm. Righ
Bar U 20 mm. C: Immunostaining for amelogenin and ameloblastin in untr
indicate cells that were not expressing enamel matrix proteins. Arrowhe
Bar U 25 mm. D: Ki-67 immunostaining in control and Y27632-treated inc
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in the cytosol of secretory and mature ameloblasts and the
underlying stratum intermedium (Fig. 1A-a and b, B-d and e).
ROCK1 and ROCK2 were also detected in differentiated
odontoblasts (Fig. 1A-a and b, B-d and e). These findings
suggested that ROCK is involved in ameloblast differentiation.

ROCK mediates ameloblast differentiation by regulating
cell polarity and proliferation

Loss-of-function experiments were carried out using a mouse
incisor organ culture system and the ROCK-specific inhibitor
Y27632. We prepared incisors without the apical bud, including
dental epithelial stem cells, to allow us to observe the
differentiation process from IEE cells to mature ameloblasts in
culture (Harada et al., 1999). In control samples, H&E tissue
staining revealed new production of enamel and dentin after
7 days of culture (Fig. 2A, B). IEE cells changed from cuboidal to
columnar morphology. Immunohistochemical analysis found
that ameloblasts secreted both amelogenin and ameloblastin on
the distal side of the cells (Fig. 2C), indicating that the IEE cells
differentiated into ameloblasts. Emergence of the stratum
intermedium layer was also observed.

In contrast, treatment with Y27632 resulted in morphologic
degeneration of the incisors. The layers of enamel and
ameloblasts, and dentin and odontoblasts were not clearly
observed (Fig. 2A, B). IEE cells remained cuboidal and changes in
cell polarity were not observed. Further, ameloblasts that had
already differentiated at the start of the culture lost their
polarity, and the original layers of ameloblasts and stratum
tereomicroscope imagesshowdevelopmentofdissectedapicalendsof
en cultured for 7 days. Apical buds (dashed oval) were removed before
es. B: Left: Lower magnification images of H&E-stained sections of

t: Higher magnification images of the boxed areas on the left.
eated (cont) and Y27632-treated incisors cultured for 7 days. Arrows
ads indicate cells secreting enamel matrix proteins in all directions.
isors on day 7. Bar U 25 mm.



Fig. 3. ROCK-mediated regulation of actin organization and
localization of cell–cell adhesion molecules in mouse incisors. Images
show apical labeling of phalloidin (A), E-cadherin (B), and b-catenin
(C) in mouse incisors cultured for 7 days. Left: Untreated (cont).
Right: Y27632-treated. Arrows indicate the terminal band.
Bar U 20 mm.
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intermedium disappeared (Fig. 2B, arrowheads). Other ROCK
inhibitors, such as fasudil and H-1152, produced similar results
(data not shown). In Y27632-treated incisors, IEE cells did not
differentiate into amelogenin- and ameloblastin-expressing
ameloblasts (Fig. 2C arrows). Although already differentiated
ameloblasts lost their cellular polarity, expression of these
proteins was observed (Fig. 2C, arrowheads). The results
suggested that ROCK does not drive the expression of
amelogenin and ameloblastin in ameloblasts, but may regulate
the direction in which the proteins are secreted. Interestingly,
ameloblasts that differentiated from IEE cells in control samples
were Ki67-negative, whereas IEE cells in Y27632-treated
incisors were Ki-67 positive (Fig. 2D). Additionally, apoptotic
cells were not detected in both control and Y27632-treated
samples (data not shown). Therefore, the results suggested that
Y27632 inhibited only differentiation of IEE cells into
ameloblasts.

Effects of ROCK on the cytoskeleton and cell–cell
adhesion during amelogenesis

We examined the effects of ROCK on the arrangement of actin
and proteins in cell adherence junctions. In control samples, a
thick actin bundle—the so-called terminal band—was
observed at both the apical and basal ends of the ameloblasts
(Fig. 3A, arrows). E-cadherin expression was also restricted to
both the apical and basal ends (Fig. 3B, arrows). b-catenin was
prominently expressed at the ameloblast basal end
(Fig. 3C, arrows). In Y27632-treated incisors, however,
terminal band structures were not seen, actin filaments were
diffusely distributed in cytoplasm, and fluorescent signals were
weak. E-cadherin and b-catenin were evenly distributed across
the cell membrane and the intensity of labeling was weak. These
results suggested that the ROCK inhibitor disrupted cell
polarization by affecting localization of cell–cell adhesion
molecules.

To elucidate the function of ROCK in dental epithelium
further, we performed cell culture experiments using a cell line
established from the mouse incisor apical bud (mHAT9a cells)
(Kawano et al., 2002). First, we confirmed that ROCK1 and
ROCK2 were expressed in mHAT9a cells. Immunostaining
showed that mHAT9a cells expressed ROCK1 and ROCK2
predominantly around the nuclei (Fig. 4A), and ROCK2 was
localized at junctional membranes adjacent to neighboring cells
(Fig. 4A). We next confirmed the effects of ROCK inhibitors on
mHAT9a cells. In control samples grown on regular culture
dishes, mHAT9a cells grew as monolayer, which was
characterized by cell–cell junctions and square-shaped
epithelial cell morphology. After 24 h of treatment with Y27632
and fasudil, cell–cell adhesions were lost and the cells changed
from a flattened epithelial phenotype to fibroblast-like cells.
Moreover, the cells no longer coalesced in a colony and instead
migrated peripherally (Fig. 4B).

To examine the relationship between actin and E-cadherin in
mHAT9a cells, we carried out three-dimensional analyses of
their distributions using confocal microscopy. In control
samples, midplane images of the mHAT9a cell monolayer
showed that E-cadherin colocalized at cell membranes with
actin bundles (Fig. 4C, left). Y–Z merged images showed that
E-cadherin and actin were distributed in both the apical and
basolateral membranes (Fig. 4C, right). b-catenin was also
expressed at the membrane (Fig. 4D). In contrast, in Y27632-
treated cells, E-cadherin and actin were distributed diffusely in
the cytoplasm, and the fluorescence signals were weaker
than those observed in control samples (Fig. 4C). Expression of
b-catenin at the membrane was also weak, and faint signals
were detected in the cytosol and nucleus (Fig. 4D, arrows).
Additionally, treatment with the actin polymerization inhibitor
latrunculin A disrupted E-cadherin and b-catenin localization at
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the cell membrane (Fig. 4E), suggesting that the distributions of E-
cadherin and b-catenin are directly regulated by the actin
network. Further, to evaluate the effects of ROCK on actin
kinetics, we performed real-time imaging of actin in single
mHAT9a cells. At baseline, short actin bundles (stress fibers)
were observed in the cytoplasm. After Y27632 was added, the
actin bundles time-dependently degraded and disappeared in 6 h
(Fig. 5 and Supplementary online material). Additionally, we
examined proliferation of mHAT9a cells that were treated with a
ROCK inhibitor. Y27632 increased the growth rate of mHAT9a
cells compared with results from control culture conditions,
indicating that ROCK inhibits cell proliferation (Fig. 6).

Effects of knocking down ROCK expression on actin
organization and cell–cell adhesion

To determine which ROCK isoform affected cytoskeletal
organization and cell–cell adhesion, we transfected mHAT9a
cells with siRNAs specific for either ROCK1, ROCK2, or both,
each of which reduced RNA levels by at least 50% (Fig. 7A). The
double knockdown cells assumed a spindle shape and cell–cell
adhesion was not observed. Fluorescent signals for E-cadherin



Fig. 4. EffectsofaROCKinhibitor inmHAT9acells.A: Images showimmunofluorescence labelingofROCK1andROCK2 inmHAT9acells (red).
Thenucleus is stainedwithHoechst33342(blue).Bar U 20 mm.B:Phasecontrast imagesshowmHAT9acells inuntreated(cont),Y27632-treated,
and fasudil-treated cultures after 24 h. Bar U 100 mm. C,D: Confocal microscopic images of untreated (cont) and Y27632-treated mHAT9a cell
monolayers labeled for E-cadherin or b-catenin, and actin after 24 h of culture. The panels labeled as Y–Z depict reconstructions from confocal z-
stacks in theY–Z direction. Bar U 20 mm. Arrows inD indicate thecells magnified in therightmost images.Bar U 5 mm.E: Images show fluorescent
labelingofE-cadherin,b-catenin,andactinafter6 hofculturewith latrunculinA(Lat-A).Bar U 20 mm.All imagingdataobtainedfromexperiments
that were replicated at least five times.
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and actin decreased at the membrane, and E-cadherin was
diffusely and weakly observed in the cytosol. This result
mirrored those observed with ROCK inhibitors (Fig. 7B).
When either ROCK1 or ROCK2 expression was knocked
down, however, the cells’ shapes and distributions of actin and
E-cadherin were not changed (data not shown). Furthermore,
quantitative RT-PCR revealed that knocking down both
ROCK1 and ROCK2 expression reduced the expression of
E-cadherin and b-catenin mRNA, whereas no specific effect
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was noted with either ROCK1 or ROCK2 knockdown
(Fig. 7C). Together these findings indicate that one isoform can
compensate for the loss of the other to regulate cell
morphology and cell–cell adhesion in dental epithelial cells.

Discussion

During amelogenesis, ameloblasts change from cuboidal to
columnar, re-orient their overall polarity with the formation of



Fig. 5. Effectsof aROCKinhibitor on actin stress fibers in mHAT9acells.mHAT9a cells containing Cellular Lights actinRFP were used. Confocal
fluorescence images taken at 2-h intervals show degradation of actin stress fibers in single mHAT9a cells after exposure to Y27632. Bar U 10 mm.
Each experiment was replicated three times.
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Tomes process, and begin to secrete enamel proteins toward
the nearby dentin. Our results have shown that ROCK
contributes to the polarity, proliferation, and differentiation of
these cells by regulating organization of the actin cytoskeleton
and cell–cell adhesion.

ROCK regulates ameloblast polarity and differentiation

ROCK expression in mouse incisors was examined
immunohistochemically. Although ROCK expression in other
tissues has been previously reported (Riento and Ridley, 2003;
Schmandke and Strittmatter, 2007), we have detected it for the
first time in ameloblasts and odontoblasts. High expression
levels of the ROCK1 and ROCK2 isoforms were detected in
highly polarized ameloblasts and odontoblasts compared with
non-polarized epithelial and mesenchymal cells (Fig. 1). These
findings suggested a role for ROCK in ameloblast and
odontoblast differentiation, and was consistent with previously
published data that showed increased expression of ROCK1
and ROCK2 mRNA during rat molar development (Biz et al.,
2010).

Establishing and maintaining epithelial cell polarity is critical
for development in multicellular organisms. Members of the
Rho family of GTPases play essential roles in these processes
(Drubin and Nelson, 1996; Van Aelst and Symons, 2002; Fukata
et al., 2003). Using organ culture experiments, we showed that
activation of ROCK was required for ameloblast polarization.
Specific inhibitors of ROCK clearly disrupted ameloblast
polarity and enamel formation (Fig. 2B). Consistent with these
findings, Hatakeyama et al. (2009) showed that expression of
RhoGDI, an inhibitor of Rho GTPase, was down-regulated in
polarized ameloblasts, indicating that Rho signaling was
Fig. 6. ROCK inhibition promotes cell proliferation. mHAT9a cells
cultured with or without Y27632 were counted using the trypan blue
exclusion method. Results are the means W SD (n U 3 for each group).
MP < 0.05 relative to the untreated group.
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activated in these cells. Additionally, the authors demonstrated
that enamel matrix proteins, such as amelogenin and
ameloblastin, regulated ameloblast polarization via Rho
signaling. Our results indicated that ROCK regulated the
expression of enamel matrix proteins and ameloblast
polarization (Fig. 2C, arrows), and that Rho signaling regulated
amelogenin expression in molar tooth germ cells (Biz et al.,
2010). We, therefore, hypothesize that Rho signaling and
enamel matrix proteins reciprocally regulate each other during
ameloblast differentiation.

Interestingly, in response to ROCK inhibition, already
differentiated ameloblasts lost their polarized phenotype, and
amelogenin and ameloblastin were no longer directionally
secreted (Fig. 2C, arrowheads). Because Rho signaling regulates
granule secretory pathways (Stowers et al., 1995; Pinxteren
et al., 2000; Chiang et al., 2001; Kanzaki and Pessin, 2001), and
amelogenin and ameloblastin are synthesized together and
contained within the same secretory granules (Zalzal et al.,
2008), ROCK-mediated cellular polarization may also direct
distal secretion of enamel matrix proteins.

Regulatory mechanisms for ameloblast polarization and
differentiation

Dynamic rearrangement of the cytoskeleton allows cells to
establish cell polarity and change morphology during
development. ROCK phosphorylates various substrates to
mediate actin organization (Fukata et al., 2001; Vaezi et al., 2002;
Riento and Ridley, 2003). We demonstrated that ROCK
regulates actin polarization in ameloblasts. In organ cultures of
incisors, ROCK inhibition disrupted formation of the actin
terminal band structure and establishment of polarized cells
(Fig. 3). In amelogenesis, changes in the apical terminal band
have been shown to precede alterations in enamel secretion
(Nishikawa et al., 1988), suggesting that the polarized actin
structure is involved in amelogenesis. Moreover, polarization of
actin bundles at apical and basolateral membranes was impaired
in culture cells (Figs. 4 and 7). Consistent with our data, Vaezi
et al. (2002) reported that ROCK plays an important role in the
formation of polarized actin networks during epithelial
stratification. ROCK-mediated polarization of actin, therefore,
may be indispensable for ameloblast differentiation and
subsequent enamel formation.

In addition to actin cytoskeletal dynamics, epithelial polarity
depends on E-cadherin-mediated cell–cell adhesion. This
process requires association between the cytoplasmic tail of
E-cadherin and the actin cytoskeleton, which is mediated by
interactions with such intracellular proteins as b-catenin
(Adams et al., 1996). We assessed the potential role of ROCK
in cadherin-mediated adhesion in ameloblasts. In both organ
and cell cultures, ROCK inhibitors markedly affected E-



Fig. 7. Effects of knocking down ROCK1 and ROCK2 expression in mHAT9a cells. A: Expression of ROCK1 (left panel) or ROCK2 (right panel)
mRNA in mHAT9a cells transfected with siRNA specific for ROCK1, ROCK2, or both. Results are the means W SD (n U 3 in each group). B: Images
show phase contrast (Ph) E-cadherin- and phalloidin-specific fluorescence in mHAT9a cells transfected with siRNA specific for both ROCK1 and
ROCK2 (ROCK(1R2) siRNA). Bar U 50 mm. C: E-cadherin (left) and b-catenin (right) mRNA expression after knocking down the expression of
ROCK1,ROCK2,orboth.Dataareexpressedasthemeans W SD(n U 3ineachgroup).NC,non-specificcontrolsiRNA.MP < 0.05relativetotheNC-
treated group.
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cadherin and b-catenin localization in ameloblasts. The
perturbed distributions colocalized with actin in the cytosol,
implying direct associations among these proteins. This result
was confirmed using an inhibitor of actin polymerization, which
completely disrupted E-cadherin and b-catenin localization in
the cell membrane (Fig. 4E). Thus, cell–cell adhesion is
dependent on ROCK-mediated actin organization. Consistent
with our findings, Rho is required for establishing cadherin-
mediated cell–cell adhesion in keratinocytes, and actin
re-organization is necessary to stabilize receptors at
intercellular junctions (Braga et al., 1997).

Because pharmacologic inhibition blocked both isoforms of
ROCK, we used siRNA to determine the specific functional
roles of ROCK1 and ROCK2 in ameloblasts. Only knocking
down expression of both ROCK1 and ROCK2 produced a
marked effect on actin organization and cell–cell adhesion
(Fig. 7), which implies that the two isoforms can compensate
functionally for each other. Knocking out ROCK1 and ROCK2
in mice demonstrated that the two isoforms cooperatively
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regulate actin bundle assembly during eyelid and ventral body
wall closure (Shimizu et al., 2005; Thumkeo et al., 2005). Both
ROCK1 and ROCK2 are required to prevent myoblast
differentiation (Castellani et al., 2006). Although tooth
phenotypes in ROCK1/ROCK2 double knockout mice have
not yet been reported, these mice may provide further insights
into the roles of this kinase family in amelogenesis.

It should be noted that b-catenin translocated from the cell
membrane to the nucleus when ROCK was inhibited (Fig. 4).
A recent study showed that Rho signaling promoted
accumulation of stabilized/mutated b-catenin in the nucleus
(Esufali and Bapat, 2004). b-catenin is a key mediator of Wnt
signaling, and its translocation to the nucleus results in
transcriptional activation to regulate the development of a
broad range of epithelial appendages, including teeth (Gat et al.,
1998; Andl et al., 2002; Liu et al., 2007). During tooth
development, high levels of nuclear b-catenin are observed at
the early cap stage, and b-catenin mRNA expression is
up-regulated in IEE cells and enamel knots (Obara and Lesot,
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2004; Obara et al., 2006). Although not addressed here, it
would be interesting to know how ROCK regulates ameloblast
differentiation via b-catenin-mediated signaling.
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SUMMARY 

 

Background: Cyclosporin A (CsA) is an immunosuppressant with side effects including gingival hyperplasia. Sar-

coidosis is a systemic disease characterized by granulomas. Here, we report on a rare case of sarcoidosis with gin-

gival hyperplasia to clarify whether clinical observation corresponds to in vitro results. 

Methods: Gingival fibroblasts (HGFs) were isolated from healthy gingiva and cultured with CsA. Total RNA was 

collected and expression of mRNAs examined using semi-quantitative RT-PCR analysis. Cathepsin B, D, and L 

expression in overgrown gingiva of the patient was examined by immunohistochemistry.   

Results: Cathepsin D, L, and vascular endothelial growth factor (VEGF)165 mRNA were markedly suppressed in 

CsA-treated HGFs, whereas cathepsin B, matrix metalloproteinase-1 (MMP-1) and tissue inhibitor of metallopro-

teinase-1 (TIMP-1) mRNA were not reduced. Next, the decrease of cathepsin B and L expression in enlarged gin-

giva was observed, whereas an increase of cathepsin D expression was observed. Clinically, the enlarged gingival 

lesions were fully resolved by performing oral infection control. 

Conclusions: Cathepsins regulation might be an important factor in the development of CsA-mediated gingival 

hyperplasia. 

(Clin. Lab. 2011;57:535-541)  
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INTRODUCTION 

 

CsA is an immunosuppressant with severe side effects 

including gingival hyperplasia [1]. We have previously 

reported an increase of lysosomal cysteine proteases ca-

thepsin B and L in gingival crevicular fluid from pa-

tients with chronic periodontitis [2,3]. Inversely, we 

have found that CsA impairs the activity of cathepsin B 

and L in human gingival fibroblasts (HGFs) [4-6]. Ad-

ditionally, we observed that mice deficient in the ca-

thepsin L gene manifested enlarged gingiva [7]. These 

observations might indicate that the regulation of ca-

thepsin B and L plays an important role in development 

of periodontal disease, although the pathophysiology of 

the disease is still unknown. 

Sarcoidosis is a systemic disorder characterized by 

granuloma formation [8]. The
 
most common sites of 

disease development is in the lung and lymph
 
nodes, but 

almost all organs can be involved [9,10]. Other authors 

have reported that multiple organs can be affected by 

sarcoidosis [11,12]. However, involvement of gingival 

tissue has been reported in only a very limited number 

of cases [8]. 

In the present study, to confirm the direct effects of CsA 

on HGFs, we investigated the expression of several 

genes in CsA-treated cells. Furthermore, we examined 

____________________________________________ 
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whether the pathological findings in enlarged gingiva 

correspond to the in vitro results. In addition, we inves-

tigated clinically whether oral infection control im-

proved gingival hyperplasia in a patient with sarcoidosis 

taking CsA. 

 

 

MATERIALS AND METHODS 

 

Cell culture: HGFs were isolated from the non-inflamed 

gingival tissue from 3 healthy volunteers as described 

previously [4,5]. Informed consent was obtained from 

each subject before participation, and the experimental 

protocol was approved by the institutional review 

board. Cells were cultured in DMEM (Life Technolo-

gies, Gaithersburg, MD, USA) supplemented with 10 % 

FBS (Intergen, Purchase, NY, USA) with or without 

CsA (Sigma, St. Louis, MO, USA). CsA was added to a 

concentration of 200 ng/mL, and the dose used was 

within the clinical dose range.   

RT-PCR: Detection of the mRNA encoding cathepsin-

B, -D, -L, matrix metalloproteinase (MMP)-1, tissue in-

hibitor of matrix metalloproteinase (TIMP)-1, vascular 

endothelial growth factor (VEGF165) and glycerolde-

hyde-3-phosphate dehydrogenase (GAPDH) in the cells 

was performed by semi-quantitative reverse transcrip-

tion-polymerase chain reaction (RT-PCR) [5]. PCR was 

performed following cDNA synthesis. The amount of 

mRNA was estimated by the intensity of the staining of 

amplified cDNA relative to that encoding GAPDH with 

NIH Image software (ver. 1.62). The means of the 

groups were compared using the Student's t-test. All 

analyses were performed with JMP 8.0.2 software (SAS 

Institute, Cary, NC, USA). P value <0.05 was consid-

ered statistically significant. 

A patient and periodontal treatment: A 53-year-old fe-

male presented with a chief complaint of swelling on 

upper/lower and labial/lingual gingival area lasting 3 

years. The medical history included a diagnosis of sar-

coidosis 5 years prior to presentation. Although the pa-

tient was managed with systemic steroid therapy for 4 

years, she was taking CsA regularly (100 mg/day) for 

the past 3 years due to the severe systemic condition. 

Her blood chemistry did not indicate any abnormalities. 

C-reactive protein was not elevated. Periodontal treat-

ment was performed as follows: oral hygiene instruc-

tion, full mouth elimination of dental bio-films by 

scaling and root plainning and gingivectomy. Gingivec-

tomy for enlarged fibrotic gingiva was performed fol-

lowing thorough bacterial bio-film elimination. Peri-

odontal conditions were evaluated using several clinical 

parameters (average of probing pocket depth [PPD], % 

of mobile teeth, % of sites of 4 mm over PPD, % of 

sites of bleeding positive on probing). In addition, a 

bacterial test of the periodontal pocket was performed 

by outsourcing (GC corp. Oral Check Center, Tokyo, 

Japan). In short, real-time PCR technique was used for 

detection and quantification of periodontopathic bacte-

ria. After each a paper point was inserted into the perio-

dontal pocket and placed separately in plastic tubes con-

taining 0.01M Tris-EDTA solution, pH8. Each sample 

was mailed promptly. 

Pathological examination: Gingival tissues were collect-

ed during gingivectomy. Tissues were fixed in 10 % 

buffered formalin, embedded in paraffin wax, and 5-µm 

sections cut for microscopic studies. Sections were 

stained with haematoxylin and eosin. Immunohisto-

chemical detection of cathepsins B, D, and L was per-

formed using Vectastain ABC Kit (Vector Laboratories, 

Inc., Burlingame, CA, USA).  

Primary antibodies against cathepsin B, D, and L were 

purchased from Santa Cruz Biotechnology, Inc. (Santa 

Cruz, CA, USA). Data were expressed
 
as number of 

positive staining cells per visual field, counting
 
5 - 6 vi-

sual fields. 

 

 

RESULTS 

 

Effects of CsA on mRNA expression in HGFs 

Expression of cathepsin D, L, and VEGF165 mRNAs in 

CsA-treated cells were significantly suppressed com-

pared to non-treated cells (Table 1). Expression of 

cathepsin B mRNA was slightly suppressed in CsA-

treated cells. On the other hand, expression of MMP-1 

and TIMP-1 were not apparently reduced. 

 

Periodontal evaluation in a patient with sarcoidosis 

At the first visit, an oral examination revealed enlarged 

and inflammed gingival tissues extending from incisor 

to molar regions (Figure 1A). Gingival tissue in these 

areas appeared fibrotic.  

Periodontal radiographs showed moderate horizontal al-

veolar bone loss (Figure 1B). Plaque control was poor 

(O’Leary’s Plaque score: 89.5 %).   

We first treated with the topical application of antibiot-

ics (minocycline-HCl ointment) to evaluate the effect of 

anti-infectious periodontal treatment on gingival hyper-

plasia. After we administered the antibiotics in every 

periodontal pocket once a week for a period of 1 month, 

the symptoms appeared to improve slightly. Next, we 

performed surgical treatment including gingivectomy. 

Over a period of 6 months the enlarged gingival lesions 

were fully resolved (Figure 1A). Clinical periodontal 

parameters examined were improved (average of PPD: 

FV, 5.9 ± 2.2 mm, after treatment, 2.3 ± 0.7 mm; % of 

mobile teeth: FV, 58.3 %, after treatment, 12.5 %; % of 

sites of 4 mm over PPD: FV, 77.0 %, after treatment, 

7.0 %; % of sites of bleeding positive on probing: FV, 

13.9 %, after treatment, 1.4 %) (Figure 1C-1F). The 

bacterial counts of gram-negative obligate anaerobes in 

the periodontal pockets of lower left lateral incisor were 

dramatically decreased (total bacterial counts: FV, 

780,000 cells, after treatment, 52,000 cells; Porphyro-

monas gingivalis: FV, 2,900 cells, after treatment, none; 

Treponema denticola: FV, 52 cells, after treatment, 

none). On the other hand, Aggregatibacter actionmyce-
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temcomitans and Prevotella intermedia were not de-

tected throughout periodontal treatment. 

Cathepsin B, D, and L expression in CsA-mediated 

overgrown gingiva of a patient with sarcoidosis. Over-

grown gingiva was characterized by thickened connec-

tive tissues compared to healthy controls and accumu-

lation of collagen fibers was observed (Figure 2A). As 

expected, infiltration of inflammatory cells, such as 

mononuclear cells, increased in overgrown gingiva be-

cause of infection (Figure 2B). Importantly, we found 

cathepsins B and L staining were reduced dramatically 

in overgrown gingiva. Inversely, an increase of cathep-

sin D staining was observed in the overgrown gingiva. 

 

 

DISCUSSION 

 

The pathogenesis of CsA-mediated gingival hyperplasia 

may be multifactorial [13,14]. Physiologically, there is 

a balance between synthesis and degradation of the ex-

tracellular matrix in gingival connective tissue, and this 

balance must be affected in overgrown gingiva. Since 

cathepsin B and L degrade type I collagen, these prote-

ases play an important role in the metabolism of gingi-

val collagen fibers, because type I collagen is dominant 

in gingival connective tissue [15]. 

In the present study, corresponding to our previous re-

port, we found that CsA suppressed cathepsin L mRNA 

expression in HGFs (Table 1). In addition, for the first 

time we found that CsA also suppressed cathepsin D 

mRNA expression in HGFs dramatically. Next, we 

demonstrated pathologically that cathepsin B and L ex-

pression was reduced dramatically in enlarged gingiva 

of the patient taking CsA compared to healthy subjects 

(Figure 1A). These observations encourage a series of 

our ongoing efforts that impairment of cathepsins B or 

L plays an important role in development of gingival 

hyperplasia. Furthermore, we found that aspartic prote-

ase cathepsin D inversely increased in enlarged gingiva. 

Several investigators have reported that cathepsin D 

plays a role in the remodeling process during fibrogene-

sis [16]. Thus, we have concluded that the discrepancy 

depends on the infiltration of inflammatory cells in 

overgrown gingiva because of periodontal infection 

(Figure 2B). The pathophysiology is still complicated 

and imbalances in the activities of aspartic- and cysteine 

protease may contribute to an unwanted gingival swell-

ing. 
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Figure 1. Change of clinical appearance due to periodontal treatment. (A) Gingival appearance. Poor periodontal health with 

gingival enlargement in the inter-dental papilla between mandibular incisors was observed at first visit. Following oral infec-

tion control, gingival conditions have improved dramatically without changing medication. (B) Radiographical examination. 

There was no apparent difference between first visit and after treatment in moderate horizontal alveolar bone loss. Next, clini-

cal periodontal parameters were measured at first visit and after treatment (maintenance phase). (C) averaged probing pocket 

depth (PPD), (D) % of mobile teeth, (E) % of 4 mm over PPD, (F) % of sites of gingival bleeding positive on probing. 
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Figure 2. Histological observation in overgrown gingiva of patient with sarcoidosis. (A) HE-staining (top of panels) and immu-

nohistochemical staining (other panels) for cathepsin B, D, and L (indicated by arrows). Gingival tissues were stained with he-

matoxylin and eosin and examined under light microscopy. Dense connective tissue predominantly consisting of thick and ir-

regularly arranged collagen fibers in the section of gingival hyperplasia compared to healthy controls. Immunohistochemical 

staining for cathepsin B, D, and L were performed as described in the “Materials and Methods” section. Original magnifica-

tion, x200. (B) Number of positive staining cells per visual field, counting 5 - 6 visual fields. 
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Angiogenesis is a serious complication of solid-organ 

transplantation [17], and VEGF plays a key role in neo-

vascularization. It has been generally accepted that the 

neovascularization is also similar in overgrown gingiva 

as seen in Figure 2A. Recently we have reported that 

CsA suppressed IL-6-induced VEGF production via 

JNK inhibition in HGFs [18]. This result indicates that 

CsA suppressed VEGF production in HGFs indirectly, 

however Cho et al. have reported that CsA appears to 

inhibit VEGF production by decreasing AP-1 activity in 

synoviocytes [19]. Therefore, we examined the direct 

effect of CsA on regulation of VEGF mRNA expression 

in HGFs. Importantly, for the first time we found that 

CsA suppressed VEGF mRNA expression directly in 

HGFs (Table 1).   

The patient was taking CsA regularly for 3 years to con-

trol severe sarcoidosis. By asking detailed questions 

about her oral symptoms, we were informed the gingi-

val swelling appeared following the CsA administra-

tion. Since we diagnosed that enlarged gingiva must be 

caused by a side effect of CsA, the treatment of gingival 

hyperplasia could be performed by distinguishing the 

pathophysiology of sarcoidosis. In addition, we exam-

ined whether unique bacteria isolates in her periodontal 

pockets develop the gingival hyperplasia. However, the 

predominant microorganism was gram-negative obli-

gate anaerobe Porphyromonas gingivalis, which is the 

most common pathogen in chronic periodontitis. Fur-

thermore, the bacterial counts of gram-negative obligate 

anaerobes, Porphyromonas gingivalis and Treponema 

denticola, were dramatically decreased by treatments. 

There isa patho-physiological difference between bac-

terial infection (plaque)-induced gingival swelling and 

CsA-mediated gingival overgrowth in the development 

of gingival hyperplasia. Therefore, we performed 1. 

bacterial elimination by scaling and root planning to the 

plaque-induced gingival swelling, 2. gingivectomy to 

the CsA-mediated gingival overgrowth because the pa-

tient must take CsA continuously. The periodontal con-

dition has been stable clinically, however both peri-

odontal examination and oral infection control will be 

needed continuously to prevent the recurrence of un-

wanted gingival hyperplasia. Thus, by performing peri-

odontal treatment thoroughly the enlarged gingival le-

sions were fully resolved, even though CsA was still 

being administered. 

Enlarged gingival tissue may allow further accumula-

tion of oral bacteria into the pockets, suggesting that 

this unwanted side effect may greatly influence the cli-

nical course of chronic periodontitis and subsequent 

systemic health, if complicated. Taken together, we be-

lieve that cathepsin regulation could be an attractive tar-

get to clarify the pathophysiology of CsA-mediated gin-

gival overgrowth. 
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Abstract: The purpose of the present study is to investigate

effects of the combination of epigallocatechin-3-gallate

(EGCG) and a-tricalcium phosphate (a-TCP) on bone regener-

ative capacity in a bilateral rat calvarial bone defect model.

Materials and methods: Bilateral 5-mm-diameter calvarial

defects were created in adult male Wistar rats and filled with

preparations of EGCG (0, 0.1, 0.2, 0.4 mg) combined with a-
TCP particles. This was done by dissolving EGCG in 100%

ethanol (50 lL/14 mg) and dropping under sterile condition.

The control group was left unfilled (n ¼ 8). The animals were

sacrificed at 2 and 4 weeks. Radiological images were taken,

and histological analysis was done. Six animals from control

(0 mg EGCG þ a-TCP) group and (0.2 mg EGCGþ a-TCP)
group were labeled with fluorescent dyes and histomorpho-

metrically analyzed (n ¼ 6) at 2 and 4 weeks. Results: Histo-

morphometric analysis revealed that the combination of

EGCG and a-TCP at doses of 0.1 and 0.2 mg yielded signifi-

cantly more new bone formation than untreated control

group at 2 and 4 weeks (p < 0.05). Mineral apposition rate at

0.2-TCP group was enhanced compared with the one of the

positive control a-TCP group at 4 weeks (p < 0.05). Conclu-

sion: The combination of a-TCP particles and 0.2 mg EGCG

stimulates maximum bone regeneration in rat calvarial

defects, and this combination would be potentially effective

as bone graft material. VC 2011 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 98B: 263–271, 2011.

Key Words: green tea, epigallocatechin-3-gallate, a-TCP, rat

calvarial bone defect, bone formation

INTRODUCTION

Osteoporosis is a skeletal disease characterized by low
bone mass and microarchitectural deterioration of bone
tissue with a consequent increase in bone fragility and
susceptibility to fracture.1Recent research suggests that
green tea aids in optimizing bone health.2–4 Epigallocate-
chin-3-gallate (EGCG), the most abundant and biologically
active catechin in green tea, has anti-inflammatory and
anticancer properties, the ability to reduce serum lipid
and blood pressure and to modulate immune response.1,5

Additionally, EGCG was found to induce apoptotic cell
death of osteoclast-like multinucleated cells6,7 and amelio-
rated experimentally induced arthritis in mice.8 Such
pharmacological effects of catechins may be useful for
prophylaxis or treatment of inflammatory bone disease.
Recent in vitro studies show that EGCG increases bone
mineral nodules in cell lines.9,10 However, there has been
no study that investigates the effect of the bone regenera-
tive capacity of EGCG in vivo.

On the other hand, alpha-tricalcium phosphate (a-TCP)
is bioactive and degradable material, which is potentially
useful as a bone substitute.9–11 We have demonstrated that
optimum degradation rate and its capacity for space mainte-
nance in addition to its osteoconductive properties make a-
TCP an ideal scaffold for bone regeneration.10,11 Thus, the
objective of this study is to investigate whether the combi-
nation of EGCG and a-TCP would promote bone regenera-
tion in a rat calvarial defect model.

MATERIALS AND METHODS

Preparation of a-TCP and EGCG combination
a-TCP particles (diameter of 500–710 lm) were kindly sup-
plied from Advance Co. (Tokyo, Japan). a-TCP particles and
EGCG (Tokyo Chemical Industry Co.) were combined in the
following manner. The latter was dissolved in 100% ethanol,
and the solution was dropped onto the a-TCP particles
under sterile conditions at a concentration of 50 uL/14 mg
and completely dried out in a sterile hood. Uniform
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distribution of the EGCG into the material was achieved
because of the porous nature of the a-TCP particles. Most
likely maximum amounts entered through the porosities
leaving only minimal amount on the surface of the particles.

a-TCP particles containing the following doses of EGCG
were prepared: 0, 0.1, 0.2, and 0.4 mg per 14 mg a-TCP par-
ticles. The selection of this range of concentration was
based on our previous pilot study. The loading efficacy was
determined by dividing the released amount of EGCG by the
initial loaded EGCG concentration multiplied by 100%.

EGCG release from a-TCP
The release of EGCG was measured using a UV-Visible spec-
trophotometer, Nanodrop, ND-1000 (Nanodrop Technolo-
gies, Wilmington, USA). The absorbance was measured at
238 nm, and working curve for calculation of EGCG concen-
trations was established from the absorbance values of six
EGCG standard solutions. The samples were placed in 500
uL of 0.1M tris buffer solution (pH 7.4) and positioned in
an Taitec Personal 11 Shaker (Taitec Corp., Tokyo, Japan)
set at 100 rpm and 37�C. The amount of EGCG released
into the solution was measured 24 hr after the initial
immersion, then every day for 14 days. The percentage of
released EGCG at each time point was finally calculated.

Surgical procedures
This study was approved by the institutional committee for
animal experiments. Fifty eight adult Wistar rats (18-weeks
old) were used. The animals were anesthetized with a com-
bination of ketamine-xylazine (40 and 5mg/kg). The dorsal
aspect of the cranium was shaved and prepared aseptically
for surgery. A 20-mm-long incision on the scalp was made
along the sagittal suture. Skin, subcutaneous tissue, and per-
iosteum were reflected to expose the parietal bones. Two
full-thickness bone defects of 5-mm diameter were created
in the dorsal part of the parietal bone lateral to the sagittal
suture.

A 5-mm trephine bur was used to create the defects. To
prevent overheating of the bone edges, copious irrigation
with saline was done. Care was taken during the surgical
procedure to prevent damage to duramater, which was
achieved in all the defects by intermittent drilling technique.
After TCP particles were filled in the defects, the periosteum
was carefully repositioned and sutured so that TCP particles
were stabilized in the defects by pressure from periosteum.
In 14 animals, both defects were left untreated to serve as
negative control. In 44 animals, both defects were filled
with 14 mg of a-TCP or a-TCP combined with 0.1-, 0.2-, or
0.4-mg EGCG, designated as TCP-0, TCP-0.1,TCP-0.2, or TCP-
0.4 group, respectively (n ¼ 8 for each group). The perios-
teum and subcutaneous tissues were sutured in place using
4-0 Vicryl polygalactin suture (Ethicon, NJ) and the scalp
with 4-0 silk (ELP Akiyma Co., Tokyo, Japan). For bone his-
tomorphometrical analysis, 18 animals were injected with
calcein (0.03 g/100 g body weight) and tetracycline (0.09
g/100 g body weight) intraperitoneally, 7 days and 1 day
before sacrifice, respectively. Thus, three animals of each of

control, TCP-0, TCP-0.2 group (n ¼ 6) in 2-week and 4-
week groups were fluorescently labeled.

Tissue harvest and radiological analyses
Animals were sacrificed 2 and 4 weeks after surgery. The
skin was dissected, and the defect sites along with sur-
rounding bone and soft tissue were removed. Then, X-ray
imaging was performed by a micro-CT scanner (InspeXio;
Shimadzu Science East Corporation, Tokyo, Japan) with a
voxel size of 50 lm/pixel. Tri/3D-Bon software (RATOC Sys-
tem Engineering Co., Tokyo, Japan) was used to make a 3D
reconstruction from the obtained set of scans.

Histological evaluation
After the radiological analyses, the specimens were fixed in
10% neutralized formalin for 1 week. The specimens from
the animals that had not received vital labeling were decal-
cified in 5% formic acid for 2 weeks and then embedded in
paraffin. Before embedding the samples, an incision was
made through the middle of the bone defects to ensure that
the microtome sections were made in the area of interest.
Coronal sections of 5-lm thickness were prepared, stained
with hematoxylin-eosin, and observed under an optical
microscope. The values of total defect area and area of
newly formed bone were measured with imageJ software,
and the bone fill percentage (%) to the total defect was
calculated.

Measurement of mineral apposition rate
After harvesting and fixation procedures, the specimens
were dehydrated in graded alcohol (60, 70, 80, 90,
and100% ethanol), stained with Villanueva Bone stain solu-
tion for 2 weeks, and embedded in polyester resin Rigolac
(Rigolac-70F, Rigolac-2004, Nisshin EM Co., Tokyo, Japan)
resin. Five-micrometer-thick sections were cut coronally
(exakt, Mesmer, Ost Einbeck, Germany), and the sections
were observed under a fluorescent microscope for fluoro-
chrome labeling. The smallest interlabel distance was meas-
ured per dose interval.

Statistical analysis
Data were first analyzed by one-way ANOVA. When this
analysis suggested a significant difference between groups
(p < 0.05), the data were further analyzed by Sheffe post
hoc multiple comparison tests.

RESULTS

In vitro release behavior of EGCG from a-TCP
The observed drug loading efficiency of a-TCP for EGCG was
91.45þ/�4.74. Approximately 40% of adsorbed EGCG was
released after 24 hr. This initial burst release was followed
by the gradual and stable release of the drug that was main-
tained until 2 weeks (Figure 1).

Macroscopic observation
All animals recovered well after surgery. Infection of the
wounds was not noted visually. Side effects such as paraly-
sis, convulsions, respiratory distress, or signs of pain were
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not observed. In all animals, the soft tissue wounds healed
uneventfully without showing clinical signs of inflammation
expect the one, which is usually observed after the surgery.

Radiological observation
Control group. Scanty amount of new bone was formed in
some areas along the margin of bone defect at 2 and 4
weeks [Figure 2(Ia,IIa)].

TCP-0 and TCP-0.4 groups. Scanty amount of bone was
formed in between the TCP particles at 2 weeks, which

progressively increased at 4 weeks. Compared with the con-
trol group, much new bone formation was seen at the defect
margins at both 2 and 4 weeks [Figure 2(Ib,e,IIb,e)].

TCP-0.1 and TCP-0.2 groups. At 2 weeks, the new bone
was formed not only at the margin of the defect but also in
between the a-TCP particles invading the a-TCP particles
[Figure 2(Ic,d)]. New bone continued to form between
the defect margin and the a-TCP particles at 4 weeks
[Figure 2(IIc,d)].

Histological observation
In the control group, at 2 weeks, only a thin layer of new
bone was seen at the defect margins without achieving com-
plete defect closure. The central portion of defect was filled
with compressed fibrous connective tissue [Figures 4(a) and
5(a)]. More new bone became evident at 4 weeks with bone
forming in the middle in most of the defects [Figure 6(a)].

At 2 weeks, only a few areas of new bone formation was
seen at the defect margins and between some adjacent a-
TCP particles in TCP-0 and TCP-0.4 groups [Figure 3(b,e)].
Each particle demonstrated many spaces inside it forming a
reticulate structure. The areas of new bone became
increased at 4 weeks [Figure 4(b,e)]. At 2 weeks, there were
many areas of new bone in between the a-TCP particles in
the TCP-0.2 and TCP-0.1 group, characterized by irregular
trabeculae of immature bone and osteoid rimmed by osteo-
blasts. The new bone seemed to be formed abundantly near

FIGURE 1. In vitro release pattern of EGCG from alpha-TCP.

FIGURE 2. Micro-CT images of calvarial defect at I-2w, II-4w representing middle of the bone defect of (a1,a2) control, (b1,b2) TCP, (c1,c2) 0.1-

mg EGCG-TCP, (d1,d2) 0.2-mg EGCG-TCP, and (e1,e2) 0.4-mg EGCG-TCP.
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the duramater as well as the defect margin surface. Numer-
ous blood vessels were also associated with the newly
formed bone. Active osteoblasts lined around the surface of
the a-TCP particles, and bone matrix appeared to be depos-
ited inside the TCP particles [Figure 4(d)]. Thus, the latter
appeared to be partially obliterated by bone. At 4 weeks,
more advanced bone formation was seen in all the groups
[Figure 6(d)]. In TCP-0.4 group, showed many a-TCP par-
ticles, which were still invaded by fibroblasts [Figure 5(f)].

Measurement of mineral apposition rate
Mineral apposition rate (MAR) values are shown in Figure 6.

At 2 weeks, there was no statistical difference between
control, TCP-0, and TCP-0.2. However, at 4 weeks, the MAR
in TCP-0.2 group was significantly higher than those of the
control and other TCP groups. Relatively higher apposition
rate in the TCP-0.2 group at 4 weeks was in line with the
increasing new bone formation in this group at 4 weeks. In
all the groups, MARs at 2 weeks were high compared with
those at 4 weeks [Figure 6(a,b)].

DISCUSSION

Green tea is prepared by rapidly steaming the fresh leaves
of the plant Camellia sinensis to stop the enzymatic

FIGURE 3. Photomicrographs of the calvarial defects at I-2w, II-4w representing middle of the bone defects of (a) control, (b) TCP, (c) 0.1-mg

EGCG-TCP, (d) 0.2-mg EGCG-TCP, and (e) 0.4-mg EGCG-TCP. Arrow shows defect margins, * ¼ newly formed bone, and P ¼ TCP particles.
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reaction, thus preventing fermentation and generating a cat-
echin-rich stable compound. Epidemiological studies show
that habitual consumers of green tea have lesser incidence
of osteoporosis-induced hip bone fracture and a higher

bone mineral density.3,4 EGCG, the major component of
green tea, is subject of intense investigation, because accu-
mulating chemical and biochemical evidences have shown it
to be the most biologically active. EGCG has been reported

FIGURE 4. Photomicrographs of the calvarial defects at I-2w, II-4w representing middle of the bone defects of (a) 0.1-mg EGCG-TCP, (b) 0.2-mg

EGCG-TCP, (c) 0.4-mg EGCG-TCP, and (d) TCP. D ¼ duramater, P ¼ alpha TCP particles, and N ¼ newly formed bone. (Hematoxylin and eosin

stain, original magnification �20, scale bar 20 lm.)
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to have antioxidant, anti-inflammatory,5 and anticarcino-
genic properties.12–23 Recently vasodilatory, antiviral, and
antimicrobial activities have also been reported.1,24–26

Although the possible mechanisms of effects of EGCG on
various cells and tissues have been reported, there are only
few studies exploring the effects on bone. Recent in vitro
studies suggest a possible role of EGCG in enhancing bone
formation.6,27,28 Thus, the present study was conducted to
test whether local application of EGCG would enhance bone
formation in vivo. Different doses of EGCG were combined
with osteoconductive a-TCP particles and applied to the rat
calvarial bone defect model, and it was found that 0.2-mg
EGCG induced maximum bone regeneration.

Bone healing takes place as a consequence of a well-
orchestrated sequence of molecular signals in the
required cells. In addition, creation of a favorable environ-
ment with osteoconductive scaffold facilitates the process
of bone regeneration. a-TCP is osteoconductive and biode-
gradable material. The optimal degradation rate and space
maintenance capacity attribute to its efficacy in bone
regeneration. In our previous study, a combination of
a-TCP and simvastatin was found to induce new bone for-
mation.10,11 Hence, the EGCG and a-TCP combination was
applied to test the efficacy in promoting bone regenera-
tion in vivo.

Five-millimeter calvarial defect is not critical sized
defects, because the defect in untreated control group was
bridged with newly formed bone in the present study
although regenerated bone in the control group was thin.
Since this bone defect model has been widely used,10,11,29–31

we also used this model in the present study. Notably,
bone regeneration in calvarial defect model occurs in
unloaded condition. Thus, the results in the present study
would be potentially different from bone regeneration of
loaded bone.

In the present study, a-TCP worked as scaffold for
bone regeneration, and it also released EGCG as a carrier.
The results of the release experiment showed biphasic
release pattern of EGCG from a-TCP with an initial fast
release followed by a slower continuous phase. Although

FIGURE 5. Bone volume in the defect at (a) 2 weeks and (b) 4 weeks. Bone volume was measured. Bars and error bars represent means and

SEM, respectively. n ¼ 8 in all the groups. ANOVA 2 weeks (F4, 35.22.07, p < 0.0001), 4 weeks (F4, 35.22.532, p < 0.0001.)

FIGURE 6. (I) Method of measurement of mineral apposition rate;

arrow head represent fluorochrome labeling, and double arrow shows

the smallest interdistance between the fluorochrome labels. (II) Min-

eral apposition rates at (a) 2 weeks and (b) 4 weeks (lm/day). Bars

and error bars represent means and SEM, respectively. (n ¼ 6) for

each group at each time point.
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the exactly similar release pattern of EGCG is not
expected in vivo, the basic pattern of EGCG release, initial
burst release followed by the slow release, would also
occur in vivo. Bone formation in the bone defect was
affected by the dose of EGCG applied to the defect. In
our experiment 0.2-mg EGCG consistently showed the
highest bone formation.

In the histological sections at 2 weeks, many active
osteoblasts were observed bordering around the surface of
a-TCP particles and depositing bone matrix. Bone marrow
mesenchymal stem cells give rise to osteoprogenitor cells
which in turn differentiate to osteoblasts when stimulated.
Previous in vitro studies showed that EGCG promotes osteo-
blastic differentiation in mesenchymal D1 cells.27 Further-
more, significantly higher values of bone volume at 4 weeks
in TCP-0.2 group suggested a maximum stimulation of the
local cells by EGCG. Significantly increased MARs in this
group further suggests the increased activity of individual
osteoblasts.

Interestingly, the addition of EGCG was beneficial in
promoting new bone formation in the TCP-0.1 and TCP-
0.2 groups. However, significantly enhanced bone forma-
tion compared with the 0-TCP was not observed in the
0.4-TCP group. This was consistently observed in both the
time points. Many health benefits of green tea are primar-
ily attributed to its antioxidant and free radical scaveng-
ing ability.32 Free Radicals are species containing one or
more unpaired electrons, such as nitric oxide (NOl�). The
oxygen radical superoxide (O2

l�) and the nonradical
hydrogen peroxide (H2O2) are produced during normal
metabolism. Reactive oxygen species (ROS) have been
implicated in many chronic disease states, such as osteo-
porosis, in inflammatory bone diseases, and during the
normal inflammatory phase of healing.33 It is known that
oxidative stress, which occurs due to an excessive amount
of reactive oxygen specie, leads to an increase in osteo-
blast and osteocyte apoptosis, among other changes, and
a decrease in osteoblast numbers and the rate of bone
formation via Wnt/b-catenin signaling.34,35 Recent studies
showed that oxidative stress inhibited osteoblastic differ-
entiation35–37 via extracellular signal-regulated kinases
(ERKs) and ERK-dependent NF-jB signaling pathways.38

Osteoblasts can produce antioxidants, such as glutathione
peroxidase, to protect against ROS,35,39 as well as trans-
forming growth factor b(TGF-b), which is involved in a
reduction of bone resorption.40 ROS are also involved in
bone resorption with a direct contribution of osteoclast-
generated superoxide to bone degradation,41,42 and oxida-
tive stress increases differentiation and function of osteo-
clasts.43 Thus, excessive amount of ROS is potentially
harmful to the cell. However, moderately elevated level of
ROS is effective in promoting healing by upregulating
growth factors and promoting angiogenesis.2,44

EGCG is also known to undergo biological transforma-
tion and hence has differential effects in response to the
concentration and oxygen tension.2,45–48

Recent review of literature suggests that the bioactive
components in green tea positively influences bone health

by four different mechanisms35,49: decreased oxidative
stress,50 increased activity of antioxidant enzymes,51–55

decreased expression of proinflammatory mediators,2,56,57–
60 and a possible osteoimmunological action.2,35,56

EGCG modulates the level of reactive oxygen and nitro-
gen species which in turn dose dependently signals for a
repair response, while it also inhibits proliferation and/or
induces apoptosis.2,56 Since these effects are dose-depend-
ent, it is reasonable that EGCG stimulated bone regeneration
at the optimal dose but not stimulated it at the higher dose
in the present study.

In the present study, we demonstrated that an optimal
concentration of EGCG was critical for eliciting the signal for
bone formation. Although the mechanism of the stimulative
effect of EGCG and a-TCP combination in the present study
is unclear, we speculate it as the following. The biphasic
release pattern from a-TCP particles may have provided
optimal amount of EGCG during the initial inflammatory
phase of healing, which was effective in down regulating the
overall inflammatory response. The antioxidant property
may have reduced the acute inflammatory phase and eli-
cited a quicker reparative phase in wound healing. In addi-
tion, the osteoconductivity and space maintenance capacity
of a-TCP particles may also have played an important role
in the maximum bone regeneration in TCP-0.2 group by
providing a suitable niche for cellular proliferation. More
bone was consistently found in all the particle-filled defects
compared with the empty control defects. The space-main-
taining capacity of a-TCP was thus advantageous in the out-
come of bone augmentation procedure. The empty unfilled
defects, which served as the negative control group,
revealed only a thin layer of new bone formation along the
periphery of defect.

CONCLUSION

This study demonstrated the bone promoting effect of local
application of EGCG. It was determined that 0.2 mg was the
optimal dose for the maximum bone regeneration of 5-mm-
diameter bone defects in rat calvaria when applied in com-
bination with a-TCP. Further studies are required to validate
the effect of this optimal dose of EGCG with a-TCP combina-
tion in different clinical conditions.
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a b s t r a c t

Objectives: The aim of this study was to characterize the expression status of cadherins in

dental pulp-derived mesenchymal progenitor/stem cells from deciduous and permanent

teeth, and to determine how cadherins affect the multipotency of the progenitor/stem cells.

Materials and methods: We evaluated and compared the expression status of cadherins in

dental pulp-derived cells from deciduous teeth and in cells from permanent teeth by using

an array of primers for amplification of RNA encoding human cell adhesion molecules and a

real time PCR system. In order to elucidate how cadherins (which are differentially

expressed in deciduous and permanent teeth) affect the multipotency of the dental

pulp-derived progenitor/stem cells, the ability of the dental pulp cells to differentiate into

adipocytes and osteoblasts was evaluated.

Results: R-cadherin was found to be vigorously expressed in the dental pulp cells derived

from permanent teeth but not in the dental pulp cells derived from deciduous teeth. N-

cadherin was found to be expressed essentially equally in both types of cells. The ability of

the dental pulp cells of deciduous teeth to differentiate into adipocytes and osteoblasts was

found to be much higher than that of cells obtained from permanent teeth.

Conclusion: R-cadherin may be a key molecule for providing control over the multipotency of

the dental pulp-derived mesenchymal stem cells.
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1. Introduction

Cadherins are members of a family of transmembrane

proteins involved in mediating homophilic adhesion in a

Ca2+-dependent manner. These proteins are major compo-

nents of adherence junctions (AJs) in cells. E-cadherin is

the main cadherin in the AJs of epithelial cells whereas

other cadherins including N-cadherin, P-cadherin, R-cad-

herin, and VE-cadherin form AJs in other cell types.

Cadherins are highly conserved transmembrane glycopro-

teins that mediate homotypic cell-cell adhesions through

their extracellular domains. The cadherin cytoplasmic

domains provide filamentous actin (F-actin) cytoskeleton

attachment points via associations with catenins and other

cytoskeletal-associated proteins.1 These adhesive receptors

regulate diverse functions beyond the basic adhesive

process such as intracellular signalling events.2 Whilst

fibroblasts express several different cadherins including P-

cadherin, R- cadherin, OB-cadherin, and fat-like cadher-

ins,3,4 N-cadherin is the predominant cadherin expressed by

these cells.3,5 N-cadherin-mediated AJs are of central

importance in connective tissue physiology and are critical

for the regulation of cell attachment and migration,6 wound

healing,7 metastatic potential,8 and embryonic develop-

ment,9,10 as well as differentiation and formation of

numerous specialized tissues including fibrous connective

tissues.11–15

Dental pulp (DP) tissue is a non-hematopoietic connective

tissue that is almost completely surrounded by hard tissue.16

Recently, DP-derived progenitor/stem cells have been shown

to be capable of differentiating into osteoblasts, adipocytes

and neural cells in vivo in a manner similar to that of

undifferentiated mesenchymal cells derived from bone

marrow.17 Therefore, the DP tissue appears to be an excellent

source of stem cells because it can be obtained from

deciduous teeth requiring extraction after normal serial

eruptions of corresponding permanent teeth. Intriguingly,

Govindasamy et al. reported that the expression levels of

several pluripotent markers such as OCT4, SOX2, NANOG,

and REX1 were more than 2-fold higher in DP stem cells

derived from deciduous teeth (SCDs) than in DP stem cells

(DPSCs) derived from permanent teeth.18 This indicates that

the multipotency of DPSCs might be restricted relative to

SCDs. It was found that SCDs retain their plasticity over the

passages, whereas DPSCs lose their plasticity and tend to

become increasingly committed towards the neuronal

lineage. However, it remains to be clarified how the cell–

cell adhesive molecules such as N-cadherin and other

cadherins affect the status of multipotency in SCDs or

DPSCs.

Here, we aimed to determine the profile of the expression

status of adhesive molecules in fibroblast-like cells derived

from either deciduous teeth DP (DDP cells) or permanent teeth

DP (PDP cells). We found that R-cadherin is dominantly

expressed in PDP cells but not in DDP cells, whereas the status

of N-cadherin expression in DDP cells was comparable to that

of PDP cells. Furthermore, we compared the ability of DDP

cells to differentiate into osteoblasts or adipocytes with that of

PDP cells.
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deciduous teeth: Implications of the correlation between R-cadherin exp
Archives of Oral Biology (2011), doi:10.1016/j.archoralbio.2011.07.013
2. Materials and methods

2.1. Cell culture

Dental pulp (DP) tissues were obtained from healthy human

deciduous or permanent teeth from 6 donors, aged 7–8 years.

Informed consent was obtained from the parents of the donors

before tooth extraction, which was carried out in our hospital

during the course of orthodontic treatment. The study

protocol was approved by the Ethics Committee of Iwate

Medical University, School of Dentistry (no. 01101).

A surgical blade was used to cut the DP tissues into

pieces so that they could be digested with 2 mg/mL of

collagenase (type I, Gibco BRL, Gaithersburg, MD, USA) at

37 8C for 30 min. The tissues were then washed with

Dulbecco’s phosphate-buffered saline (PBS), placed on

culture dishes, and maintained in a-modified minimum

essential medium (a-MEM; Gibco BRL) supplemented with

10% foetal bovine serum (FBS; Gibco BRL). Fibroblast-like

cells that grew out of the DP tissue from 3 deciduous teeth or

3 permanent teeth were used as DDP1, DDP2, and DDP3 or

PDP1, PDP2, PDP3 cells, respectively. When these cells

reached confluence in 35-mm culture dishes, they were

detached with 0.2% trypsin and 0.02% EDTA 4Na in PBS and

subcultured at a 1:4 split ratio.

PDP1 cells were seeded into each well of a 96-well plate at a

density of 1 cell/well. Each cells was expanded to a sub-

confluent culture on a 90-mm dish. The single cell-derived

cultures from each well of the 96-well plate were named as

PDP1.1, 1.3, 1.4, 1.7 and 1.9 cells, respectively.

The human bone marrow-derived mesenchymal stem

cells, UE7T-13 cells, the life span of which was prolonged by

infecting retrovirus encoding human papillomavirus E7 and

hTERT,19,20 and human acute myeloblastic leukemic cell line,

HL60 cells, were purchased from Health Science Research

Resources Bank (Japan Health Sciences Foundation, Japan).

All cultures were maintained at 37 8C in a humidified

atmosphere of 5% CO2.

2.2. Expression profiling of cell adhesion molecules

Gene expression profiling was performed using a PrimerArray

of human cell adhesion molecules (PH003, Takara) in

combination with a Thermal Cycler Dice Real Time System

(Takara) according to the manufacturer’s instructions. This

PrimerArray is a set of real-time reverse transcription-

polymerase chain reaction (RT-PCR) primers used for the

analysis of RNA expression of cell adhesion molecules. The

array contains a mixture of 96 primer pairs for 88 cell adhesion

molecule genes and 8 housekeeping genes. Quantification of

gene expression was performed using a PrimerArray Analysis

Tool Ver. 2.0 (Takara).

2.3. Gene expression analysis with RT-PCR

Total RNA extracted from DDP and PDP cells was isolated with

ISOGEN reagent (Nippongene) according to the manufac-

turer’s instructions. First-strand cDNA was synthesized from

total RNA using the PrimeScript RT reagent Kit (Takara).
ved from permanent teeth express higher levels of R-cadherin than do
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Table 1 – Sequence of PCR primers used in this study.

Gene Primer sequences

R-cadherin Forward: ATCGTGGCCATCCTCATCTG; Reverse: CCTCGTCATACTTGAGGATGTTGTC

N-cadherin Forward: CGAATGGATGAAAGACCCATCC; Reverse: GGAGCCACTGCCTTCATAGTCAA

Thy-1 Forward: ATCTCCAGCATTCTCAGCCACA; Reverse: CCTGGTCAAACCTGCATCTTCA

endoglin Forward: TCATGCGCTTGAACATCATCAG; Reverse: TGCGAGTAGATGTACCAGAGTGCAG

CD73 Forward: GAGCCTGCTCAGCTCTGCATAA; Reverse: CCTCTAGCTGCCATTTGCACAC

osterix Forward: CCTGGCTGCGGCAAGGTGT; Reverse: GATCTCCAGCAAGTTGCTCTGC

osteocalcin Forward: CAGCAAAGGTGCAGCCTTTGT; Reverse: TCCTGAAAGCCGATGTGGTC

GAPDH Forward: GCACCGTCAAGGCTGAGAAC; Reverse: ATGGTGGTGAAGACGCCAGT

b-actin Forward: CTGGCACCACACCTTCTACAATG; Reverse: AATGTCACGCACGATTTCCCGC
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Quantitative RT-PCR (qRT-PCR) was performed for RNA

encoding R-cadherin, N-cadherin, Thy-1, endoglin and CD73

with a Thermal Cycler Dice Real Time System (Takara) using

SYBR Premix Ex Taq II (Takara) with the specific oligonucleo-

tide primers listed in Table 1. The mRNA expression levels

were normalized to those obtained for glyceraldehyde

adenosine-phosphate dehydrogenase (GAPDH). For expres-

sion analysis of osterix, osteocalcin, and b-actin, the PCR

conditions were set at 30 cycles at 98 8C for 10 s, 55 8C for 30 s,

and 72 8C for 30 s using the EmeraldAmp PCR Master Mix

(Takara). PCR products were resolved on a 2% agarose gel and

visualized with ethidium bromide. All the primer sequences

used are shown in Table 1.

2.4. Flow cytometry (FCM) analysis

DDP1 and PDP1 cells were stripped with cell dissociation buffer

(Invitrogen) and washed with PBS containing 0.1% FBS. The

cells (1.0 � 105) were incubated with anti-N-cadherin antibody

(clone: GC-4; Abcam) and anti-R-cadherin antibody (clone: N-

19; Santa Cruz) for 1 h at room temperature. The cells were

then incubated with PE- and FITC-conjugated secondary

antibodies for 1 h. The acquisition was performed using an

EPICS XL ADC System (Beckman Coulter).
Table 2 – Expression status of cell adhesion molecules for the

Official symbol Official name 

CDH4 Cadherin 4, type 1, R-cadherin (retinal) 

NCAM1 Neural cell adhesion molecule 1 

HLA-DRA Major histocompatibility complex, class II, D

SDC1 Syndecan 1 

VCAM1 Vascular cell adhesion molecule 1 

ITGB2 Integrin, beta 2 

ITGA6 Integrin, alpha 6 

CD274 CD274 molecule, programmed cell death 1 li

CLDN1 Claudin 1 

CDH15 Cadherin 15, type 1, M-cadherin (myotubule)

ESAM Endothelial cell adhesion molecule 

NRXN2 Neurexin 2 

NRXN3 Neurexin 3 

ICAM1 Intercellular adhesion molecule 1 

# Some of the genes expressed in PDP cells are listed. The expression lev

genes in the DDP cells.
## The SD was not calculated because a Ct value was detected only in a 
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2.5. Confocal fluorescence microscopy

PDP1 cells were seeded onto 8-well culture slides (BD

Biosciences). After 24 h, the cells were fixed with 4%

paraformaldehyde and washed 5 times with PBS. For detection

of N- and R-cadherin, cells were incubated with anti-N-

cadherin (clone: GC-4; Abcam) and anti-R-cadherin antibody

(clone: N-19; Santa Cruz), respectively, for 1 h at room

temperature. The both primary antibodies were used in

1:100 dilution rates. The cells were then incubated with Alexa

Fluor 488- or Alexa Fluor 633-conjugated secondary antibodies

and DAPI. Fluorescence was examined by confocal laser

scanning microscopy.

2.6. Osteogenic and adipogenic differentiation

DDP and PDP cells were cultured onto 60-mm culture dishes

with osteogenic differentiation medium (a-MEM containing

50 mg/mL ascorbic acid (Nacalai Tesque) with 6 mM b-

glycerophosphate (Sigma) and 10% FBS) or adipogenic differ-

entiation medium (DMEM supplemented with 0.5 mM 3-

isobutyl-1-methylxanthine (Sigma), 1 mM hydrocortisone (Sig-

ma), 0.1 mM indomethacin (Sigma), and 10% FBS). Half of the

medium in each dish was exchanged every 2–3 days. After 4
 DDP and PDP cells.#

Ct value (mean � SD) -fold

DDP cells PDP cells

36.51 � 0.33 29.46 � 1.97 83.29

32.57 � 2.49 28.19 � 1.62 13.09

R alpha 28.10 � 0.34 31.84 � 0.13 8.63

28.77 � 0.72 25.27 � 0.82 7.11

33.06 � 2.84 29.66 � 1.05 6.63

35.91 � 2.15 32.52 � 2.55 6.59

27.36 � 0.28 24.04 � 1.47 6.28

gand 1 29.31 � 0.80 26.08 � 1.27 5.90

30.34 � 1.85 27.13 � 0.83 5.82

 33.33 � 4.32 35.33 � 2.61 0.15

30.46 � 0.63 32.70 � 1.91 0.13

31.77 � 0.09 34.10 � 1.65 0.13

28.18 � 1.15 30.70 � 0.70 0.11

32.33## 36.04 � 1.32 0.05

els of these genes are 5-fold higher or lower than those of the same

single sample.

ed from permanent teeth express higher levels of R-cadherin than do
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Fig. 1 – R- and N-cadherin expression levels in DP cells.

Relative mRNA expression levels of R-cadherin (A) and N-

cadherin (B) were analysed by qRT-PCR. Data represent the

mean of 3 individual experiments (n) W SD. *p < 0.05 was

considered significant (in comparison with 3 DDP1, DDP2,

and DDP3 cells).
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weeks of culture, the cells were evaluated for expression of

osteogenic differentiation marker genes (osterix and osteo-

calcin) or for adipogenic differentiation as indicated by oil-red

stain.

2.7. Statistics

Data are presented as the mean � standard deviation (SD).

Statistical analysis was performed by using the Student’s t-

test, and values of p < 0.05 were considered to be significant.

3. Results

3.1. Expression profile of cell adhesion molecules in DP
cells

In order to identify the highly expressed cell adhesion

molecules in DP cells, we performed primer array analyses

as described in Section 2. We then compared the expression

status of cell adhesion molecules of the DDP and PDP cells.

Differentially expressed genes in the DDP and PDP cells were

identified and are shown in Table 2. Amongst 88 target genes, 9

were identified as highly expressed genes in the PDP cells. In

particular, the expression level of R-cadherin in the PDP cells

was found to be more than 83-fold higher than that of the DDP

cells.

3.2. R- and N-cadherin expression levels in DP cells

We examined the expression levels of R-cadherin and N-

cadherin mRNA in DP cells by qRT-PCR analysis. The R-

cadherin mRNA expression level was found to be significantly

higher in the PDP cells compared to the DPD cells (Fig. 1A). On

the other hand, the level of N-cadherin expression did not

differ between the PDP and DDP cells (Fig. 1B).

3.3. PDP cells expresses both R- and N-cadherin

To determine whether the PDP cells express both R- and N-

cadherin, we performed FCM analysis. As shown in Fig. 2, PDP

cells express both R- and N-cadherin on the cell surface. The

expression of these cadherins on the cell surface enables the

cells to perform their intended functions (Fig. 2B). On the other

hand, the DDP cells were found to only express N-cadherin

(Fig. 2C). Furthermore, the results of confocal fluorescence

microscopy analysis also indicate that PDP cells express both

R- and N-cadherin (Fig. 3).

3.4. DDP cells maintains multipotency than PDP cells

We investigated osteogenic and adipogenic differentiation for

the purpose of examining the multipotency of the DP cells. As

shown in Fig. 4A, we performed qRT-PCR analysis in the DP

cells in order to identify expression levels of mesenchymal

stem cells marker genes. The expression levels of the typical

marker genes such as Thy-1, endoglin and CD73 were detected

in the both of DDP and PDP cells same as UE7T13 cells, but

there were very low levels in HL60 cells. In the osteogenic

differentiation of the DP cells, the expression of osterix was
Please cite this article in press as: Takahashi N, et al. Dental pulp cells deri
deciduous teeth: Implications of the correlation between R-cadherin exp
Archives of Oral Biology (2011), doi:10.1016/j.archoralbio.2011.07.013
detected in DDP cells cultured in both normal–medium and in

osteogenic-differentiation medium. On the other hand, the

expression of osteocalcin was only detected when DDP cells

were cultured in the osteogenic-differentiation medium for 4

weeks (Fig. 4B). Furthermore, the DDP cells were shown to

have the ability to undergo adipogenic differentiation in oil-

red stain to a greater extent than do the PDP cells (Fig. 4C).

3.5. R-cadherin expression restricts osteogenic
differentiation

We established several single cell-derived cultures from PDP

cells (PDP1.1, 1.3, 1.4, 1.7 and 1.9 cells) expressing different

levels of R-cadherin, respectively (Fig. 5A). As shown in Fig. 5A

and B, the level of osteocalcin expression in the 1.7 and 1.9

cells which expressed high amount of R-cadherin was lower

than 1.1 cells which expressed low amount of that. Further-

more, the expression level of osteocalcin in the R-cedherin-

overexpressed UE7T13 cell (pRcad cells) was much lower than
ved from permanent teeth express higher levels of R-cadherin than do
ression and restriction of multipotency in mesenchymal stem cells.
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Fig. 2 – PDP cells express both R- and N-cadherin. PDP1 (A and B) and DDP1 (C) cells were incubated with control (ctrl) IgG (A),

anti-R-cadherin and anti-N-cadherin antibody (B) in PDP1 cells, and anti-R-cadherin and anti-N-cadherin antibody (C) in

DDP1 cells. The cells were then incubated with PE- and FITC-conjugated secondary antibodies. The acquisition was

performed using the EPICS XL ADC system.

Fig. 3 – PDP cells express both R- and N-cadherin. DDP and PDP1 cells were incubated with control (ctrl) IgG (A–D, I–L) and

anti-R-cadherin and anti-N-cadherin antibody (E–H, M–P). The cells were then incubated with Alexa Fluor 488- or 633-

conjugated secondary antibodies and DAPI. Fluorescence was examined by confocal laser scanning microscopy.
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Fig. 4 – Osteogenic and adipogenic differentiation of DP

cells. (A) Relative mRNA expression levels of Thy-1,

endoglin and CD73 were analysed by qRT-PCR. Data

represent the mean of 3 individual experiments (n) W SD.

(B and C) DDP1 and PDP1 cells were cultured onto 60-mm

culture dishes with osteogenic differentiation medium (B)

or adipogenic differentiation medium (C). After 4 weeks of

culture, the cells were evaluated for the expression of

osteogenic differentiation marker genes (osterix and

osteocalcin) or for adipogenic differentiation as indicated

by oil-red stain. (For interpretation of the references to

color in this figure legend, the reader is referred to the web

version of the article.)
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that of pCTRL cells transfected with control vector or that of

non-transfected UE7T13 cells (Fig. 5C and D).

4. Discussion

Here, a PrimerArray and qRT-PCR analysis of human cell

adhesion molecules revealed that R-cadherin was vigorously

expressed in the PDP cells but not in the DDP cells (Table 2 and

Fig. 1A), whereas N-ceadherin was almost equally expressed

in the both cells (Fig. 1B).

R-cadherin is a closely related member of the classical (type

I) cadherins.21 This protein structurally resembles E- and N-

cadherin and is 74% identical to N-cadherin. R-cadherin

appears to play important roles in the formation of blood

vessels and the neuronal network. R-cadherin has also been

shown to be involved in retinal angiogenesis during develop-

ment. The neutralization of R-cadherin by antibodies or

peptides was found to prevent the proper formation of a

vascular network in the retina of newborn mice.22 It was also

reported that R-cadherin might affect cell fates of several

kinds of progenitor/stem cells. R-cadherin expression in

C2C12 myoblasts inhibits the induction of myogenesis,23

suggesting that R-cadherin affects the pattern of commitment

to differentiation of undifferentiated mesenchymal cells. In

addition, Rosenberg et al. found that striated muscle differen-

tiation was not observed in E-cadherin�/� embryonic stem

cells. However, constitutive expression of R-cadherin in the

cells was observed to exclusively rescue the formation of

striated muscle.24 Intriguingly, R-cadherin expression was

almost completely shut off during the osteoblastic differenti-

ation of C2C12 cells induced by treatment with bone

morphogenetic protein 2. This indicates that R-cadherin

might negatively affect osteoblastic differentiation of undif-

ferentiated mesenchymal cells.25 Intriguingly, Shan et al.

showed that N-cadherin can form both trans and cis hetero-

dimers with R-cadherin.26 In addition, the overall tissue

distribution of R-cadherin is similar to that of N-cadherin,27

suggesting that the 2 cadherins generate functional units to

mediate cell–cell adhesion. In fact, both N- and R-cadherin

were detected in single PDP cells by FCM analysis and by

fluorescence microscopy (Figs. 2 and 3). However, it remains to

be clarified how R-cadherin affects the commitment to

differentiation of adult stem cells into mesenchymal stem

cells.

Govindasamy et al. reported that several pluripotent

markers such as OCT4, SOX2, NANOG, and REX1 are more

highly expressed in dental pulp stem cells derived from

deciduous teeth than in stem cells derived from permanent

teeth.28 Moreover, DP-derived progenitor/stem cells have been

shown to be capable of differentiating into osteoblasts,

adipocytes and neural cells in vivo in a manner similar to

that of undifferentiated mesenchymal cells derived from bone

marrow.17 In fact, the expression levels of typical mesenchy-

mal stem cell marker genes such as Thy-1, endoglin and CD73

were detected in the both of DDP and PDP cells as similarly

detected in the bone marrow-derived mesenchymal stem

cells, UE7T13 cells (Fig. 4). Intriguingly, R-cadherin-expressing

PDP cells were found to significantly suppress the ability of the

cells to differentiate into adipocytes and osteoblasts. This was
ved from permanent teeth express higher levels of R-cadherin than do
ression and restriction of multipotency in mesenchymal stem cells.
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Fig. 5 – R-cadherin expression restricts osteogenic differentiation. (A) Expression level of R-cadherin in each single-cell

derived culture established from PDP cells (PDP1.1–1.9) was evaluated by using qRT-PCR. (C) Cell surface expression of R-

cadherin in UE7T13 cells transfected with control vector (pCTRL) or R-cadherin expression vector (pRcad) were incubated

with control (ctrl) IgG or anti-R-cadherin. The cells were then incubated with PE-conjugated secondary antibodies. The

acquisition was performed using the EPICS XL ADC system. (B and D) PDP1.1–1.9 cells or R-cadherin overexpressed UE7T13

cells were seed onto 6-well culture dishes. After 2 weeks of the culture with osteogenic differentiation medium, the cells

were evaluated for the expression of osteogenic differentiation marker genes (osterix and osteocalcin). *p < 0.05 was

considered significant (in comparison with PDP1 cells).
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not observed for the DDP cells (Fig. 4). Moreover, the status of

osteogenic differentiation of PDP cells seemed to be closely

related to the expression level of R-cadherin in the cells: the

cells vigorously expressing R-cadherin did not express osteo-

blast-specific marker osteocalcin (Fig. 5A and B). Furthermore,

R-cadherin-overexpression clearly suppressed the expression

of osteoblast-specific marker osteocalcin in mesenchymal

stem cell line UE7T13 (Fig. 5C and D). These results strongly

suggest that R-cadherin expression restricts the multipotency

of DP cells. In addition, these results suggest that the ability of

DDP cells to differentiate into osteoblasts and adipocytes is

significantly higher than that of the PDP cells because R-

cadherin is abundantly expressed in the PDP cells but not in

the DDP cells.

In conclusion, R-cadherin is vigorously expressed in the DP

cells of permanent teeth but not in the DP of deciduous teeth.

N-cadherin is essentially equally expressed in both types of

cells. R-cadherin-expressing DP cells derived from permanent

teeth were found to suppress the ability of the cells to

differentiate into adipocytes and osteoblasts. This indicates
Please cite this article in press as: Takahashi N, et al. Dental pulp cells deriv
deciduous teeth: Implications of the correlation between R-cadherin exp
Archives of Oral Biology (2011), doi:10.1016/j.archoralbio.2011.07.013
that R-cadherin might restrict the multipotency of the DP cells.

It is possible that R-cadherin functions as a key molecule in

controlling the multipotency of the DP-derived mesenchymal

stem cells. This report provides the first evidence that R-

cadherin restricts the multipotency of DP-derived mesenchy-

mal stem cells.
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The formation of a tooth root occurs

by the sequential and reciprocal inter-

actions between Hertwig�s epithelial

root sheath (HERS) and the sur-

rounding mesenchyme, as well as by

crown development (1). HERS consists

of an epithelial bilayer derived from

the cervical loop epithelium at the cuff

of the enamel organ. After the com-

pletion of crown development, HERS

fuses below the level of the cervical

margin of the crown (2). Many studies

have indicated that HERS is involved

in the induction of odontoblast differ-

entiation and subsequent dentin depo-

sition during root formation through

signaling cross-talk between the epi-

thelium and the mesenchyme (3,4).

Root formation starts as HERS

develops, which begins at postnatal

day 5, and the root elongates for

approximately 3 wk postnatally.

HERS is maintained at the apex of the

developing root during root develop-

ment (5). Recently, it was reported that

epidermal growth factor (2), insulin-

like growth factor-I (IGF-I) (6) and

fibroblast growth factor-10 signaling

(7–9) regulate HERS development

when crown morphogenesis shifts to

Sakuraba H, Fujiwara N, Sasaki-Oikawa A, Sakano M, Tabata Y, Otsu K, Ishizeki

K, Harada H. Hepatocyte growth factor stimulates root growth during the devel-

opment of mouse molar teeth. J Periodont Res 2011.doi: 10.1111/j.1600-
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Background and Objective: It is well known that tooth root formation is initiated

by the development of Hertwig�s epithelial root sheath (HERS). However,

relatively little is known about the regulatory mechanisms involved in root

development. As hepatocyte growth factor (HGF) is one of the mediators of

epithelial–mesenchymal interactions in rodent tooth, the objective of this study

was to examine the effects of HGF on the root development of mouse molars.

Material and Methods: The HERS of mouse molars and HERS01a, a cell line

originated from HERS, were used in this study. For detection of HGF receptors

in vivo and in vitro, we used immunochemical procedures. Root development was

assessed by implanting molar tooth germs along with HGF-soaked beads into

kidney capsules, by counting cell numbers in HERS01a cell cultures and by per-

forming a 5¢-bromo-2¢-deoxyuridine (BrdU) assay in an organ-culture system.

Results: HGF receptors were expressed in the enamel epithelium of molar germs

as well as in HERS cells. HGF stimulated root development in the transplanted

tooth germs, the proliferation of HERS01a cells in culture and HERS elongation

in the organ-culture system. Examination using BrdU revealed that cell prolifer-

ation in HERS was increased by treatment with HGF, especially that in the outer

layer of HERS. This effect was down-regulated when antibody against HGF

receptor was present in the culture medium.

Conclusion: Our results raise the possibility that HGF signaling controls root

formation via the development of HERS. This study is the first to show that HGF

is one of the stimulators of root development.
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root formation inmouse, rat andhuman

molars. Additionally, it was recently

reported that transforming growth

factor-b/bone morphogenetic protein

signaling relies on a Smad-dependent

mechanism in the regulation of Nfic

expression via sonic hedgehog (Shh)

signaling to control root development

through epithelial–mesenchymal inter-

actions (10). Thus, it has been revealed

that several growth factors play a role in

tooth root formation through these

epithelial–mesenchymal interactions.

Hepatocyte growth factor (HGF) is

one of the mediators of epithelial–

mesenchymal interactions, and the

gene-expression patterns of HGF and

its receptor, c-Met, in rodent tooth

germs have been revealed (11,12).

Although HGF is expressed in the

dental papilla of rodents and humans,

its receptor is also expressed in the

outer enamel epithelium at the late bell

stage (12–14). HGF promotes the

proliferation and scattering of amelo-

blast-lineage cells (15). Furthermore,

mouse molar germs show an aberrant

cusp morphology after treatment with

antisense oligodeoxynucleotides for

HGF in an organ-culture system (12).

These morphological changes result

from abnormal proliferation of the

enamel epithelial cells, suggesting that

HGF regulates the proliferation of

these embryonic cells (12). However,

the relationship between HGF signal-

ing and development of molar roots

has not been elucidated in detail.

To examine this relationship, we

used three techniques in this study:

implantation of molar tooth germs into

kidney capsules; cell culture of a HERS

cell line (HERS01a); and an original

organ-culture system. It is a well-

known fact that long-term growth of

tooth germs can be achieved only with

the use of transplantation into a kidney

capsule (9) and so we used this method

to observe the elongation of molar

roots. An organ-culture system for

determination of the stage at which

tooth root formation begins was first

established by Fujiwara et al. (6). The

combination of the culture system for

molar teeth at the initial stage of root

formation and 5¢-bromo-2¢-deoxyuri-
dine (BrdU) treatment showed that

HERS elongation is a consequence of

cell proliferation in the outer layer of

HERS (6). A cell-culture system would

also be very useful to understand

the characteristics of HERS cells.

Although some cell lines derived from

HERS have already been reported (16–

18), we used the HERS01a cell line,

obtained from a mandibular first molar

of a postnatal (5-d-old) mouse (19), in

the present study.

Using these systems, we designed

experiments to examine the effects of

HGF on root development, and to

elucidate in detail the mechanism of

root formation.

Material and methods

Animals

The design and conditions of the animal

experiments were approved by the

Committee on Animal Experiments of

Iwate Medical University, Morioka,

Japan. Newborn ddY mice were pur-

chased from Japan SLC Inc. (Shizuoka,

Japan). First mandibular molars of

postnatal day 5 mice were used for

the preparation of frozen sections for

immunohistochemical analysis.

Immunohistochemical staining of
molar teeth

Mandibular bones were dissected from

postnatal day 5 mice, embedded in

Super cryo-embedding medium with-

out prior chemical fixation and decal-

cification (Leica Microsystems, Tokyo,

Japan) and rapid-frozen using the

hexane/dry ice method. The samples

were cut with a cryostat (Leica

Microsystems, Nossloch, Germany)

into 6-lm-thick sections by using the

Film transfer method (20). The sec-

tions on the film were dried in a cryo-

chamber for 12 h and then rinsed in

phosphate-buffered saline (PBS) at

room temperature. After blocking in

10% horse serum (at room tempera-

ture for 1 h), the sections were reac-

ted (at room temperature for 1 h)

with anti-cytokeratin 14 (anti-CK14)

(Covance, Berkeley, CA, USA) and

anti-HGF receptor (R & D Systems,

Minneapolis, MN, USA) as the pri-

mary antibodies for the double immu-

nofluorescence technique. They were

then reacted with the appropriate

Alexa Fluor� 546- and 488 (Molecular

Probes, Eugene, OR, USA)-labeled

secondary antibodies at room temper-

ature for 1 h. As negative controls,

other sections were incubated with PBS

containing 1% bovine serum albumin

instead of primary antibody or with

the secondary antibody only.

HERS cell culture

To observe the direct effects of HGF

on HERS cells, we used primary cul-

tures of HERS cells and HERS01a, a

cell line derived from HERS (19). For

the primary cell cultures, we dissected

tooth germs from postnatal day 9

mouse mandibular first molars, soaked

them in 2% collagenase at 4�C for 2 h

and then separated them into dental

epithelium and mesenchyme, after

which the sheets of HERS were cut off

from the dental epithelium. These

sheets were then incubated in 0.25%

trypsin/EDTA solution (Gibco, Grand

Island, NY, USA) at 37�C for 5 min to

obtain a cell suspension of single

HERS cells.

The HERS cells and HERS01a cells

were seeded in culture dishes (Prima-

riaTM; BD, Franklin Lakes, NJ, USA)

and cultured in a humidified atmo-

sphere of 5% CO2 at 37�C in Dul-

becco�s modified Eagle�s minimal

essential medium (DMEM)/Ham�s
F-12 medium (Gibco) supplemented

with B27 (Invitrogen, Grand Island,

NY, USA) and fibroblast growth fac-

tor-2 (20 ng/mL). These cells were then

plated in culture dishes at a density of

1 · 105 cells per dish, and the medium

was changed every other day. When

the cells had reached approximately

50% confluence, they were examined

immunocytochemically. The cells in

culture dishes were fixed in 4% para-

formaldehyde (for incubation with

anti-HGF receptors) or acetone/etha-

nol (for reaction with anti-CK14) at

room temperature for 15 min. After a

rinse in PBS, they were incubated with

the above antibodies. Immunoreac-

tions for anti-CK14 in the primary

cultures were visualized using (Diami-

nobenzidine, ImmPACTTM DAB Per-

oxidase Substrate, Vector laboratories,

Byrlingame, CA, USA).
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Cell-proliferation assay for HERS01a
cell line

The HERS01a cells were plated into a

24-multiwell culture plate (Nunclon�;

Nalge Nunc, Roskilde, Denmark) at a

density of 5 · 104 cells/well. They

were cultured for 2, 4, 6, 8 or 10 d in

culture medium to which HGF (0, 0.1,

1 or 10 ng/mL) had been added. At

the end of the culture period in each

group, the cell numbers in each group

were counted three times using a

counting chamber and then the aver-

age cell number for each group was

calculated.

Implantation of mandibular first-
molar tooth germs along with HGF-
soaked beads into kidney capsules

After heparin beads had been rinsed

twice in PBS, they were soaked in HGF

(10 ng/mL) solution or fresh PBS for

12 h at 4�C. First mandibular molars

(n = 6) were dissected from the man-

dibles of ddY mice at postnatal day 5,

and the soaked beads were then

inserted into the dental papilla of these

molars. These molars with beads were

subsequently implanted under the

kidney capsule of severe combined

immunodeficient (SCID) (CLEA

Japan Inc., Tokyo, Japan) mice under

isofluorane-induced anesthesia. Only

the left kidney in each mouse was used

for implantation. Two molars were

transplanted under the capsule of a

kidney simultaneously (i.e. one molar

containing HGF-soaked beads into the

posterior part of the capsule and the

other molar containing PBS-soaked

beads into the anterior part of the same

capsule). After 3 wk, the implants were

dissected from the kidney capsules, and

paraffin sections were then prepared

according to the general histological

protocol.

HERS organ culture

Organ culture of HERS was carried

out as described previously (6). Molar

germs (n = 24) were dissected from

the mandibles of ddY mice at post-

natal day 5. To test the effect of

HGF, we then added 50 ng/mL of

mouse HGF (eBioscience, San Diego,

CA, USA) to the culture medium, the

incubation was continued for 4 d and

BrdU labeling was performed near

the end of the culture period to detect

cellular proliferation. For labeling the

molar germs, 5 lg/mL of BrdU (Sig-

ma, St Louis, MO, USA was added

to fresh culture medium. Explants

were incubated in the presence of

BrdU for 4 h, fixed in 4% parafor-

maldehyde with PBS, decalcified in

EDTA, embedded in paraffin and

serially sectioned into 6-lm sections.

BrdU was detected on the sections

using a BrdU staining kit (Calbio-

chem; Oncogene Research Products,

Boston, MA, USA) according to the

manufacturer�s instructions, and visu-

alized with DAB. BrdU-stained

specimens were then weakly counter-

stained with hematoxylin. To com-

pare the mitotic activity between the

inner and outer layers of HERS, we

counted the number of BrdU-immu-

nopositive cells and all cells in the

inner and outer layers, and then

estimated the mitotic index of each,

after statistical processing.

Statistical analysis

To evaluate the changes in HERS

elongation during the culture periods,

we measured the length of HERS at

the buccal side of molars and reported

it as the mean ± standard deviation.

By use of Metamorph software

(Molecular Devices, Sunnyvale, CA,

USA), measurements were carried out

on five sections that had been selected

randomly from sections located 450–

550 lm from the mesial end of the

mandibular first molar. Significant

differences among the HERS length of

each group were evaluated statistically

using one-way analysis of variance

followed by the Student�s t-test

(INSTAT; Graphpad Software, San

Diego, CA, USA).

For determining the numbers of

BrdU-labeled cells in the HERS, 10

sections in each experimental group

were selected at random. The esti-

mated mitotic index value was

reported as the mean ± standard

deviation. The significance of the dif-

ferences was evaluated using the

Student�s t-test.

Results

Immunohistochemical features of
HERS in vivo

HERS could be seen in the lower

first-molar germs at postnatal day 5.

HERS cells, which had originated

from the enamel organ, expressed epi-

thelial markers such as cytokeratin

14 (Fig. 1A). Enamel epithelial cells

showed strong immunoreactivity for

the HGF receptor, and the odontoblast

layer in the dental pulp was weakly

positive for the HGF receptor

(Fig. 1B). The pulp core was negative

for the HGF receptor. The cells of the

enamel epithelium showed positive

immunoreactivity for both cytokeratin

14 and the HGF receptor, which was

especially strong on those cells in the

outer layer (Fig. 1A–C). In almost all

cells of the outer layer in the HERS

area, immunoreactions indicating the

presence of HGF receptor were stron-

ger than those of the cells in the inner

layer (Fig. 1D, arrowheads).

HERS cells in primary cultures
prepared from mandibular first
molars at postnatal day 9

The molars at postnatal day 9 possess a

fenestrated-HERS sheet located at the

tip of the enamel organ. Because we

could easily collect HERS cells at this

stage by treatment with collagenase, we

prepared cultures of HERS cells col-

lected from postnatal day 9 mouse

mandibular first molar germs. HERS

cells cultured for 1 wk were fixed,

reacted with anti-CK14 and visualized

by DAB. HERS cells that had been

cultured with HGF proliferated

actively, and we could observe many

cytokeratin 14-positive cells on a cul-

ture dish (Fig. 2A). On the other hand,

few positive cells were observed in the

control culture dishes (Fig. 2A).

Immunocytochemistry and
cell-proliferation assay for the HERS
cell line

To examine the effect of HGF on cell

proliferation, we used cells of the

HERS cell line, HERS01a. First, we

verified immunocytochemically

HGF stimulates root growth of mouse molar 3



whether or not the HERS01a cells

possessed HGF receptors (c-Met),

although it had been reported earlier

that this cell line maintains cellular

characteristics similar to those of

HERS in molars in vivo (19). HGF

receptors were detected on the plasma

membrane of these HERS01a cells

(Fig. 2B), as is the case in vivo. Next,

we counted the number of cells per

well. The number of cells in the control

medium (n = 5) increased with culture

time up to 10 d in culture (Fig. 2C,

black line), at which time the cells had

not yet reached confluence in each well.

HGF (0.1–10 ng/mL, each n = 5)

caused a dose-dependent increase in

the proliferation of HERS01a cells

(Fig. 2C). The number of HERS01a

cells found in the presence of 10 ng/mL

of HGF was 250 · 103 cells per well,

about twice that of the control group;

and the cells in each well had reached

approximately confluence.

A

B
C

Fig. 2. Cell-growth patterns and immunocytochemistry of hepatocyte growth factor (HGF) receptor in cells of the Hertwig�s epithelial root
sheath (HERS) cell line HERS01a. (A) A primary culture of HERS cells that originated from a mandibular first molar at postnatal day 9.

After culture, cells were reacted with antibody specific for cytokeratin 14 and visualized by Diaminobenzidine (DAB). HGF added to the

culture medium stimulated the proliferation of the cells. (B) Immunocytochemical phenotype of HERS01a cells. HGF receptors were detected

on the plasma membrane of the cells. Scale bar = 20 lm. (C) Cell-growth curve of HERS01a cells. The number of cells in the medium

supplemented with HGF increased in a dose-dependent manner during the 10-d culture period.

A B C D

Fig. 1. Immunohistochemical phenotype of a mandibular first molar at postnatal day 5. Cytokeratin 14 (A) and hepatocyte growth factor

(HGF) receptor (B) are detected in the enamel epithelium including Hertwig�s epithelial root sheath (HERS). A merged image of panels A and

B is also shown, indicating double-positive cells (C). Cells of the outer enamel epithelium show strong fluorescence. A high magnification of

the area indicated by the boxed area in panel B is also shown (D). HGF receptors are detected in HERS cells, and especially strong staining

intensity is observed in some of the cells of the outer layer (indicated by arrowheads). Scale bars = 100 lm.
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Transplantation into kidney capsules
of mandibular first-molar tooth
germs containing HGF-soaked beads

It is impossible to observe root elon-

gation in culture over long periods

in vitro, although organ-culture meth-

ods that allow extended development

of molar roots have been reported

(5,6). To solve this problem, we trans-

planted postnatal day 5 molars into

kidney capsules (Fig. 3A). Three weeks

after transplantation of molars under

kidney capsules, the roots of the

molars bearing HGF-soaked beads

(Fig. 3D) were twice as long as the

roots of the molars containing the

PBS-soaked beads (Fig. 3B). As seen in

histological sections, the molars of

both groups had developed root pre-

dentin and dentin, cementum with

embedded Sharpey�s fibers and a peri-

odontal ligament (Fig. 3C,E–G); and

the HGF group, especially, showed

longer roots than the control (PBS)

group. Inspection of histological sec-

tions revealed that the construction of

the periodontal tissue around the

molars bearing HGF-soaked beads

was similar to that seen in the root in

vivo (Fig. 3G). Acellular cementum on

the root surface (Fig. 3G, arrowheads)

was observed, in addition to cellular

cementum at the root apex (Fig. 3E,

arrow). Bone matrix had formed over a

wide range, and the periodontal liga-

ment also acquired some width

(Fig. 3G). Fibers in the periodontal

ligament were arranged in an organized

manner, and the apex of these fibers was

embedded in the root surface as Shar-

pey�s fibers (Fig. 3H). The periodontal

tissue in the control group seemed to

have an immature organization. Cellu-

lar cementum was recognizable on the

dentin surface (Fig. 3F), and bone

matrix was observed in the periodontal

tissue. However, its volume was very

small. Also, the space between the tooth

root and bone was narrow; and the fiber

arrangement was irregular.

HERS development in organ-culture
system

Molar tooth germs from 5-d-old mice

were cultured for 4 d (each, n = 5);

and, as seen in vivo, the explants in

each group maintained the proper his-

tological relationship among tooth

germ, dental follicle and alveolar bone.

Also, we observed development of the

dental root, including the enamel epi-

thelium and the mesenchymal tissue,

around HERS. During the culture

period, enamel matrix was secreted

continuously into the crown region,

but the inner enamel epithelium was no

longer differentiated in the area below

the cervical region containing the den-

tin and predentin.

By day 4, the entire epithelial layer

of HERS (the dotted line in each

image, Fig. 4A–C) seemed to be

seamless, the HERS of the explants

in the HGF-supplemented group

(203.8 ± 5.89 lm, Fig. 4B) was 1.34

times longer than that of the control

group (151.2 ± 6.53 lm, Fig. 4A),

and it was 1.2 times longer than that of

the group treated with antibody

against the HGF receptor (169.2 ±

6.14 lm, Fig. 4C). On the other hand,

we could not observe any difference in

morphology in other tissues, such as

dental papilla or follicle, between the

experimental and control groups.

Cell proliferation assessed by BrdU
incorporation

We conducted BrdU-incorporation

experiments to examine the effect of

HGF on cell proliferation. The control

A

B C

D

F G

H

E

Fig. 3. Transplantation, into a kidney capsule, of postnatal day 5 mandibular first molars

with hepatocyte growth factor (HGF)-soaked beads implanted into their dental papilla. (A)

Macroscopic view of a kidney 3 wk after molar germs had been transplanted under the

capsule. (B) High magnification of a molar containing phosphate-buffered saline (PBS)-

soaked beads, as observed by stereomicroscopy. (C) Paraffin section made from the specimen

shown in panel B. (D) High magnification of a molar implanted with HGF-soaked beads, as

seen by stereomicroscopy. (E) Paraffin section made from the specimen shown in panel D.

The roots of molars implanted with HGF-soaked beads were twice as long as the roots of

molars implanted with PBS-soaked beads. (F) Higher magnification of the boxed area in

panel C. Vague tissue between root dentin and a small piece of bone was observed (pl).

Cellular cementum (c) is recognizable on the dentin surface. (G) Higher magnification of the

boxed area in panel E. The appearance of the constructed periodontal tissue is similar to that

seen in the root in vivo. The bone matrix has formed over a wide range, and the space between

the dentin and bone has also acquired some width. Organization of fibers from bone to tooth

root and acellular cementum on the surface of the root (arrowheads) are observable, in

addition to cellular cementum at the root apex (the arrow in panel E). Panel H is a high

magnification of the asterisk shown in panel G. Sharpey�s fibers are embedded in the acellular

cementum at the root surface. ab, alveolar bone; c, cementum; d, dentin; pl, periodontal

ligament. Scale bars = 1 mm (A, B, D), 200 lm (C, E), 50 lm (F, G) and 20 lm (H).
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group (n = 5) showed BrdU-positive

cells in the HERS, dental pulp, dental

follicle and periosteum of the alveolar

bone (data not shown). In particular,

small numbers of positive cells were

sparsely distributed in both inner and

outer layers of the control HERS

(Fig. 4D, arrowheads). The HGF

group (n = 5) showed many more

BrdU-positive cells in HERS (Fig. 4E,

arrowheads); in particular, the number

of BrdU-positive cells in the outer layer

was higher than that in the inner layer.

However, in the HGF receptor anti-

body group (n = 5) only a few cells

were labeled (Fig. 4F, arrowheads) –

fewer than that in both layers of the

control group.

These observations indicated that

the effects of HGF differed between the

inner and the outer layers of HERS.

Therefore, we counted the number of

BrdU-positive cells in each layer and

estimated the mitotic index (Fig. 4G).

In the total HERS, the mitotic index of

the HGF group was higher than that of

the control; and the group treated with

the antibody to HGF receptor showed

the lowest index. In each group, the

indices were higher for the outer layer

of HERS than for the inner layer. In

the control group (orange column), the

outer layer of HERS showed signifi-

cantly higher proliferative activity than

the inner layer (i.e. the mitotic indices

of the outer and inner layers were 0.082

A B C

D

G

E F

Fig. 4. Histology of postnatal day 5 molars after 4 d in culture, 5¢-bromo-2¢-deoxyuridine (BrdU)-labeled explants and the mitotic index.

(A–C) Morphology of molar germs after organ culture for 4 d in control medium (A), medium supplemented with hepatocyte growth factor

(HGF) (B) or medium supplemented with antibody specific for HGF receptors (C). Hertwig�s epithelial root sheath (HERS) of molars in

HGF-supplemented medium is longer than that in the control or in the medium with the antibody. Scale bars = 50 lm. (D–F) Morphology

of molar germs in control medium (D), medium supplemented with HGF (E) or medium supplemented with antibody to HGF receptor (F)

after BrdU treatment. The arrowheads in each image indicate BrdU-positive cells. Scale bars = 50 lm. (G) Mitotic index based on counting

the number of BrdU-labeled cells per total cell number in the whole HERS and in each of the inner and outer layers of HERS. In the HGF

group, higher indices were found for inner, outer and total layers. The mitotic index was decreased by antibody specific for the HGF receptor

and it especially showed a markedly lower value for the outer layer (the value was approximately half of that of the control). Data are

expressed as mean ± standard deviation. *p < 0.01, as indicated by the brackets.
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and 0.012, respectively). Furthermore,

the outer layer in the HGF group

(yellow column) showed higher activity

than that in the control group. In the

presence of antibody to HGF receptor

(green column), the mitotic index of

the inner and outer layers dropped to

0.022 and 0.042, respectively; and,

interestingly, the index for the outer

layer was approximately half of that

for the control experiment. There was

little distinction in the number of

BrdU-labeled cells in the dental

papilla between each group (data not

shown).

Discussion

The present study showed that HGF

has a positive effect on root growth

via cell proliferation of HERS. It is

known that the role of HERS is the

induction of odontoblast differenti-

ation and subsequent periodontal

formation through epithelial–mesen-

chymal interactions (3,4,21). Because

the HGF receptor was detected in the

enamel epithelium, and immunoreac-

tivity indicating it was faint in the

pulp and follicle cells, the target tis-

sues of HGF would be expected to be

HERS. BrdU-labeling analysis in the

organ-culture system and the prolif-

eration assay using HERS01a cells

showed that HGF stimulated the

proliferation of HERS cells. Hence,

we believe that the root development

seen in the kidney capsule after

transplantation was the consequence

of HGF-mediated acceleration of

HERS development.

In the HGF group, acellular cemen-

tum and bone formation were observed

clearly, compared with those for the

control. The organization of periodon-

tal ligament fibers in the space between

the newly formed bone and cementum

showed an ordered arrangement, and

the formation of Sharpey�s fibers was

also seen. These results showed that

HGF also stimulated the development

of periodontal tissue. However, immu-

nostaining for HGF receptors in the

dental follicle was negative, suggesting

that the growth of periodontal tissue

was an indirect effect through the

growth of HERS effected by HGF.

However, it was previously reported

that HGF enhances bone formation

during development of the embryonic

mandible (22). Therefore, we need to

examine the expression pattern of HGF

receptors and the effect of HGF on the

process of periodontal-tissue develop-

ment in further studies.

In this study, we also firmly estab-

lished the validity of our hypothesis on

the mechanism of HERS formation.

We previously hypothesized a mecha-

nism of HERS formation by which the

outer enamel epithelium proliferates

more actively than the inner enamel

epithelium and elongates downwards

below the crown cervical margin, pro-

ducing a bilayered epithelial sheath (9).

Previous studies have shown that

HERS expresses IGF-I and its receptor

and that HERS elongation is the con-

sequence of IGF-I-promoted cell pro-

liferation in the outer layer of HERS

(6). Strong expression of HGF recep-

tors was also detected at the outer

enamel epithelium and at the outer

layer of HERS during the transitional

stage from crown to root (Fig. 1B,D).

Additionally, BrdU-labeling analysis

showed that in the presence of HGF,

the mitotic index was higher in the

outer layer of HERS. Based on our

hypothesis and the data, exogenous

HGF also might accelerate the onset of

root development in the transitional

stage from crown to root.

Taken together, our results suggest

that HGF directly induced the prolif-

eration of HERS cells and HERS

formation, and that HGF acted

effectively in the development of the

tooth root, including the periodontal

tissues. We think that utilizing these

advantageous effects of HGF might

lead to a cure for apexification in

immature teeth or stimulate root

elongation for short roots under

orthodontic therapy.
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ABSTRACT

Rodent incisors grow continuously throughout life, and
epithelial progenitor cells are supplied from stem cells in
the cervical loop. We report that epithelial Runx genes are

involved in the maintenance of epithelial stem cells and
their subsequent continuous differentiation and therefore

growth of the incisors. Core binding factor b (Cbfb) acts
as a binding partner for all Runx proteins, and targeted
inactivation of this molecule abrogates the activity of all

Runx complexes. Mice deficient in epithelial Cbfb produce
short incisors and display marked underdevelopment of
the cervical loop and suppressed epithelial Fgf9 expression

and mesenchymal Fgf3 and Fgf10 expression in the cervi-
cal loop. In culture, FGF9 protein rescues these pheno-

types. These findings indicate that epithelial Runx
functions to maintain epithelial stem cells and that Fgf9

may be a target gene of Runx signaling. Cbfb mutants also
lack enamel formation and display downregulated Shh
mRNA expression in cells differentiating into ameloblasts.

Furthermore, Fgf9 deficiency results in a proximal shift of
the Shh expressing cell population and ectopic FGF9 pro-

tein suppresses Shh expression. These findings indicate
that Shh as well as Fgf9 expression is maintained by
Runx/Cbfb but that Fgf9 antagonizes Shh expression. The

present results provide the first genetic evidence that
Runx/Cbfb genes function in the maintenance of stem cells
in developing incisors by activating Fgf signaling loops

between the epithelium and mesenchyme. In addition,
Runx genes also orchestrate continuous proliferation and

differentiation by maintaining the expression of Fgf9 and
Shh mRNA. STEM CELLS 2011;29:1792–1803

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Tooth development is characterized by sequential and reciprocal
interactions between the dental epithelium and mesenchyme, as
is the case for all epithelial appendages [1–3]. Rodent incisors
represent a special tooth type as they grow continuously
throughout the lifetime of the animal, and their regenerative
capacity implies the presence of a stem cell pool. The cervical
loop, which is located in the apical part of the incisor epithelium,
has been shown to be the epithelial stem cell compartment in the

mouse incisor [4]. The epithelial cells in the cervical loop prolif-
erate and move toward the distal tip, and histological sections
also show a characteristic gradient of ameloblast differentiation,
enamel matrix formation, in the apical to incisal direction [5].
Many signaling molecules and growth factors have been impli-
cated in the mediation of these interactions [6], and several
molecules are specifically involved in the maintenance of the
continuous regeneration of the incisors [7]. Among such mole-
cules, Fgf10 is expressed in the mesenchyme that surrounds the
cervical loop epithelium, as well as in the mesenchyme underly-
ing the inner enamel epithelium, and Fgf10 deficiency leads to a
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reduction of the stem cell niche, which results in hypoplasia of
the incisors. Phenotype analysis of Fgf10 null mice also indi-
cated that Fgf10 is not directly involved in the early morphogen-
esis of the dental organ but is involved in the creation of the
stem cell compartment in the cervical loop region [4, 8, 9].
Taken together, rodent incisors are a unique experimental model
for examining the molecular mechanism involved in stem cell
regulation and the subsequent stem cell differentiation.

Core binding factors (CBFs) are dimeric transcription com-
plexes composed of an a unit (Cbfa) that binds to DNA and a
stabilizing b subunit (Cbfb) [10, 11]. There is only one Cbfb
subunit while the a subunit is encoded by three mammalian
genes: Runx1, Runx2, and Runx3 [12] which all require Cbfb
for their function. Targeted deletion of Runx genes has
revealed distinct roles for these proteins in development, with
Runx1 being required for hematopoiesis [13], Runx2 being
required for osteogenesis [14, 15], and Runx3 being required
for neurogenesis, thymopoiesis, and the control of gastric epi-
thelial cell proliferation [16–18]. Some Runx family members
show overlapping expression patterns, suggesting that they pos-
sess tissue-specific redundant functions, and Runx family genes
also display cross-regulation because they contain Runx bind-
ing sites in their promoter regions [19]. Therefore, studies on
the roles of Runx proteins are complicated.

During tooth development, all three Runx genes are
expressed in the dental epithelium and/or mesenchyme and dis-
play distinct temporal-spatial patterns [20]. Runx2 is intensely
expressed in the dental mesenchyme, and the development of
Runx2 null mutant teeth arrests at the bud/cap stage [21]. In the
dental mesenchyme, Runx3 expression overlapped with Runx2
expression, and Runx3 expression was upregulated in Runx2 null
mutant upper teeth, indicating that Runx2 represses Runx3
expression in the upper molars and that Runx3 partly compen-
sates for the function of Runx2 in teeth [22]. In the dental epi-
thelium, Runx1 is also expressed in the epithelium in developing
molars and incisors, as well as in hair follicles, another skin
appendage organ. In a previous study, targeted deletion of Runx1
in the epithelial tissues under the K14 promoter affected hair
shaft structure. Interestingly, epithelial deletion of Runx1 also
affects the normal adult hair follicle cycle and maintains adult
hair follicle stem cells (HFSCs) in a state of quiescence [23].

Here, we report that epithelial Runx genes are involved in
the maintenance of the stem cell compartment and their subse-
quent continuous differentiation in rodent incisors. We ana-
lyzed the functional role of Cbfb in incisor development in
vivo, using a conditional genetic approach in which the Cbfb
gene was inactivated in mouse epithelial cells. As the b
subunit of CBFs (Cbfb) acts as a binding partner for all Runx
proteins, targeted inactivation of its expression abrogates the
activity of all Runx complexes [24, 25]. Cbfb deficiency results
in marked shortening of the incisors, and we have shown that
these mutant incisors can be used as a model of how Runx
genes function in the maintenance of the stem cell compart-
ment. Cbfb, a cofactor of all Runx genes, serves to maintain
the Fgf signaling loop between the epithelium and mesen-
chyme in the cervical loop region. In addition, we show that
Runx genes also serve to regulate the continuous differentiation
that occurs in growing incisors by maintaining both Fgf9 and
Shh expressing cellular compartments. We also demonstrate
that Fgf9 has an antagonizing effect on Shh expression.

MATERIALS AND METHODS

Mice

To generate K14-Cre/Cbfbfl/fl mice, we first mated heterozygous
K14-Cre mice [26] and homozygous Cbfbfl/fl mice [27] to obtain

F1 K14-Cre/Cbfbfl/þ mice. These progeny were subsequently bred
with Cbfbfl/fl mice. Genomic DNA was isolated from each tail
sample using a DNeasy kit according to the manufacturer’s
protocol (Qiagen, Valencia, CA). Genotyping was performed by
the conventional polymerase chain reaction (PCR) method using
each primer set to detect Cre (50 CTCTGGTGTAGCTGATGATC
30 and 50 TAATCGCCATCTTCCAGCAG 30 and the loxP site of
Cbfb (50 CCTCCTCATTCTAACAGGAATC 30 and 50 GGTTAG-
GAGTCATTGTGATCAC 30). We used their littermates or
knockout embryos that did not carry the K14-Cre/Cbfbfl/fl geno-
type as controls. Fgf9 null mutant mice were maintained on a
C57/B6 background and genotyped as described previously [28].

X-Gal Staining

We mated K14-Cre and R26R conditional reporter allele R26R
mice [29] to generate K14-Cre;R26R mice. Newborn mice were
fixed in 0.2% glutaraldehyde in PBS containing 2 mM MgCl2,
equilibrated in graded sucrose containing 2 mM MgCl2, and
embedded in Tissue-Tek (OCT compound, Sakura, Tokyo, Ja-
pan). The samples were then sectioned into 10 lm sections and
incubated in 5-bromo-4-chloro-3-indoxyl-b-D-galactopyranoside
(X-Gal) solution [30] at 37�C for 12–16 hours.

5-Bromo-3-deoxy-uridine Labeling and Histology

5-Bromo-3-deoxy-uridine (BrdU) (Sigma-Aldrich, Poole, UK)
was injected intraperitoneally at 250 lg/g body weight in saline
buffer (PBS) on postnatal day (PD) 10, 12 hours before their sac-
rifice. After the mice had been sacrificed, we separated the max-
illa and mandible using fine scissors, fixed them overnight at 4�C
in 4% paraformaldehyde in PBS, and decalcified them with 0.5
M EDTA (pH 7.4) for 1 week. The samples were reacted over-
night in 4�C with rat anti-BrdU (Oxford Biotechnology, Oxford,
UK). Fluorescein-conjugated goat affinity-purified antibodies to
rat IgG (Cappel, Cochranville, PA) or goat anti-rat IgG–horse
radish peroxidase (HRP) (Invitrogen, Carlsbad, CA) were used as
the secondary antibodies. Visualization of secondary antibody
conjugated to HRP was performed using the DAB kit (Vector
Laboratories, Burlingame, CA). Finally, the sections were coun-
terstained with Hoechst 33258 (Sigma-Aldrich) or hematoxylin
and mounted with fluorescent mounting medium (DakoCytoma-
tion, Carpinteria, CA).

In Situ Hybridization Analysis

In situ hybridization was performed using 10 lm frozen sections
or paraffin sections. The digoxigenin-labeled RNA probes used in
this study were prepared using a DIG RNA labeling kit according
to the manufacturer’s protocol (Roche, Mannheim, Germany)
using each cDNA clone as the template. After hybridization, the
expression patterns for each mRNA were detected and visualized
according to their immunoreactivity with anti-digoxigenin alka-
line phosphatase-conjugated Fab fragments (Roche), as previously
reported [31, 32].

RNA Extraction and Reverse-Transcriptase PCR
(RT-PCR) Analysis

Total RNA was extracted from the dental epithelium at E18.5
using Isogen (Nippon gene, Toyama, Japan), according to the
manufacturer’s protocol. Total RNA (500 ng) was reverse tran-
scribed to cDNA using an oligo (dT) with avian myeloblastosis
virus reverse transcriptase (Takara, Osaka, Japan). For realtime
RT-PCR analysis, the cDNA was amplified with Blend-Taq Plus
(Toyobo, Osaka, Japan) with a regular thermal cycler. The sets of
synthetic primers used for the amplification are described below:
mouse glyceraldehyde-3-phosphate dehydrogenase gene (gapdh),
sense 50-GTCCCGTAGACAAAATGGTG-30 and antisense 50-
CAATGAAGGGGTCGTTGATG-30; mouse ameloblastin, sense
50-GGACCAATGGCACACAACAAAG-30 and antisense 50-
AGTCTCCTAAGGGTTTGCCTG-30; mouse amelogenin, anti-
sense 50-GCCTCCACTGTTCTCCATGC-30, sense 50-
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ATGTTAAGCGGATGCCTTGTC-30. Each PCR was carried out
and analyzed as described previously [33, 34].

Micro–Computed Tomography (Micro-CT) Analysis

For micro-CT analysis of the 4-week-old control and conditional
knockout mice, a LaTheta LTC-200 was used to obtain X-ray
images. Scans of 24-lm-thick layers were performed, and 3D
reconstruction was performed using VGStudio MAX 1.2

VR
soft-

ware (Volume Graphics GmbH, Heidelberg, Germany).

Tissue Culture and Bead Treatment

The incisor tooth germ was dissected from the E16.0 embryo
mandible and cultured on a Nuclepore track-etched membrane
(Whatman, Middlesex, UK). Heparin-acrylic beads (Sigma-
Aldrich) were incubated in FGF9 (50 ng/ll) and SHH (1 lg/ll;
R&D Systems, Minneapolis, MN). Bovine serum albumin (BSA)
(Sigma-Aldrich) was used instead of recombinant protein for the
control beads. The beads were immersed in recombinant proteins
or BSA at 37�C for 60 min and placed beneath the labial cervical
loop of the explants using a pipette tube. After being cultured,
the in vitro explants were fixed at each stage in 4% paraformalde-
hyde overnight and processed for whole-mount RNA in situ
hybridization using appropriate RNA probes, as described previ-
ously [35].

Immunohistochemistry

The tissue samples were sectioned into 10 lm slice. After being
dewaxed, the samples were treated with anti-rabbit polyclonal
antibody to histone H3 (phosphor S10; Abcam, Cambridge, UK)
overnight at 4�C and incubated with anti-rabbit A488 antibody
(Invitrogen) as a secondary antibody for 1 hour at room tempera-
ture. The sections were then counterstained with Hoechst 33258
(Sigma-Aldrich) and mounted with fluorescent mounting medium
(DakoCytomation).

RESULTS

The Expression of Cbfb mRNA During Tooth
Development

In this study, the expression of Cbfb mRNA was analyzed in
detail in the developing teeth of E14.5, E16, and E18 wild-

type mice using in situ hybridization (Fig. 1A–1E). In E14.5
mice, Cbfb mRNA was broadly expressed in the developing
molar epithelium and the mesenchyme, including the dental
papillae and the dental follicle (Fig. 1A). At E16, Cbfb
transcripts were observed in a restricted region including the
dental papillae, which underlie the secondary enamel knot
(Fig. 1B, black arrowhead), but with less expression at the
epithelium. In an E18 developing incisor, Cbfb mRNA was
detected in the labial cervical loop epithelium (Fig. 1C, red
arrowhead) and the incisor mesenchyme (Fig. 1C, black
arrowhead). In a magnified view, the expression of Cbfb
mRNA was evident, especially in the single cell layer of dif-
ferentiation (Fig. 1D, red arrowhead) as well as the secretion
stage of ameloblasts (Fig. 1E, red arrowhead), although the
expression of lingual cervical loop was weak (Fig. 1F, red
arrowhead). From previous studies, it is well known that Cbfb
plays a critical role in bone development [36, 37]. Our study
also confirmed the presence of Cbfb mRNA expression in
osteoblasts (Fig. 1A–1D) and chondrocytes in the developing
spinal column (Fig. 1G). According to these results, Cbfb
mRNA is widely expressed in both the dental epithelium and
the mesenchyme, and its temporospatial distribution suggests
that Cbfb expression is associated with epithelial–mesenchy-
mal interactions during molar and incisor development. Espe-
cially in developing incisors, the Cbfb expression pattern
strongly suggests the critical role of Cbfb during ameloblast
differentiation and enamel protein secretion.

Disruption of Cbfb in the Epithelium Resulted in
Significant Shortening of the Incisors and
Enamel Defects

To analyze the functional role of Cbfb in the dental epithe-
lium, we examined the tooth phenotypes of the conditional
knockout mice, in which Cbfb expression was disrupted in the
epithelium using Cre recombination. We confirmed the effi-
ciency of the K14-Cre recombination using Rosa26R reporter
mice and X-gal staining [29] in newborn mice. In both the
incisors (Fig. 2T) and molars (Fig. 2U), X-gal staining was
broadly detected in all dental epithelia. To generate mice in
which Cbfb had been conditionally deleted in the epithelium
(K14-Cre;Cbfbfl/fl), we mated K14-Cre and Cbfb loxP-contain-
ing (floxed) mice. In the PD 28 mice, Cbfb deficiency in the

Figure 1. Cbfb mRNA was expressed in a temporospatial manner during tooth development. (A): In E14.5 molars, Cbfb mRNA was broadly
expressed throughout the de, dp, df, and ab. (B): At E16, the expression pattern became restricted to the region in which odontoblasts were dif-
ferentiating (black arrowhead). (C): In E18 incisors, Cbfb transcripts were detected in the epithelium of the laCL (red arrowhead) and the mesen-
chyme (black arrowhead) rather than the liCL (F). (D): In a magnified view of the laCL, Cbfb mRNA was evident in a single layer of the de
(red arrowhead) and in the dm (black arrowhead) underlying the laCL. (E): Cbfb expression was also significant at the enamel protein secretion
stage of ameloblasts. (G): Strong Cbfb expression was also detected in the E18 spinal column (sc). Scale bars ¼ 200 lm in A, B, D, and E; 500
lm in C. Abbreviations: ab, alveolar bone; de, dental epithelium; df, dental follicle; dm, dental mesenchyme; dp, dental papillae; liCL, lingual
cervical loop; laCL, labial cervical loop.
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dental epithelium resulted in column-shaped incisors and loss
of their transparency (Fig. 2A, 2B, and 2D) although the con-
trol mice developed fine edged shaped incisors (Fig. 2G, 2H,
and 2J). Also, some Cbfb conditional mutants showed broken
incisors that displayed increased fragility (data not shown).
The Cbfb conditional mutant mice also developed molars with
rough surfaces displaying mild enamel fractures (Fig. 2C)
whereas the molar surfaces of the control mice were smooth
(Fig. 2I). Micro-CT analysis revealed that the conditional
Cbfb mutant mice developed extremely short lower incisors,
the apex of which did not even reach the first molar (Fig. 2E,
red arrowhead), whereas the control mice developed incisors
that reached the third molar of the mandible (Fig. 2K, arrow-
head). In the case of molars, there were no significant differ-
ences between the conditional Cbfb mutant mice and the con-
trol mice with regard to crown or root length or width (Fig.
2I and 2L).

We observed 43 PD28 conditional Cbfb mutant mice and
found that 7 of them (16.2%) showed normal incisor devel-
opment (data not shown). This was probably due to ineffi-
cient Cre-mediated gene recombination, and similar features
were reported in a previous hair development study [23]. We
did not use these inefficient Cre-mediated transgenic mice
for any further analysis. Although phenotypes are evident in
postnatal incisors, the morphology and size of the mutant in-
cisor tooth germs had not been affected at E16 (Fig. 5A, 5D,
and 5G).

Polarized Morphology of Incisor Ameloblasts Is
Disrupted in Conditional Cbfb Mutant Mice

To investigate the causes of the short incisors and enamel
defects seen in the conditional Cbfb mutant mice, we per-
formed a histological analysis using mandible tissue sections.
The hematoxylin and eosin stained mandible sections from
the conditional Cbfb mutant mice revealed extremely short
lower incisors, as observed by micro-CT (Fig. 2M and 2Q).
As rodents continuously renew the dental epithelium-produc-
ing enamel matrix of their incisors throughout their life, inci-
sor tooth germs exhibit a cell differentiation gradient from the
apex to the incisal end. In particular, at the secretory stage,
ameloblasts polarize and their nuclei align at the apical side
of the cells (Fig. 2R, red arrowhead) [5]. However, no such
polarization was evident in Cbfb mutant incisors, and the mu-
tant epithelium was flattened from the primary differentiation
stage through the secretion stage (Fig. 2N and 2O, red arrow-
head). These findings clearly show that ameloblast differentia-
tion is disrupted at an early stage because of Cbfb deficiency.
In contrast, the histological appearance of the lingual side of
these incisors was normal (Fig. 2O and 2S).

The Number of Proliferating Cells in the Incisor
Cervical Loop Is Reduced in Conditional Cbfb
Mutant Mice

To elucidate the mechanism by which short incisors are pro-
duced in conditional Cbfb mutant mice, we labeled

Figure 2. Epithelial Cbfb downregulation resulted in enamel hypoplasia and incisor shortening. Epithelial specific Cbfb null mice (K14-
Cre;Cbfbfl/fl) showed severe enamel hypoplasia in their incisors and enamel chipping in their molars (A–C) compared with the control mice (G–

I) although their head size was identical (A and G). (D–F, J–L): In micro-CT analysis, K14-Cre;Cbfbfl/fl mice showed abnormally shaped and
extremely short incisors (D and E) compared with the control mice (J and K). The distal end of the lower incisor is indicated by a red arrowhead.
On the other hand, there was no significant difference in molar root length or morphology (F and L). (M–S): Hematoxylin and eosin staining of
mandibular incisor sagittal sections from PD28 K14-Cre;Cbfbfl/fl mice and control mice. K14-Cre;Cbfbfl/fl mice showed short incisors and defec-
tive ameloblast differentiation (M) whereas the control mice showed elongated incisors and normal ameloblast differentiation (Q). The boxes in
(M) and (Q) show magnified views of the labial and lingual regions of each incisor. (N): Ameloblast cells in K14-Cre;Cbfbfl/fl mouse incisors
show developmental defects from the beginning of differentiation (red arrowhead). (O): Secretion stage ameloblasts at labial surfaces of postnatal
day 28 K14-Cre;Cbfbfl/fl mouse incisors showed flattened ameloblast cells (red arrowhead); however, the control mice developed well-polarized
ameloblast cells (R, red arrowhead). On the other hand, the lingual sides of the incisors were identical at the histological level (P and S). X-gal
staining was performed in the K14-Cre;R26R mice and confirmed that Cre recombination had been successfully performed in the newborn mouse
incisor (T) and molar (U) epithelium. Scale bars ¼ 500 lm in M and Q; 200 lm in N–P, R–U. Abbreviations: ab, alveolar bone; am, ameloblast;
de, dentin; pdl, periodontal ligament.
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proliferating cells using BrdU to assess whether the number
of proliferative cells is affected by epithelial Cbfb deficiency.
The conditional Cbfb mutant mice showed a significant reduc-
tion in the number of proliferating cells compared with the
control mice in the developing cervical loop epithelium and
the mesenchyme at PD10 (Fig. 3A and 3B). Furthermore, the
labial cervical loops of the conditional Cbfb mutant mice
were smaller (Fig. 3A and 3C, yellow dotted line) than those
of the control mice (Fig. 3B and 3D, yellow dotted line).
Quantification of the BrdU signals confirmed the reduction in
the proliferation of the labial cervical loop epithelia of the
conditional Cbfb mutant mice (Fig. 3E, p < .05).

Epithelial Fgf9 as well as Mesenchymal Fgf3 and
Fgf10 are Downregulated in the Developing incisors
of Conditional Cbfb Mutant Mice

The reductions in the length and number of proliferating cells
in the Cbfb mutant incisors suggest that the mechanism of in-

cisor elongation is disrupted in these mice. As mentioned
previously, it is well established that the epithelial–mesen-
chymal Fgf signaling loop in the developing incisor cervical
loop plays a critical role in incisor elongation throughout the
life of rodents [9]. Also it is well known that this mechanism
is supported by Fgf9 expression in the epithelium, which
upregulates Fgf3 and Fgf10 expression in the mesenchyme
and vice versa [8, 38–40]. To investigate whether this Fgf
signaling loop is related to the phenotype of conditional
Cbfb mutant mice incisors, we analyzed the expression pat-
terns of Fgf9, Fgf3, and Fgf10 in the two types of mice
using in situ hybridization. In the normal E18 incisors, Fgf3
as well as Fgf10 were detected in the mesenchyme beneath
the labial cervical loop (Fig. 4D and 4E, red arrowhead) and
Fgf9 was observed in the epithelium (Fig. 4F, red arrow-
head), as reported previously. In contrast, in the conditional
Cbfb mutant mice, the expression of Fgf was downregulated
at the same stage and in the same region (Fig. 4A, 4B, and
4C, red arrowhead). However, no such alteration of incisor

Figure 3. Epithelial Cbfb disruption caused a reduction in the number of proliferating cells in the laCL and underlying mesenchyme. Incorpo-
rated 5-bromo-3-deoxy-uridine (BrdU) is shown in green in (A) and (B) and in brown in (C) and (D). Nuclei are shown in blue in (A) and (B)
and purple in (C) and (D). The yellow dotted line indicates the outline of the epithelium. (A): In the postnatal day 10 K14-Cre;Cbfbfl/fl mice, the
number of cells incorporating BrdU was markedly reduced in the epithelium as well as the mesenchyme of the labial cervical loop (red arrow-
head), compared with (B) the control mice (red arrowhead). The significance of the differences between the two groups (n ¼ 3 individual/group)
was determined by the Student’s t test (*, p < .05) (E): In addition, the laCL was smaller in the K14-Cre;Cbfbfl/fl mice (C, D). Scale bar ¼ 200
lm. Abbreviations: laCL, labial cervical loop; liCL, lingual cervical loop; TG, transgenic.

1796 Cbfb and Stem Cells in Tooth Incisors



Fgf expression was evident in the molars at E16 (data not
shown).

Epithelial Expression of Cbfb Is Necessary for
Incisor Ameloblast Differentiation

To investigate the reason why the conditional Cbfb mutant
mice showed defective enamel formation, we analyzed the
expression levels of several genes that are important for ame-
loblast differentiation. It has been established that Shh signal-
ing is crucial for ameloblast differentiation and enamel forma-
tion [26, 41–43]. As reported previously, Shh mRNA was
found to be expressed throughout the preameloblast region of
the control incisal epithelium at E16 using in situ hybridiza-
tion (Fig. 4L). However, Shh expression was markedly down-
regulated in the epithelia of Cbfb mutants (Fig. 4G). These
results strongly suggest that reduced Shh signaling in the
Cbfb mutant incisor epithelium might be directly or indirectly
involved in results in defective ameloblast differentiation.

Furthermore, we compared the expression pattern of ame-
loblastin and amelogenin, which are the main structural pro-
teins of the enamel matrix [5, 44–47]. In situ hybridization
and quantitative RT-PCR demonstrated a marked reduction in
ameloblastin and amelogenin mRNA expression in condi-
tional Cbfb mutant mice at E18 (Fig. 4H–4K, 4M, and 4N).
In a previous study, mice in which Fgf signaling had been

disrupted showed a similar ameloblast differentiation pheno-
type, including reduced Shh signaling [48]; however, still we
saw a slight expression of these ameloblast differentiation-
related genes (Shh, Ameloblastin, and Amelogenin) in mutants
developing incisor epithelium (Fig. 4G–4K), presumably
because the timing of Cre recombination by K14 transcription
begins around E11 of development, which is too long before
any epithelial cytodifferentiation [26].

Fgf9 Can Rescue the Incisor Developmental Defects
of the Conditional Cbfb Mutant Mice

As epithelial Cbfb deficiency resulted in a significant downregu-
lation of the expression levels of Fgf9, Fgf3, and Fgf10, which
regulate cell proliferation in the incisor cervical loop and the
adjacent mesenchyme [9, 38], we evaluated the possibility of
rescuing the mutant phenotypes by applying FGF9 protein beads
to the mutant explants. The E16 wild-type incisor explants elon-
gated during 14 days of culture (5/5 cases; Fig. 5G, 5H), while
the Cbfb mutant incisors had shrunk after 14 days culture (4/4
cases; Fig. 5D, 5E). Interestingly, beads soaked with FGF9 pro-
tein frequently (3/4 cases) rescued the developmental defects of
the mutant incisors (Fig. 5A and 5B). SHH protein did not res-
cue the mutant phenotype (3/3 cases; data not shown).

To investigate whether cell proliferation was recovered by
the implantation of beads soaked in FGF9 protein, we

Figure 4. Fgf signaling loop as well as genes related to ameloblast differentiation (Shh, ameloblastin, amelogenin) are downregulated in devel-
oping K14-Cre;Cbfbfl/fl flox mice incisors. (A–F): The expression of Fgf family genes was analyzed by RNA in situ hybridization with the indi-
cated probes in E18 mandibular incisor sagittal sections. The yellow dotted line indicates the outline of the epithelium. mRNA signals are shown
in dark blue. Mesenchymal Fgf3 and 10 and epithelial Fgf9 were significantly downregulated in K14-Cre;Cbfbfl/fl mice (red arrowhead).Gene
expression as analyzed by RNA in situ hybridization using the indicated probes in sagittal sections of the mandibular incisors of E16 (G and L)

and E18 (H, J, M, and N) samples. The yellow dotted line indicates the outline of the epithelium. The expression levels of Shh as well as amelo-
blastin and amelogenin were significantly downregulated in the K14-Cre;Cbfbfl/fl dental epithelium (G, H, J, L–N). (I, K) Quantification of the
relative mRNA amounts of ameloblastin and amelogenin in each developing incisor were determined by qRT-PCR. Both ameloblastin and amelo-
genin were significantly downregulated in the K14-Cre;Cbfbfl/fl developing incisor epithelium (p < .05 by Student’s t test). Scale bars ¼ 200 lm
in A–F; 500 lm in G, H, J, L–N. Abbreviations: ab, alveolar bone; laCL, labial cervical loop; liCL, lingual cervical loop; TG, transgenic.

Kurosaka, Islam, Kuremoto et al. 1797

www.StemCells.com



compared the expression pattern of phosphorylated histone
H3 (mitosis marker). In mutant incisor explants, few mitosis
marker signals were observed (Fig. 5F), while the wild-type
explants showed that some signals were present in the cervi-
cal loop area (Fig. 5I, white arrowhead). The implantation of
beads soaked in FGF9 protein into the Cbfb mutant incisor
explants recovered cell proliferation in the labial cervical loop
(Fig. 5C, white arrowhead). These results suggest that epithe-
lial Cbfb induces cell proliferation in the cervical loop during
incisor development via an Fgf signaling loop involving Fgf9.

Fgf9 Plays a Critical Role During Cervical Loop
Development and Represses the Expression of Shh
in the Dental Epithelium

From previous work, it seems that Fgf and Shh signaling
interact during tooth development [8, 26]. In tooth, Shh
expression was associated with Fgf in ameloblast progenitors
[8, 29]. To investigate these interactions, we analyzed the in-
cisor development of E18 Fgf9 null mutants. These mice die
at birth and therefore postnatal phenotypes could not be ana-
lyzed [28]. In Fgf9 null mutants, the region of Shh expres-
sion during incisor development extended toward a more
posterior position in the anterior–posterior (A–P) axis
beyond the labial cervical loop (Fig. 6A, red arrowhead; n ¼
3 in each control and mutant group); that is, it was expanded
compared with that of the control mice (Fig. 6B, red arrow-
head). Also, we found that the labial cervical loop was

smaller in the Fgf9 null mutants but the size reduction was
milder than that observed in the Fgf10 null mice [9]. Identi-
cal sections revealed the relative distribution of Shh and
Fgf9 mRNAs in the cervical loop regions. The Fgf9 expres-
sion domains overlapped with those of the Shh genes along
but extended more posterior into the cervical loop regions
(Fig. 6C and 6D). To further investigate the regulatory net-
work involving these genes, dissected control E16 incisors
were cultured with FGF9 or SHH recombinant protein, and
whole mount RNA in situ hybridization was performed for
the indicated genes (Fig. 6E–6H). We put beads soaked in
recombinant FGF9 into the cervical loop region and exam-
ined the expression of Shh (n ¼ 3, in each group). Interest-
ingly, Shh expression was markedly downregulated by FGF9
in the dental epithelium (Fig. 6E and 6F), whereas SHH had
no effect on Fgf9 expression (Fig. 6G and 6H). These results
suggest that Fgf9 plays a critical role during cervical loop
development by repressing the expression of Shh during inci-
sor development.

DISCUSSION

We generated mice in which the Cbfb gene was deleted in the
epithelium (K14-Cre;Cbfbfl/fl mice) thus leading to inactivation
of the function of all Runx family target genes that were inacti-
vated in the dental epithelium. The present results provide the

Figure 5. Exogenous FGF9 can rescue the incisor phenotype of K14-Cre;Cbfbfl/fl mice. (A–I): Organ culture was performed using E16 incisors.
(C, F, and I): In immunohistochemistry of dissected tooth sections, the yellow dotted line indicates the outline of the epithelium, nuclei are
shown in blue, and proliferating cell nuclei are shown in green. (G, H): Control mouse incisors incubated with BSA soaked beads were able to
elongate for 14 days after the dissection. (I): Sections of cultured control incisors stained with phosphorylated histone H3 (a proliferation marker)
showed proliferating cells in the epithelium (white arrowhead). However, in the K14-Cre;Cbfbfl/fl mice, the dissected incisor failed to survive and
had shrunk at 14 days after the dissection (D and E). Also, there were no proliferating cells (F). Exogenous FGF9 protein rescued the phenotype
of the K14-Cre;Cbfbfl/fl mice incisors at the morphological level (A and B) as well as cell proliferation in the epithelium (C, white arrowhead).
Scale bar ¼ 50 lm. Abbreviations: BSA, bovine serum albumin; laCL, labial cervical loop; liCL, lingual cervical loop.
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first loss-of-function genetic evidence that Runx genes function
in the maintenance and differentiation of stem cells in develop-
ing tooth. We show that Cbfb/Runx function is required for the
Fgf signaling loop stem cell niche in the mouse incisor. In

addition, Runx genes also contribute to the continuous growth
of incisors by sustaining the expression of Fgf9 and Shh,
whose complementary functions allow the retainment of a
transit-amplifying domain and a differentiation domain.

Figure 6. Fgf9 inhibits Shh signaling during incisor development. (A and B): The expression of Shh genes was analyzed by RNA in situ
hybridization E16 Fgf9 null and control mice incisor sagittal sections. The expression of Shh was expanded in the E16 Fgf9 null mice incisor
laCL (red arrowhead). (C and D): Identical sections were used for in situ hybridization of Shh (C) and Fgf [9]. (E–H): Dissected control E16
incisors were cultured with FGF9 or SHH recombinant protein, and whole mount RNA in situ hybridization was performed for the indicated
genes. RNA transcripts are shown in dark blue. The white dotted line indicates the outline of the epithelium, and the yellow dotted line shows
the location of the beads. (E and F) The expression of Shh was disrupted by exogenous FGF9. (G and H): However, exogenous SHH did not
affect the expression of Fgf9. Abbreviations: BSA, bovine serum albumin; laCL, labial cervical loop; liCL, lingual cervical loop.

Kurosaka, Islam, Kuremoto et al. 1799

www.StemCells.com



Novel Roles of Runx Genes During Tooth
Development

Rodent incisors are a unique experimental model for examin-
ing the mechanisms of stem cell maintenance. The location of
the stem cell niche in rodent incisors is the cervical loop [4],
and the progenitor pools that contribute to continuous incisor
growth are expanded through continued proliferation along
the A–P axis toward the tooth apex [5]. In this study, mice
deficient in epithelial Cbfb failed to produce a fully developed
cervical loop in their incisors which resulted in short incisors.
In addition, the cellular proliferation in the cervical loop and
the underlying mesenchyme was also markedly suppressed
(Fig. 3). These findings indicate that Runx genes are involved
in the maintenance of stem cells and the subsequent growth
of the incisors (Fig. 7A). Epithelial Cbfb knockdown also
results in absence of enamel in the incisors resulting from ab-
sence of ameloblasts (Fig. 4G–4N).

Our defective incisor phenotypes are analogous of the pro-
posed role for Runx genes in a variety of stem cell systems.
Runx1 deficient mice die between embryonic days 11.5 and
12.5 with no hematopoietic progenitors in the liver or yolk
sac [49, 50]. HFSCs reside in the bulge and express Runx1
prior to their proliferation. Constitutive epithelial deletion of
Runx1 prolongs the hair cycle in the quiescent phase and
impairs stem cell colony formation [23]. The C. elegans seam
cells display stem cell-like properties, and some of them give
rise to male specific sense organs. Rnt-1 and Bro-1, which are
homologues of Runx and Cbfb, respectively [51], promote
self-renewal and proliferation as rate-limiting regulators [52,
53]. In addition to incisor phenotypes caused by insufficient
stem cell activation, the Cbfb-deficient mice also showed de-
fective enamel formation. Such phenotypes are consistent
with the observed hair development phenotypes. For example,
epithelial Runx1 deficiency resulted in mild hair shaft defor-
mation [54].

Figure 7. Epithelial Runx family genes are necessary for ameloblast differentiation and maintenance of the stem cell compartment during inci-
sor development. (A): Function of epithelial Runx/Cbfb genes during incisor development. The arrows indicate a stimulatory effect, and the ?
symbol indicates an inhibitory effect of one signaling molecule on the expression of another. In the wild-type mice, epithelial Runx/Cbfb genes
upregulate the expression of Fgf9 and Shh in the dental epithelium. Epithelial Fgf9 stimulates mesenchymal Fgf3 and 10 expression and forms
the Fgf signaling loop, which maintains cell proliferation in the laCL. At the same time, Fgf9 in the dental epithelium inhibits Shh signaling to
form a compartment for ameloblast differentiation. Also, Shh itself is essential for ameloblast differentiation. (B): Proposed mechanism responsi-
ble for the K14-Cre;Cbfbfl/fl mice incisor phenotype. Epithelial disruption of Cbfb results in cell proliferation failure in the labial cervical loop
and defective ameloblast differentiation. This phenotype is caused by the downregulation of epithelial Fgf9 and Shh, the expression of which is
supported by epithelial Runx/Cbfb genes. Exogenous FGF9 protein rescued the cell proliferation in the laCL of K14-Cre;Cbfbfl/fl mice incisors by
rescuing the Fgf signaling loop. Abbreviations: laCL, labila cervical loop; liCL, lingual cervical loop.
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Runx Maintains the Stem Cell Niche Through the
Activation of Fgf Signaling

The incisor phenotypes that we observed in this study are
similar to those of Fgf10-deficient mice. Fgf10 mRNA is con-
tinuously expressed in the mesenchyme surrounding the cervi-
cal loop [55], and mice deficient in Fgf10 fail to develop the
incisor cervical loop, suggesting that Fgf10 plays a role in the
maintenance of the incisor stem cell niche [9, 35, 40, 48].
Cbfb deficiency resulted in marked downregulation of Fgf10,
as well as Fgf3, expression in the mesenchyme underlying the
cervical loop (Fig. 4A, 4B, 4D, and 4E). These findings indi-
cate that epithelial Runx genes are required for Fgf signaling
and the maintenance of the stem cell niche (Fig. 7A and 7B).

In addition to mesenchymal Fgf10, Fgf9 mRNA, which is
localized in a small epithelial domain just anterior to the cer-
vical loop, was also downregulated in Cbfb mutant incisors
(Fig. 4C and 4F). Fgf4, 8, and 9 have similar functions in the
regulation of adjacent mesenchymal cell proliferation and/or
the prevention of apoptosis during molar development [56].
However, in incisors, Fgf4 and Fgf8 are expressed during the
early developmental stages, and apparently only Fgf9 expres-
sion is maintained into adulthood in the incisor epithelium. In
the cervical loop regions, a positive-feedback signaling loop
is established between epithelial Fgf9 and mesenchymal
Fgf10 and Fgf3 in the cervical loop to ensure stem cell main-
tenance [8, 39]. A recent study using Fgfr2b mutant mice
confirmed the importance of such Fgf signaling loops [48]. It
has also been established that Fgf signaling by Fgf10 and
Fgf9 is mediated by FgfR2b, and conditional FgfR2b null
mice exhibit a reduced cervical loop with suppressed cellular
proliferation [57]. In addition, the functional significance of
epithelial Fgf9 in the survival of progenitors and the induction
of epithelial proliferation has also been reported in testis de-
velopment [58, 59]. Taken together, our findings provide
novel molecular evidence that Runx genes are involved in the
maintenance of stem cells through the activation of the Fgf
signaling loop in growing incisors.

Our organ culture findings confirmed the significance of
Runx genes in the maintenance of stem cells and the induction
of the Fgf signaling loop. The wild-type incisor explants grew
in length in organ culture (Fig. 5G and 5H), while the mutant
incisor explants did not grow but rather shrank in the same ex-
perimental conditions (Fig. 5D and 5E). FGF9-soaked beads
placed next to the cervical loops rescued the Cbfb mutant phe-
notype (Fig. 5A and 5B). A proliferation assay also confirmed
that FGF9 rescued the suppressed proliferation in the mutant
cervical loop epithelium caused by Cbfb deficiency (Fig. 5C,
5F, and 5I). These findings also suggest that Fgf9 lies down-
stream of Runx genes during the maintenance of epithelial
stem cells (Fig. 7B). Fgf9-deficient mice showed a slightly
reduced cervical loop (Fig. 6A and 6B) as compared to the
Cbfb and Fgf10-deficient mice [9]. These findings suggest that
other Fgfs which are regulated by Runx genes also play redun-
dant roles in the epithelium during the formation of the Fgf
signaling loop and maintenance of the cervical loop stem cells.

It is striking that defective phenotypes are evident in mu-
tant incisors but less so in molars. While mutant incisors
failed to grow and lacked enamel, only minor enamel chip-
ping was noted in mutant molars (Fig. 2C) and the size and
the morphology of the molars were minimally affected. These
differences are apparently due to the fact that the molars do
not grow continuously and they do not produce enamel con-
tinuously like incisors. Our findings indicate that Runx genes
have a minor role in the early incisor and molar morphogene-
sis. The later incisor morphogenesis involves the activation
and proliferation of stem cells in the cervical loop to obtain

continuous growth and enamel formation. Hence, Cbfb defi-
ciency produces marked phenotypes in the later stages of inci-
sor development. The phenotype of Fgf10 mutant is similar in
this respect. Such specific functions of Runx genes during
stem cell activation, but not morphogenesis, are in line with
the roles of Runx1 in hair development. In epithelial Runx1
knockout mice, Runx1 disruption resulted in a slightly
deformed hair shaft but produced a normal hair follicle. How-
ever, Runx1 deficiency affects HFSC activation and hair cy-
cling at the transition to adult skin homeostasis [23].

Epithelial Runx Genes Play Critical Roles During
Ameloblast Differentiation Through Shh and Fgf
Signaling

Another marked phenotype of the mutant incisors was enamel
aplasia. Shh is crucial for ameloblast differentiation [26, 42,
60], and the expression of the enamel matrix proteins amelo-
genin and ameloblastin is induced by SHH in vitro [43]. In
this study, we observed the marked suppression of Shh
mRNA expression as well as ameloblastin and amelogenin
mRNA in developing incisors (Fig. 4G–4N), indicating that
Runx genes are involved in the continuous differentiation of
epithelial progenitors to ameloblasts in growing incisors (Fig.
7A and 7B). It is also possible that the differentiation defect
is a result of the progenitor defect [39]. On the other hand,
Fgf signaling is also associated with enamel formation and/or
ameloblast differentiation. Fgf3�/�, Fgf10þ/�, and Fgf3�/�
mice also showed enamel hypoplasia [40]. More severe phe-
notypes were observed by conditional Fgfr2b knockdown [48,
57], and these Fgfr2b mutant mice lacked ameloblasts and
enamel with significant suppression of Shh expression in the
inner enamel epithelium [48]. Hence, it is possible that the
Fgf signaling loop in the cervical loop maintains Shh expres-
sion in differentiating ameloblasts. We cannot exclude the
possibility of the direct induction of Shh by Runx family
genes, but we can state that Runx genes directly or indirectly
upregulated Shh in the inner epithelium and induced the sub-
sequent induction of ameloblast differentiation. Another ex-
planation may be that defective enamel phenotypes are associ-
ated with the Runx2-mediated signaling pathway. Runx2 is
expressed in differentiated ameloblasts in both incisors and
molars [61] and in vitro [62]. The importance of Runx2 in
amelogenesis is evidenced by poorly differentiated amelo-
blasts in the incisor tooth germs of Runx2-deficient mice [63].
A recent study showed Runx2 control enamel-related genes
MMP20 and odontogenic ameloblast-associated protein
(ODAM) [62]. MMP20 null mutation caused impaired matura-
tion of enamel that mimicked hypomineralized/hypomature
amelogenesis imperfecta [64, 65] and ODAM was expressed
in ameloblasts during the secretory and maturation stages
[66]. An in vitro study showed that Runx2 regulates the
expression of the ODAM protein level, which in turn regulates
MMP20 promoter activity, thus suggesting that Runx2 serves
an important regulatory function in the mineralization of
enamel [62].

Runx Genes Retained Complementary Expression
of Fgf9 and Shh, Whose Antagonistic Function
Defines the Boundary Between the Amplifying
and Differentiation Domains

In continuously growing incisors, the epithelial cell lineage is
subdivided into several domains with increasing levels of dif-
ferentiation along the A–P axis. There is a self-renewal com-
partment containing quiescent stem cells in the cervical loop,
a proliferating compartment containing proliferating progeni-
tors, and a series of differentiation compartments with specific
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markers. Our findings suggest that Fgf9 together with other
epithelial Fgfs are responsible for the steady supply of the
ameloblast lineage cells. In contrast, the Shh expressing do-
main represents the compartment of the differentiating prog-
eny of the stem cells. Shh is required for ameloblast differen-
tiation and it directly induces ameloblast differentiation
markers [43]. Interestingly, we found that Fgf9 deficiency
resulted in the expansion of the Shh-expressing domain to-
ward a more posterior position in the A–P axis in Fgf9 null
mutant incisors (Fig. 6A and 6B, red arrowhead), presumably
due to the reduction in Shh-negative ameloblast progenitors.
But, we also found that ectopic FGF9 beads significantly
downregulated the expression of Shh mRNA in incisor
explants (Fig. 6C and 6D) indicating that Fgf9 has an inhibi-
tory effect on Shh expression. Also our RNA in situ hybrid-
ization analysis revealed that endogenous Fgf9 transcribe
occurs at mutual region of Shh expression in growing incisors
(Fig. 4F and 4L). From these findings, it is also possible that
Fgf9 signaling prevents the progenitors from responding to
Shh signals, thus holding them in an undifferentiated state in
the transit-amplifying domain (Fig. 7A). This type of molecu-
lar arrangement might contribute to the distinctive cellular
compartments; that is, a transit amplifying domain and a dif-
ferentiation domain, in incisors. An undifferentiated and prolif-
erating field of Fgf9-expressing epithelium produces the spatial
pattern for continuous elongation, and these lineage cells sub-
sequently enter into the Shh-expressing differentiating domain
to undergo co-ordinated ameloblast differentiation. Recent find-
ings showed that Shh in ameloblast maintained epithelial stem
cell and established a positive-feedback loop [42]. Hence, it is
also possible that the downregulation of Fgfs would prevent
differentiation of the Shh-positive cells and prevent such posi-
tive effect on the progenitor maintenance. Taken together with
the findings from the Cbfb null mutant mice, we suggest that

Runx genes contribute to the continuous growth of incisors by
sustaining the expression of Fgf9 and Shh, whose complemen-
tary functions allow the retainment of a transit-amplifying do-
main and a differentiation domain (Fig. 7A).

SUMMARY

The present results provide the first genetic evidence that
Runx/Cbfb genes function in the maintenance of stem cells in
developing incisors by activating Fgf signaling loops between
the epithelium and mesenchyme. In addition, Runx genes also
orchestrate continuous proliferation and differentiation by
maintaining the expression of Fgf9 and Shh mRNA.
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The tooth root, which is developed by

the reciprocal interaction between

dental epithelium and mesenchyme, is

one of the essential parts to maintain

tooth function. However, the molecu-

lar basis for the signaling during root

development and critical factors for

root morphogenesis remain unknown.

At the initiation of root formation, as

previously reported, dental follicle cells

penetrate the ruptured Hertwig�s epi-

thelial root sheath and subsequently

differentiate into cementoblasts, or

Hertwig�s epithelial root sheath cells

undergo an epithelial to mesenchymal

transformation and become functional

cementoblasts (1,2). It had been gen-

erally believed that cementoblasts and

Date Y, Yokoyama Y, Kondo H, Kuroda S, Ohya K, Ota MS, Iseki S, Kasugai S.

Restricted expression of chromatin remodeling associated factor Chd3 during tooth

root development. J Periodont Res 2011; doi: 10.1111/j.1600-0765.2011.01419.x.

� 2011 John Wiley & Sons A/S

Background and Objective: The tooth root is one of the critical parts to maintain

tooth function; however, the molecular mechanisms of root development remain

unknown. We aimed to identify specific factors for root morphogenesis using a

newly developed experimental system.

Material and Methods: Tentative cementoblasts and periodontal ligament cells

from mouse mandibular molars were isolated using laser capture microdissection.

More than 500 cementoblasts and periodontal ligament cells were separately

captured. After RNA extraction and amplification, mRNA expression in isolated

cementoblasts was compared with that of periodontal ligament cells by cDNA

microarray analysis. Then, putative cementoblast-specific genes were subjected to

in situ hybridization analysis to confirm the results in mouse mandible.

Results: Approximately 2000 genes were differentially expressed between these

tissues. Among those genes, zinc finger helicase (ZFH), also termed chromodomain-

helicase-DNA-binding protein 3 (Chd3), was one of the highly expressed tran-

scripts in tentative cementoblasts. In situ hybridization revealed that ZFH/Chd3

was strongly expressed in Hertwig�s epithelial root sheath rather than in cementum.

Moreover, its expression disappeared when root formation was advanced in the

first molar. In contrast, Chd3 was continuously expressed in dental epithelial cells

of the cervical loop, in which root extension is never terminated.

Conclusion: These results suggest that ZFH/Chd3 might play an important role in

tooth root development and subsequent cementogenesis.
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periodontal ligament were derived

from Hertwig�s epithelial root sheath

and dental follicles, respectively.

However, recent studies have proposed

that Hertwig�s epithelial root sheath

cells may not transform into cemento-

blasts, or multilineage differentiation

of dental follicle cells might be due to

Runx2 overexpression enhancing

osteoblast/cementoblast-related gene

expression (3,4). Yamamoto and

Takahashi (5) reported that epithelial

to mesenchymal transformation did

not occur in 3 wk-old rats, but their

observation is only at one time point,

and the developmental stage of teeth in

rats is different from that in mice.

According to those recent studies,

cementoblasts might be derived from

dental follicle cells, but not from Her-

twig�s epithelial root sheath. Besides,

some researchers reported that epithe-

lial sheath cells transform into

cementoblasts to generate the initial

cementum (6–10). The epithelial sheath

disintegrates prior to the onset of ini-

tial cementogenesis, and a few epithe-

lial cells remain on the root, termed

epithelial rests of Malassez. Conse-

quently, the initial cementum forms as

an epithelial secretory product (11–15).

In contrast, it was observed that stem

cells or progenitor cells present in

periodontal ligament have the capacity

to differentiate into either cementob-

lastic or osteobalstic cells depending

on the microenvironment (16–18).

Although a number of studies have

been conducted as described above, the

origin of cementoblasts is still ambig-

uous. From the remaining possibilities,

we supposed that cementogenesis,

which follows epithelial root sheath

disruption, might be associated with

root formation.

In previous studies, the cementum

and periodontal ligament tissue sam-

ples were usually obtained by manual

curettage under microscopy. It is diffi-

cult to isolate pure cementum or peri-

odontal ligament tissues by traditional

methods, and those tissues may be

contaminated with adjacent tissues,

resulting in uncertain outcomes. To

address this issue, we have developed

laser capture microdissection on non-

decalcified frozen sections, which

enables us to cut out the target cells

under microscopy, and we applied this

technique to the present study (19).

After extraction of mRNA by the laser

capture microdissection system, com-

parative analyses using a cDNA

microarray between mice cemento-

blasts and periodontal ligament cells

and quantitative RT-PCR between

mice mandibles and femora were per-

formed to detect the genes related to

root morphogenesis (20). Subsequent

in situ hybridization studies exhibited

the specific and temporal expression of

zinc finger helicase (ZFH; 21) in Her-

twig�s epithelial root sheath during the

early stage of root formation. Zinc

finger helicase is also termed chromod-

omain-helicase-DNA-binding protein 3

(Chd3), which is known to be a chro-

matin remodeling factor. This gene

encodes a member of the CHD family

of proteins, which are characterized by

the presence of chromo (chromatin

organization modifier) domains and

SNF2-related helicase/ATPase domains.

Chromatin remodeling is essential for

many processes, including transcrip-

tion, as previously reported (22,23).

Chromodomain-helicase-DNA-binding

protein 3 has been regarded as one of

the transcriptional regulators and was

found in the root-surface cementob-

lastic cells in our study; however, an

association with tooth root develop-

ment has not yet been reported. Thus,

we have tried to elucidate the roles of

Chd3 during root development by

demonstrating the gene expression

pattern in mouse molars and incisors,

in which root extension is terminated

by 3 wk of age and not terminated,

respectively. Our findings suggest that

Chd3 might play an important role in

tooth root development.

Material and methods

Animals and tissue preparation

The day on which a pregnant mouse

gave birth was designated as postnatal

day (P) 0. Two strains of mice, ICR

mice and ddY mice, were purchased

from Sankyo Lab Service Corporation

(Tokyo, Japan). For in situ hybridiza-

tion, specimens of mandibles of ICR

mice (age P7.5, P14.5 and P21.5) were

prepared with Leica CM1850 cryostat

(Leica Microsystems, Weltzlar, Ger-

many) as described in the following

sections. All experimental procedures,

which were carried out according to

the Guideline for Animal Experimen-

tation at Tokyo Medical and Dental

University, were approved (no.

0110230B) by the Animal Welfare

Committee of Tokyo Medical and

Dental University.

Laser capture microdissection,
microarray analysis and quantitative
RT-PCR

Microdissection using a PixCell II laser

capture system (Arcturus Engineering,

Mountain View, CA, USA) was per-

formed as previously reported (19).

After microdissection in male 4-wk-old

ddY mice, the cell-based samples were

extracted, purified, amplified and

cRNA labeled using the Two-Cycle

cDNA Synthesis kit (Affymetrix Inc.,

Santa Clara, CA, USA), IVT cRNA

amplification kit (MEGA script T7

Kit; Ambion, Inc., Austin, TX, USA)

and Two-cycle target labeling assay

kit (GeneChip IVT Labeling Kit;

Affymetrix Inc.) according to the

manufacturer�s instructions with some

modification.

Postulated cementoblast-specific

genes were selected by microarray and

quantitative RT-PCR analyses, as pre-

viously reported (24). Briefly, 10 lg of

biotin-labeled cRNA samples derived

from tentative cementum and peri-

odontal ligament cells were hybridized

to Affymetrix Mouse 430A 2.0 Gene-

Chip arrays (Affymetrix Inc.). Differ-

entially expressed genes were identified

by applying the S score algorithm.

Probe sets showing absolute values of

the S score ‡ 2.00 (p < 0.05) were

considered to indicate significant dif-

ferences between the two samples. As

the amount of RNA extracted from a

laser capture microdissection sample is

too small to perform quantitative

RT-PCR analysis (Real Time PCR

system; Applied Biosystems, Foster

City, CA, USA) for various genes, the

expression levels of tentative cemento-

blast-positive and periodontal ligament

cell-negative genes in mandibles were

compared with the level in femora

for the second screening to find the
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putative cementoblast-specific genes.

The genes that were highly expressed

in cementoblasts, among the 2000

genes differentially expressed between

cementoblasts and periodontal liga-

ment cells, were sequentially selected,

and PCR primers for those genes were

designed. Quantitative RT-PCR was

performed using mandibles and femora

of 4-wk-old male ddY mice as the sec-

ond screening for cementoblast-specific

markers. Subsequently, those which

cementoblast-positive/periodontal lig-

ament-negative in microarray and

mandible-positive/femur-negative in

quantitative RT-PCR were subjected to

in situ hybridization analysis.

In situ hybridization

Mice mandibles (ICR mice age P7.5,

P14.5 and P21.5) were dissected, fixed

in 4% paraformaldehyde overnight

and decalcified in Morse�s solution

(10% w/v sodium citrate and 22.5% v/

v formic acid) for 1 or 2 d depending

on the developmental stage, with

moderate stirring at 4�C as previously

reported (25). The specimens were then

equilibrated in 25% sucrose, embedded

in OCT compound (Sakura Finetech-

nical, Tokyo, Japan) and cut into

10 lm sections. The cutting angle and

direction of the frontal and sagittal

sections are shown in Fig. 1. The

sequence of the primer set for RT-PCR

and TA-cloning to prepare cDNA for

the Chd3 probe was as follows: for-

ward, GGACGAAATCCTCCCTCT

TC and reverse, ATTGGGACAGAC

CAGGAGTG. Complementary DNA

was transcribed by T3 or T7 RNA

polymerase to prepare a digoxygenin-

labeled RNA probe for ZFH/Chd3,

and the probe size was reduced to an

average of 250 bases by alkaline

hydrolysis. In situ hybridization was

carried out using an automated system

in a hybridization machine (Hybri-

master HS-300; Aloka, Tokyo, Japan)

as previously reported (26,27). Signals

were visualized with nitroblue phosphate

/5-bromo,4-chloro,3-indolil phosphate

(NBT/BCIP; Roche Diagnostics Cor-

poration, Indianapolis, IN, USA).

Sense probe was used to distinguish the

positive signals from nonspecific

binding. All results shown are repre-

sentative of multiple independent

experiments.

Results

Laser capture microdissection,
microarray analysis and quantitative
RT-PCR

More than 500 tentative cementoblasts

and periodontal ligament cells in the

nondecalcified frozen sections of 4-wk-

old male ddY mice were successfully

laser captured under microscopy. The

total amount of RNA extracted from

laser capture microdissection samples

was <1 lg; however, the quality was

considerably high, showing clear peaks

of 18S and 28S rRNA. Subsequent

cDNA microarray analysis revealed

that approximately 2000 out of 39,000

genes were differentially expressed

between the cementoblasts and the

periodontal ligament cells, as we have

previously reported (20). Among those,

ZFH (GeneBank/EMBL accession no.

AK011183, NCBI Gene ID: 10264)

was one of the putative cementoblast-

positive and periodontal ligament cell-

negative genes. Real-time PCR revealed

that the expression level of ZFH in

mandible was higher than that in

femur. The record ofZFHwas replaced

with Gene ID: 1107 and thereafter

termed Chd3. Notably, the expression

level of ZFH/Chd3 in mandible was

approximately 10 times higher than in

femur (20). It might be possible that

this gene could play some roles in

cementogenesis, root formation or root

elongation, and in situ hybridization

analysis was conducted in developing

molars and incisors.

Localization of Chd3 during root
formation

In situ hybridization studies in devel-

oping ICR mice mandible revealed that

Chd3 was strongly expressed in the

cells that formed Hertwig�s epithelial

root sheath in the first molar at P7.5,

the initial stage of root formation,

during which Hertwig�s epithelial root

sheath had been formed by inner and

outer enamel epithelial cells [Fig. 2A

and B (arrows)]. In addition, its

expression was detected in differenti-

ating ameloblasts arranged on the

extended line of inner enamel epithe-

lium. Although Chd3 was picked up

from the cementoblast-positive and

mandible-specific sample, Chd3-posi-

tive cells were abundantly contained by

the cells organizing Hertwig�s epithelial
root sheath rather than by cemento-

blasts, which are scarcely observed at

this stage. In contrast, dental pulp or

differentiating periodontal ligament

fibroblasts from molars did not express

Chd3 transcript (Fig. 2B). At P7.5,

Chd3 expression was also observed in

ameloblasts located to the labial side of

incisors, as shown in Fig. 2A and C

(arrowheads), but not in dental pulp

(Fig. 2C). Expression of Chd3 was

scarcely observed in the stellate retic-

ulum and the duct epithelium of sali-

vary glands (data not shown).

The frontal sections of P14.5 man-

dibles, at the developmental stage of

root elongation, demonstrated that

mRNA expression of Chd3 was prom-

inent along the enamel epithelium at

the tip of the developing first molar

root (Fig. 3A). Chd3 solidly positiveFig. 1. Slice angle and direction in the mandible.
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structures were restricted to the

monolayer at both ends of Hertwig�s
epithelial root sheath, with weakly

positive areas in the dental pulp

(Fig. 3B, arrows). No signal was

detected in periodontal ligament

fibroblasts adjacent to the molar root.

Similar to P7.5 mandible, Chd3

expression was observed in ameloblasts

on the labial side of incisors (Fig. 3C,

arrowheads).

At the advanced stage of root for-

mation, P21.5, the first molar was

almost completely developed and a

definitive Hertwig�s epithelial root

sheath structure was mostly collapsed,

whereas the incisor root was continu-

ously extending. At this time point, in

contrast to P7.5 or P14.5, the expres-

sion level of Chd3 in Hertwig�s epithe-
lial root sheath was significantly

reduced to the background level at the

tip of the first molar roots (Fig. 4B,

arrows). Its expression was absent in

periodontal ligament (Fig. 4B). Similar

to molars, Chd3 signal was scarcely

detected in ameloblasts at the labial

side of incisors (Fig. 4C, arrowheads).

Regarding incisor roots, the root

extension is not terminated and the

original structure of cervical loop is

preserved at P7.5, P14.5 and P21.5. As

shown in Fig. 5, in situ hybridization

analysis of the sagittal section of the

developing incisors from P7.5 to P21.5

demonstrated specific and apparent

localization of Chd3. In the inner and

outer epithelium of the labial side

of incisors, Chd3 was abundantly

expressed, and its expression level was

maintained with the looped shape of

epithelial cells throughout the obser-

vation period.

Discussion

In the present study, a number of pro-

spective cementoblast-specific genes

derived from cementum-positive, peri-

odontal ligament-negative and mandi-

ble-positive, femora-negative samples

were identified. Of these genes, as a

predictable cementoblast-specific gene,

ZFH/Chd3was intensively investigated.

Indeed, ZFH/Chd3 was strongly

expressed in the cells at the apical end of

the tooth root, as shown in Figs 2 and 3.

Notably, the positive signal was highly

specific in the pointed end of Hertwig�s
epithelial root sheath and epithelial

diaphragm in P7.5 and P14.5 mouse

mandibles, in which few cementoblasts

appeared on the root. These results

suggest that this molecule is highly spe-

cific for Hertwig�s epithelial root sheath
rather than cementum. Chd3 is one of

the components of a histone deacetylase

complex referred to as the Mi-2/NuRD

complex, which participates in the

remodeling of chromatin by deacety-

lating histones (22,23). Abundant Chd3

expression in the apical root end at the

developmental stage of root formation

could be reasonable because Chd3 is a

chromatin remodeling associated fac-

tor, and the cells organizing Hertwig�s
epithelial root sheath are actively

remodeled to extend the tooth root. It is

A

C

B

Fig. 2. Expression of Chd3 in the developing lower first molar at P7.5. (A) Chd3 expression in a frontal section of the mandibular first molar

of a P7.5 mouse assessed by in situ hybridization. (B) A higher magnification of the apex of the molar root. Chd3 was expressed in Hertwig�s
epithelial root sheath (arrows), but was absent in the dental pulp and periodontal ligament. (C) A higher magnification of the labial side of the

incisor. Chd3 was expressed in ameloblasts of the incisor (arrowheads), but not in dental pulp. Abbreviations: AB, ameloblast; B, bone; D,

dentin; E, enamel; HERS, Hertwig�s epithelial root sheath; P, dental pulp; and PDL, periodontal ligament. All results shown are represen-

tative of multiple independent experiments.
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generally accepted that Hertwig�s epi-

thelial root sheath is the principal region

controlling root extension, because

Hertwig�s epithelial root sheath usually

disappears upon the completion of

root formation. Previously, several

researchers described that, during

cementogenesis, dental follicle cells

differentiate into cementoblasts, or

Hertwig�s epithelial root sheath cells

transform and then become functional

cementoblasts (1,2). As our experiments

revealed intensive expression ofChd3 in

Hertwig�s epithelial root sheath, itmight

be an important factor not only for root

extension but also for initiation of

cementogenesis.

As mentioned above, there was

restricted expression of Chd3 on the

molar root. However, there was a con-

tradiction between the results of the

Genechip analysis with quantitative

RT-PCR and those of in situ hybrid-

ization. In 4 wk-old ddY mice, signifi-

cantly intense expression of Chd3 was

shown in cementoblasts or mandible

by Genechip analysis or quantitative

RT-PCR, respectively. In contrast, this

positive expression in Hertwig�s epithe-
lial root sheath of molars was not so

apparent at 3 wk (P21.5) by in situ

hybridization. Chd3 expression in

cementoblasts was assumed to be

extremely low, and amplification might

be required to detect it. In our pre-

liminary experiment, another set of

quantitative PCR results from laser

capture microdissection samples con-

firmed that Chd3 expression in the

cementum layer was more than three

times as high as that in the periodontal

ligament region (data not shown).

Moreover, expression ofChd3 could not

be observed in tentative cementoblasts

or in periodontal ligament cells with

lower cycle amplification (<20 cycles)

in the PCR, suggesting a low level of

expression in cementoblasts, but higher

than in other tissues of the periodon-

tium at 4 wk. Another possible expla-

nation is that a laser capture

microdissection sample derived from

tentative cementoblasts may include

cells of Hertwig�s epithelial root sheath
or epithelial rests of Malassez. As laser

capture microdissection was carried out

on the root surface of nondecalcified

frozen sections, it seemed to be difficult,

even under the microscope, to eliminate

the epithelial rests if they exist.

To confirm the role of Chd3, its

expression around the molar roots was

compared with that around the apex of

incisor roots, where characteristic and

continuous root extension is observed.

As restricted Chd3 expression was

observed on the molar roots during the

root extension period, it was very

interesting to investigate how Chd3

behaves in the case of continuous root

extension. Morphological features of

rodent incisors are quite characteristic.

The cells on the lingual side usually

develop only to the pre-ameloblastic

stage, and no enamel is produced. In

A B

C

Fig. 3. Expression of Chd3 in the developing lower first molar at P14.5. (A) Chd3 expression in a frontal section of the mandibular first molar

of a P14.5 mouse assessed by in situ hybridization. (B) A higher magnification of the apex of the molar root. Chd3 was strongly expressed in

Hertwig�s epithelial root sheath (arrows) and weakly in the dental pulp, but was absent in periodontal ligament. (C) A higher magnification of

the labial side of the incisor. Chd3 was expressed in ameloblasts of the incisor (arrowheads). Abbreviations: AB, ameloblast; B, bone; D,

dentin; E, enamel; HERS, Hertwig�s epithelial root sheath; P, dental pulp; and PDL, periodontal ligament. All results shown are represen-

tative of multiple independent experiments.
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contrast, on the labial side of the cer-

vical loop, the cells of the inner enamel

epithelium continuously develop dental

organs, and root extension is never

terminated (28,29). In the specimen of

incisors, Chd3 was expressed in the

cells organizing the cervical loop

throughout the observation period. In

particular, along the inner enamel epi-

thelium and around the apical bud,

intensive expression was observed

where apical root extension was main-

tained owing to the continuous incisor

eruption. From these results, we pro-

pose that the restricted expression of

Chd3 plays an important role for epi-

thelial cell progression in root mor-

phogenesis and that termination of

Chd3 expression might be crucial for

cementogenesis. In addition, the

expression pattern of Chd3 was differ-

ent from other amelobalstic markers,

such as sonic hedgehog, in that the

expression was remarkably distinctive

along the inner enamel epithelium

(data not shown). Moreover, the

observation of continuous Chd3

expression in the cells of the cervical

loop of incisors at 3 wk, while little

expression was observed in molars,

also supports a contribution of Chd3 to

the apical extension of the tooth root.

However, another ambiguous point

remains. Intensive expression of Chd3

was always detected in Hertwig�s epi-

thelial root sheath, whereas it was not

always obvious in other areas, such as

odontoblasts, stellate reticulum or

stratum intermedium. We cannot

clearly explain this unstable detection

of Chd3 except in Hertwig�s epithelial

root sheath area. A possible explana-

tion is that Chd3 expression is stage

dependent and that the unstable

detection might be due to a pause in

growth. Another possible explanation

is that Chd3 is also a component of a

histone deacetylase complex, referred

as the Mi-2/NuRD complex, partici-

pating in the remodeling of chromatin

by deacetylating histones and then

Chd3 could regulate the transcription

process. Unstable detection of Chd3, in

which cells dynamically and drastically

transform depending on developmen-

tal stages, might be reasonable (23). Of

course, the possibility of a false posi-

tive has not been ruled out, and we

may have to improve the histological

technique considerably.

In conclusion, Chd3 was expressed

at the epithelial diaphragm from P7.5

to P21.5, and the signal faded from

Hertwig�s epithelial root sheath with

progression of root formation.

At 3 wk, Chd3 expression was hardly

detectable in the molar root. These

results suggest that restricted expres-

sion of Chd3 in Hertwig�s epithelial

root sheath should be tightly correlated

to the apical root morphogenesis.

Although further functional analysis,

such as employing transgenic animals

or siRNA knock-down analysis, is

required to confirm the fundamental

A B

C

Fig. 4. Expression of Chd3 in the developing lower first molar at P21.5. (A) Chd3 expression in a frontal section of the mandibular first molar

of a P21.5 mouse assessed by in situ hybridization. (B) A higher magnification of the apex of the molar root. Chd3 was scarcely expressed in

Hertwig�s epithelial root sheath (arrows) and the dental pulp. It was absent in periodontal ligament. (C) A higher magnification of the labial

side of the incisor. Chd3 was barely expressed in ameloblasts of the incisor (arrowheads). Abbreviations: AB, ameloblast; B, bone; D, dentin;

E, enamel; HERS, Hertwig�s epithelial root sheath; P, dental pulp; and PDL, periodontal ligament. All results shown are representative of

multiple experiments.
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function, Chd3 might contribute to the

initiation and termination of apical

root extension and might be an essen-

tial molecule to induce cementogenesis,

which follows Hertwig�s epithelial root
sheath disruption. Chd3 might have a

possible therapeutic use for regenera-

tion of periodontal tissue. This is the

first report to describe the expression

of chromatin remodeling factor Chd3

in tooth root development.
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培養歯髄細胞の結節形成現象とアポトーシスの関連性について

八重柏　　隆　藤　本　　淳＊　矢　菅　隆　利＊＊

藤　原　英　明　　囲　松　和　司

岩手医科大学歯学部歯科保存学第二講座

（主任　鯛松和司教授）
＊ゆいとぴあ歯科医院

州やすげ歯科クリニック

抄録　われわれは，培養歯髄細胞が細胞密度の高い結節を形成してから石灰化すること，同石灰化部位およ

びその周辺部にアポトーシスに関連するTNF－0・receptor，Fas，Fas－11gandなどが発現し，アポトーシス検出

キットでも陽性所見を示すことを，これまでの報告で明らかにした．しかし，培養歯髄細胞における結節形成

とアポトーシスの関連性については不明であったため，今回は結節形成とアポトーシス発現との関連性を検討

した

歯周炎患者の歯周治療のために抜髄した歯髄組織からoutgrowthした線推芽細胞様細胞を検索対象とした．

培地としてD－MEM培地を用い，5～9代まで継代した細胞を8過まで培養した　対照群はD－MEMのみで培

養し，実験群はアポトーシスにいたる経路の最終段階で活性化するCaspase3阻害剤を添加した同培地で培養

した　培養開始時より位相差顕微鏡による結節の形成過程を記録した　4過の段階でCaspase3活性をFITCで

染色し，レーザー顕微鏡で観察した　結節数の変化については，平均値の差の検定を用いて統計処理した．

その結果，対照群，実験群ともに経時的に結節を形成し，有意に結節数は増加した　培養開始後3過以降の

時点で，実験群の結節形成数はコントロール群よりも有意に少なかった　Caspase3活性は両群とも，培養開

始4週の結節形成部で検出された　これまで培養歯髄細胞のアポトーシスは，石灰化に伴って生じると考えら

れていた．しかし今回の結果から，結節形成の過程においてアポトーシスが発現していることが示唆された．

キーワード　歯髄細胞，結節形成，アポトーシス

緒　　言

歯髄のアポトーシス（apoptosIS）は．創傷治癒ならびに

組織再生に深く関与していることが知られている1）ま

た，さまざまな刺激に伴うメカニカルストレスやケミカ

ルストレスにより，一連の創傷治癒過程において歯髄組

織にアポトーシスが発現することも報告されている2）

さらに，ヌードマウスの背部に継代培養したヒト歯髄細

胞を皮下移植した報告3）では，移植片に象牙質シアロタ

ンパク（DSP）の発現，象牙質様硬組織形凰　さらに自家

融解アポトーシス細胞が認められたことから，組織幹細

胞などを含む未分化間葉細胞から象牙芽細胞への分化制

御とアポトーシスが密接に関連していると考えられる．

われわれはこれまで，培養歯髄細胞による石灰化結節

の形成過程について研究してきたが．結節（nodule）形成

と基質沈着，結節の石灰化4・5），さらに同部における歯髄

細胞のアポトーシス4）などが一連の現象として生じるこ
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とを明らかにしてきた．また，歯髄組織由来の培養細胞

を用いた細川融和の研究で，細胞密度の高い結節部位の形

成，同部位の石灰化に関連するbonemorphogenetlCPrO－

teln（BMP）やosteocalcln，アポトーシスに閑適するtumor

necrosisfactor（TNF）－αreCeptOr，Fas，FasLllgandなどの

発現，さらにアポトーシス検出キットによる結節形成部

位の陽性反応所見なども明らかにしてきた4・5）しかし，

アポトーシスの発現時期，特に石灰化にいたる前段階の

結節形成とアポトーシス発現との関連性については不明

なままであった6）そこで本研究では，アポトーシスの

最終段階で活性化することが知られているCaspase－3の

阻害剤を培地に添加してアポトーシスそのものを阻害し，

結節形成への影響を経時的に観察し，結節形成とアポトー

シス発現との関連性についての解析を試みた

材料および方法

1．ヒト歯髄細胞の培養

岩手医科大学歯学部倫理委員会の承認のもと，岩手医

科大学附属病院歯科医療センター保存料歯周病診療室に

通院中の歯周炎患者1名（48歳，女性）の，歯周治療上抜

髄処置を必要とされた歯（上顎左側犬歯）から歯髄を無菌

的に採取した　なお採取にあたり被検者に対し事前に研

究内容を説明し，同意が得られた後で本研究を実施した

得られた歯髄は，10％ウシ胎仔血清（FBS），100U／ml

PenlClllln，100／⊥g／ml Streptomycln，3LLg／ml Ampho－

tenclnBを添加したDulbecco’smodl丘edEagleMedltlm

（NISSul，以下D－MEM）を用いてExplantCultureMethod

に従い，5％C02を含む湿潤気相下で370Cにて初代培養し

た．歯髄組織より遊走した歯髄細胞を，D－MEMを用い

て60mmシャーレ（NunClon，NUNC）上で5～9代まで継

代培養した．培地は培養開始から2～3日おきに交換し

た　対照群はDJMEMのみの培地で培養し，実験群は

10LLrnOl／l　濃度の　Caspase－3　阻害剤，Caspase－3／

CPP32InhlbltOr－CHO（Ac－DEVD－CHO）（KamlyaBlOmen－

dlCal）を添加したD－MEMにて培養した．

2　位相差顕微鏡による結節形成の観察とCaspase－3

活性像の観察

培養ヒト歯髄細胞を，CultureSlldes（BlOCOat，Falcon）

の4連チャンパーに4×104個／wellの細胞密度で継代し

た．各チャンパーの任意の4カ所（各12mm2）を選び，40

（4×10）倍での位相差顕微鏡による視野像を写真撮影し，

その同一視野内のすべての結節数を培養開始から各過ご

とに計測した．Caspase－3活性像の観察は矢菅ら4）の報告

と同様に，2，4週の時点で，PhlPhlLuxGID2Klt（Onc0－

1mmunln）を用いて蛍光染色を行い，Caspase－3の活性を

共焦点レーザー走査型顕微鏡FluoⅥeWFV300（オリンパ

ス）を用いて観察した　Caspase－3活性の染色は，キット

に示された手順に従って実施した．Caspase－3活性FITC

像の検出に先立ち，FluovleWの検出感度を対照染色標本

が0になるように設定した．結節数についての統計分析

は平均値の差の検定（palredtおよびunpalredt検定）を用

いて行った．

結　　果

1．結節形成およびCaspase－3活性像の観察

4連チャンバーに4×104個／wellの細胞密度で培養開始

した歯髄細胞は，対照群およびCaspaser3阻害剤を添加

した実験群で，開始1週目では歯髄細月包が散在していた

が，2週目では集薩化が認められた．また培養3週目では

細胞密度がさらに高まり，両群とも4週目で培養細胞が

基質成分を取り囲む明瞭な結節の形成が確認された（図1）

Caspase－3活性像については，培養開始3週目までは

対照群，実験群ともに明らかなCaspaser3活性陽性所見

はみられなかったが，培養開始4週目の対照群において，

結節形成の中央部に明らかな陽性所見が認められた（図

1）一万，4週目の実験群でも結節形成部に陽性所見が

認められた．しかし，対照群と比較して陽性部位は少な

く，各陽性領域の面積も小さかった（図1）．すなわち，

両群間でCaspase活性の発現時期に差はみられなかった

が，活性の程度は実験群で減少していた　CaspaseL3活

性は両群とも，培養開始後1過から8週にいたるまで各

週の結節形成部で検出された

2　結節形成数の変化

1週から8週にいたるまでの，各週当たりの検索視野

48部位における1視野当たりの平均結節数を図2に示し

た．この際，細胞が集合し細胞密度が高くなった部位も

含めて計測した．その結果，対照群と実験群ともに経時

的に有意に結節数が増加した（p＜0．01）しかし，Caspase－

3阻害剤を添加した実験群の結節数は，対照群と比較し

ていずれの測定時点においても少なかった（図2）特に，

培養開始3週目以降に両群間で有意差が認められた　対

照群，実験詳ともに経時的に結節形成数に増加傾向が認

められたが，侍に対照群では4週まで1週ごとに有意に

増加した（p＜0．01）実験群では対照群と比べて著しい増

加は認められなかったが，6週まで緩やかに結節数は増

加した　さらに対照群では5週以降，実験群では6週以

降，結節の増加は認められなかった　以上より，各培養

期間において対照群と実験群の結節数を比較すると実験

群は対照群よりも常に少なく，培養開始後3週で有意差

が認められはじめ（p＜0．05），4過後以降8週にいたるま

で有意に低かった（p＜0．01）
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対照群　　　　　　　　　　　　　　　実験群

図1培養4週後の位相差像とCaspase－3活性FITC像（×400）

対照群において歯髄細胞の結節形成と．その中央部にCaspase－3活性陽

性所見が認められる　一方，実験群では陽性部位は少なく，その面横も小

さい

D対■照詳

D実験群

＊．p＜005

＊＊．p＜001

lw　　2W　　3W　　4W　　5W　　6W　　7W　　8W

図2　対照群とCaspase－3阻害剤添加（実験）群の結節形成数の経時的変化

両群とも経時的に結節数が増加傾向にあるが，3週以降，対照群は実

験群に比較して有意に増加している．
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図3　アポトーシス発現のカスケード

考　　察

近年，再生医療の研究が活発に行われるようになり，

歯科領域においても歯髄や歯周組織の再生に関する有益

な情報が得られ，特に歯髄においては歯髄内の組織幹細

胞の局在や未分化間菓細胞から象牙芽細胞様細胞への分

化制御などについて．多方面から検討されている．この

歯髄の再生療法は，抜髄対象となる生活歯髄を想定して

おり，失われた象牙質・歯髄複合体を元どおりに再生す

ることを目的としているが，アポトーシスをはじめとす

る歯髄創傷治癒のメカニズムの解明が必須であると考え

られているl）

一般にアポトーシスは発生の過程や疾患など，さまざ

まな生物学的プロセスにおいて重要な生理的役割を果た

しており7），内軟骨性骨化などの生理的石灰化や動脈硬

化などの病的石灰化のいずれにおいても，重要な機序と

なることが報告されている8）また，石灰化におけるア

ポトーシスの役割について，アポトーシス小体がカルシ

ウム結晶の核となることが平滑筋細胞の結節形成とその

石灰化過程で示されていが）歯髄細胞の培養系におい

て，培養4週目の結節内にコラーゲン線経，グルコース

アミノグリカン，OSteOCalcln，OSteOneCtlnなどが局在し．

さらに，培養8週日にはカルシウムが沈着して石灰化す

ることが証明されている5）．培養歯髄細胞においてもア

ポトーシスが結節形成後の石灰化を開始させる役割を担っ

ていると考えられる．また，アポトーシスにおいて．そ

の実行過程でCaspaseによる特定のタンパク質の限定分解

カスケードとともに，DNAの断片化のプロセスがみられ

ることが知られている10▼19）最終的にはマクロファージ

などの食細胞によって，アポトーシス細胞は貪食除去さ

れる　いずれのカスケードであれ，アポトーシスが生じ

ている場合Caspase－3が活性化されるので，その活性化

をアポトーシス発現の指標とすることが可能と思われる

（図3）．また，Caspaseは多数存在するが，アポトーシス発

現を抑制するためには，最終的なアポトーシスの実行段

階で活性化するCaspase－3を阻害することが最も有効と

考えられ，本実験ではCaspase－3阻害剤を選択した（図3）

今回の実験と同様な培養条件の報告5）によれば，培養

歯髄細胞の結節形成は培養4週で，石灰化は培養8過で

生じることがすでに確認されている　また矢菅ら4）は，

培養歯髄細胞による結節形成とそれに続く石灰化部位に，

今回と同様な実験系でCaspase－3活性像が認められ．さ

らにそれがCaspase－3阻害剤を添加すると，同部位に観

察された蛍光がほぼ消失することを示したうえで，

TtJNEL法でもアポトーシス小体が観察されたことから，

培養歯髄細胞の結節形成とその石灰化に，歯髄細胞のア

ポトーシスが密接な関連性をもつことを示唆している

また，ヒト歯髄細胞をヌードマウスの背部に移植した実

験系においても，移植片に象牙芽細胞様細胞とともに象

牙質様硬組織形成，自家融解アポトーシス細胞が認めら

れたことを報告している3）．これらのことから，歯髄細

胞による石灰化に際してアポトーシスが発現すると考え

られた．しかし今回，Caspase－3阻害剤を用いてアポトー

シス発現を抑制したところ，石灰化にいたる前の結節形

成数そのものが有意に抑制され，結節形成部でCaspase－

3活性陽性所見が認められた．このことから培養歯髄細

胞の石灰化に伴ってアポトーシスが生じるのではなく．

石灰化にいたる前の結節形成段階の時点から，すでにア

ポトーシスが生じていると考えられた．

しかし，いくつかの検討すべき問題もある　今回の実

験ではCaspase－3阻害剤を用いてCaspase－3活性を抑制

したが，その対象外の他の分子が本阻害剤の影響を全く

受けていないことは確認されていない．また結節形成数

は実験群で有意に低下したが（図2），いずれの観察時点

においてもCaspase－3阻害剤による抑制は，結節形成現

象をすべて停止させるほどの強さはなく，その形成現象

をわずかに許容する限局的な形成抑制にとどまっていた．

今回の実験に用いたCaspase－3阻害剤の細胞透過性など

の実質的な阻害効果が関与していると考えられるが，ア

ポトーシス発現を伴わない結節形成現象が別な経路とし

て存在していることも推測される．

アポトーシスとの関与が知られているheatshockpro－

tein（Hsp）25に関する報告20‾23）から，Hsp25は歯髄の発

生，再生過程において発現するとともに，温風　低酸素

などの外部環境の急激な変化に生体はストレス応答した

結果，癌などの疾患およびそれに対する防軌　アクチン

フィラメントの安定性にも関係することが示されている．

また歯髄細胞とアポトーシス発現に関しては，矯正力刺

激，修復形成時の物理的刺激との関係などの面からも報
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告24・25）されている　これらの報告から，アポトーシス発

現は生体の防御，組織の再生に間接的，直接的に関与し

ていると考えられる．

結　　論

培養歯髄細胞の結節形成とアポトーシス発現の関連を

解析するため，アポトーシスの最終段階で活性化するCas＿

pase－3の阻害剤を，培養歯髄細胞の培地に添加してアポ

トーシスそのものを阻害し．結節形成への影響を経時的

に解析したところ，以下の結果を得た

1．対照群，Caspase－3の阻害剤を添加した実験群と

もにCaspase－3活性陽性所見が結節形成の中央部に認め

られ，両者を比較すると実験群で陽性部位は少なく，各

陽性領域の面積も小さかった

2．両群ともに経時的に有意に結節数が増加したが，

対照群と実験群の結節数を比較すると実験群は対照群よ

りも常に少なく．培養開始3週後以降8週にいたるまで

有意に低かった

以上のことから，石灰化にいたる前の結節形成段階の

時点から，すでにアポトーシスが生じている可能性が示

唆された
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ApoptosisofDentalPulpCe11sduringNoduleFbrmationinvitro
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Abstract‥WehaveprevlOuSlyreportedthatdenselycalclfiednodulesformedfromdentalpulpcellsareoften

ObservedlntlSSueCulture・andthatTNFLαreceptor，Fas，ndFhs－llgandlnrelatlOntOapOptOSisweredetectedln

amdaroundthenodulesuslnganlnSltuapOptOSISdetectlOnklt．However，therelationshipbetweenthenoduleforma－

tlOnlnthepulpcellsandthelrOCCurrenCeOfapoptosIShasnotyetbeenclarl丘ed．So，Wetnedtocon丘rmthisrelatlOn－

Shlp乃がか0．

Thedentalpulpcellsoutgrown5to9tlmeSlntheD－MEM（Dulbecco’smodl鮎dEagleMedlum）harvested丘・Oma

patlentWlthperlOdontltlSWereCulturedfor8weeksandusedinthlSStudy・Thecellsinthecontrolgroupwerecu1－

turedlntheD－MEMculturealone，WhllethoselntheexperlmentalgrollpWereCulturedlnanOtherD－MEMcontaln－

lngtheCaspaser31nhlbltOraCtivatedatthefinalstageofapoptosIS．TheprocessofnoduleformatlOnWaSeXamined

andrecordedusingaphasecontrastmlCrOSCOpefromthestartoftheexperlment・TheCaspase－3actlVltyWaS

labeledbyFITCat4weeksandthecellscontalnlngtheCaSpaSe－3Wereobservedbyalasermicroscope．StatlStical

analysISOfthechangeinnumberofnoduleswasdonebyapalredorunpalredtrtest．

Asaresult，thenoduleswereformedwlthtlmelnthepresenceorabsenceoftheCaspase－31nhlbltOr，andwere

Slgnl丘cantlylnCreaSedlnnumber・However，thenumberofnodulesculturedlnthepresenceoftheCaspase－31nhlbl－

torwassi辞lificantlylessthanthatlnthecontrolgroupinandafterthreeweeks．Caspase－3actlvitywasdetectedln

bothgroupslnthenodulesofthe4－Weekculture．WehadprevlOuSlythoughtthatapoptosisincultureddentalpulp

CellsoccurredlntheprocessofcalclflCatlOn．However，OurflndlngS SuggeStthatapoptosISOCCurS durlngnOdule

formabon．
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ブラスト処理を施した� Ti-6AI-4V合金基板へのリン酸カルシウムコーティングと生体内外評価
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SYNOPSIS 

Calcium phosphate coating films were fabricaled on Ti-6AI-4V alloy plates and implants with a blast-treated 

surface using radiofrequency (RF) magnetron sputtering and were evaluated in vitro and in vivo. Amorphous 

calcium phosphate (ACP) and oxyapatite (OAp) films obtruned in this study could cover the blast-treat巴dTi-6Al-4V 

substrate very efficiently，mruntairung the surface roughness. For the in vitro evaluations of the calcium phosphate 

coating films，booding 5町巴ngthand a1kaline phosphatase (ALP) activity were examined. Thebonding strength of 

thecoating films to ablast-treated Ti-6AI-4V plate exceeded 60MPa，independent offilm phases. When compared 

with an uncoated Ti-6AI-4V plate，the increase in the ALP activity of osteoblastic SaOS-2cells on a blast-treated 

Ti-6Al-4V plate coated with the ACP and OAp films was confirmed by acell culture test.The removal torque of 

screw type Ti-6Al-4V implants with a blast-treated surface from the femur of aJapanese white rabbit increased 

with the duration of implantation and it was statistically improved by coating an ACP film two weeks after 

implantation.Thein vitro and vivo studies suggested that出eapplication ofthe sputtered ACPfilm as acoating on 

titanium implants was effective in improving their biocompatibility with the bones. 

KEYWORDS 

titanium，amorphous calcium phosphate，oxyapatite，alkaline phosphatase activity，removal torqu巴� 

1 緒昌 骨 チタンインプラント聞の迅速で強固な密着を達成する

チタンおよびチタン合金は，優れた機械的特性・耐食性や ために，種々のチタン表面改質・処理法が検討されており� 7)

生体適合性により整形外科，循環器外科.内科，歯科などに その中でもリン酸カルシウムコーティングは有力な手法と考

おいて硬組織代替材料として長期間の埋入を想想、定した部位を えられている.チタン製人工歯根や人工股関節では熱スプ

中心に使用されている1.夙22 レー法によるアパタイトコーティングが実用化されているが，

織と密密、着して結合する特性(オツセオインテグレ一シヨン)を コーティング膜と基板との密着性や微細組織制御などに関す

有しており� 3.4川4の金属系生体材料の中で最も骨適合性に優れる る課題も指摘されている S凡これに対し，スパッタリング法

と評価されている.しかしながら， (イ)チタンが骨組織に固 は低温プロセスにおいて均一・徽密で基板との密着性に優れ

定されるためには� 3ヶ月程度の比較的長期間が必要とされる る薄膜を作製できることが知られており，アパタイトなどリ

のでインプラントとして埋入後直ちに応力を負荷できない， ン酸カルシウム系材料のコーティングプロセスとしても有力

(ロ)骨の状態によっては必ずしも十分な園定が得られない場 である.特に，s型チタン合金へのコーティングにおいては，

合がある，ととが知られている� 5.6) 高温プロセスでの微細組織変化を回避する観点からも，低温

「粉体およ び粉末冶金� 第� 55巻第� 5号J
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プロセスへの期待は大きい.著者らのグループでは，これまで� 

RFマグネトロンスパッタリング法による工業用純チタン(CP

チタン)基板へのリン酸カルシウムコーティング膜の作製と

評価に関する研究を行ってきた 1(}-12) その過程で，鏡面研磨CP

チタンプレート上に形成されるリン酸カルシウムコーティング

膜の相，配向性，成膜速度とスパッタリング条件との関係 10)

やそれらの擬似体液中における表面反応，密着強度などを報

告した 11.12) また，生体内評価として，リン酸カルシウムコー

テイングを施した円柱状� CPチタンインプラントのビーグル

犬下顎骨への埋入実験を行い，コーティング膜が骨/チタンイ

ンプラントの接触率向上に寄与することを明らかにした]].12)

人工歯根や人工股関節ステム部へ応用されるチタンインプ

ラント表面には，表面の粗造化に伴う骨/インプラント界面積

の向上を意図したブラスト処理や酸エッチングがなされるこ

とが多い 7) コーティング膜を利用してチタンインプラント

の骨に対する迅速・強固な密着の達成などに関連した骨適合

性向上を図る際にも，チタン基板表面に関する考慮が必要で

ある.そこで，本研究では，チタン基板としてブラス ト処理を

施した� Ti-6mass%AI-4mass%V (Ti-6AI-4V)合金製プレー・

およびインプラント上に，� RFマグネ トロンスパッタ ，ング伝

によりリン酸カルシウムコーティング膜を作製する ζ 共，こ.

コーティング膜の密着強度.骨芽細堕の -:J' I~ -t;フτスブア

ターゼ(ALP)活性，動物理入実験におσる/ンプラン� kの回

転除去トルクなどの生体内外評缶を行った結集に関して報告

する� 

2 試料および実験方法� 

2.1 リン酸カルシウムコーティング膜の作製

戸型リン酸三カルシウム(s-TCP，CaJ(P04)2)をターゲットと

した� RFマグネトロンスパッタリング法により，ブラスト処

理を施した� Ti-6A1-4V合金製プレート(lOx10x1mm，JMM) 

およびスクリュー型� Ti-6AI-4V合金製インプラント� (O3.3x 

8mm，JMM)上にリ ン酸カルシウムコーティング膜を作製し

た.用いた基板をそれぞれ，ブラスト� Ti-6AI-4Vプレート，

スクリュー型プラストTi-6AI-4Vインプラントと表記するこ

ととするプラス ト処理法は，プレートおよびインプラントに

共通であり，平均粗さ� (Ra)は4.6μmである.スパッタリング

時の，� RF出力(P)，チャ ンパ一内ガス全圧力(P叫，� Ar-02スパッ

タリ ングガス中の酸素濃度(Co2) は，それぞれ75~150W，0.5 

~5Pa ， 0~50% と変化させた.コーティング膜作製方法の

詳細は，既に報告している� 10.]]). Ti-6AI-4V基板の加熱は行わ

なかったが，成膜プロセス中，基板温度は最大 373K程度ま

で上昇した.後述の動物実験に供した一部のコーティング膜

に関しては，シリカアンプル中，873 Kで7.2ksの熱処理を

行った.ブラスト� Ti-6AI-4Vプレート上に作製されたリン酸

カルシウムコーティング膜の相は，低角入射X線回折 (α-2θ 

XRD，α=1')により 同定した.� 

2.2生体内外評価

生体外評価としてプラストTi-6AJ-4Vプレート上に作製し� 

たリン酸カルシウムコーティング膜(厚さ・� 0.5μm)の密着強

度およびALP活性の測定を行ったコーティ ング膜の密着強

度評価方法は以下の通りである.あらかじめエポキシ系接着

剤を塗布したアルミニウム製スタッド(接着部直径:2.7mm， 

P川� 901106，QuadGroup)を試料表面にセットし，大気中423K

で3.6ks熱処理する.その後，薄膜強度試験機� (RomulusIV， 

QuadGroup)を用いたスタッドの引張試験において測定される

最大荷重からコーティング膜の密着強度を評価した.� 5つ以

上の試料で測定を行い，密着強度の平均値と標準偏差を算出

した本研究で利用 した接着剤の密着強度は約70MPaとされ

ている.密着強度評価後のブラスト� Ti-6AI-4Vプレート側破

面および断面の観察を走査型電子顕微鏡� (SEM，XL30-FEG， 

PHILlPS)によ り行った

ブラス トTi・6AI-4Vプレート上のリン酸カルシウム膜が� 

ALP活性に及;ます影響をヒト骨芽細胞SaOS-2(RCB0428，理

研� BRC)の培養託君主l二よ り評価した� ALP活性評価は，以前

報告した謹置研磨CPチタンプレート上でのもの� 12)と同様で

るり.41下援略白み述べる こととする目� 10%ウシ胎児血清配

合Eagle'!>α¥1E¥1ロ� .)ン酸カルシウムコーティングを施し

たプラス入Ti-6AI-4Vプレー ト コーティ ングを施していな� 

.-プフス('Ti-6AI-4Vプレー トおよびハイドロキシアパタイ

入(Hλp.CalliPO.MOHh)ペレット� (CELLYARD HAペレッ

ト，� PE!':寸AXJ旭テクノグラス)上で SaOS-2細胞を� 2，4，8日

間培養し，掻き出し遠心捕集後，細胞を溶解液(19もTriton-

X100(表面活性剤)配合リン酸緩衝液(PBS(ー))に懸濁し細胞

中の� DNA量と� ALP活性量を測定した.DNA量は定量キット� 

(Quanti-iT PicoGreen dsDNA Assay kit，Molucular Probesl 

Invitrogen)と蛍光光度計により測定し，� ALP活性量は定量

キット(アルカリ性フォスファ� B-テストワコー，和光純薬)

と96穴マイクロプレート吸光リーダーにより測定した本研

究では，細胞当たりの� ALP活性を評価するために，� ALP活性

量をDNA生成量で除したもの(ALPIDNA)をALP活性とした.

生体内評価として，スクリュー型フ.ラスト� Ti-6AI-4Vイン

プラントの埋入後の回転除去トルク測定を行った.リ ン酸カ

ルシウムコーティ ング(厚さ 0.5μm)を施したスクリュー型

プラスト� Ti-6Al-4Vインプラ ントを日本白色家兎(雄，平均

体重3kg)大腿骨ヘ埋入した.埋入数は片側3本とした� 2ま

たは4週後，全身麻酔下において，イ ンプラント体を骨組織

から回転除去するのに要するトルク値をトルクゲージ� 

(ATG24CNBTGI50CN，Tonichi)により測定した.各埋入条件

における家兎数は5羽とし，平均値および標準偏差を算出し

た.回転除去トルク試験後のインプラント表面および付着骨

とインプラント界面の観察を� SEMにより行った.� 

3 実験結果および考察� 

3.1プラスト� Ti-6Al-4Vプレート上に作製されたリン酸カル

シウム膜� 

Fig.l (a)および(b)に，リン酸カルシウムコーティングを施

したブラスト� Ti-6AI-4Vプレートの表面および断面を示す.

2008年� 3月
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Fig.l SEM images of (a) suげaceand (b)cross-section of blast-treated Ti-6AI-4V plate aft巴rcoating calcium phosphate film 
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Fig.2に，� P=100W，P'o，=0.5Paにおいてプラスト� Ti-6AI-

O 
4Vプレート上に作製したリン酸カルシウム膜のXRDパター

ンを示す.CO2が20%または50%の場合には，オキシアパタ

イト� (OAp，CalQ(p04)60)の形成が確認された. OApは，ハイ

ドロキシアパタイト(H Ap，Ca¥0(P04MOH)2)からHzOが脱離し

た組成を有しているリン酸カルシウム相である.� HApとOAp
..-.、

コ の格子定数の違いに伴う� XRDパターンにおけるピークのシ

../、句 フトが報告されているが13.14) 本研究においては� OApコー

円|しO2=)U'1o O 
.+，〉・� 
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Fig.2 XRD patterns of coating films fabricated on blast-treated 
Ti-6Al-4V plate at various oxygen gas concentrations (Co:l 
with thickness of 0.5μm under conditions of P: = 0.5 Pa IJH 

and P= 100W. 

Fig.1中のコーティング膜は，断面観察を考慮し，生体内外評

価で使用したコーテイ ンク守膜厚の� 0.5μmよりもやや尿く 作製

されているが，コーティング後もプラスト� Ti-6AI-4Vプレー

ト初期の表面粗さは保持されており，また，鰍密かつ均一な

コーティング膜が複雑な表面凹凸を良くカバーしていること

が見て取れる.プラスト処理は，骨/インプラント界面積の

増加を目的に，人工歯根や人工股関節ステム部に応用されて

おり，その表面粗さの保持は，熱スプレー法などの比較的厚

いリン酸カルシウムコーティング膜の形成を意図した手法に

対する� RFマグネトロンスパッタリングによる薄膜コーティ

ングの優位性を示すものと思われる� 

ティング膜とHAp粉末におけるピーク位置の違いは検出でき

なかった.しかしながら， (イ)ターゲットに s-TCPを採用し

ており� OH基源が系内に存在しない， (ロ)Ff IRを用いた分析

でもコーティング膜からは� OH基の存在は確認されない� ¥0)

ことから，� Fig.2における� CO2が209もまたは50%でのコーテイ

ンクP膜の相はOApと判断した.なお，� OApコーテイング膜と� 

HAp粉末でピーク位置の違いが観察されなかった理由は，� 

OApコーティ ング膜の結晶性が低く， 格子定数変化の検出が

困難であったためかも知れない.一方� Co2 =O%では28=30・

付近にわずかなハローパターンが確認され，非品質リン酸カ

ルシウムの存在が示唆される.本研究においてプラスト� Ti-

6AI-4Vプレー ト上に作製さ� fるリン霞刀ルシウムコーティン

グ膜の椙はOApまたはACPであり ，コーティング膜厚を� 0.5

阿nとした際のスパッタリング条件と相の関係を� Fig.3にまと

めて示す. 護面研磨� CPチタンプレート上では� RF出力� (P)お

よびスパッ タリングガス中の酸素濃度(� Co2)が高い条件で� 

OAp相の形成が観察され� 10) プラスト� Ti-6AI-4Vプレートの

埼合も鏡菌研磨CPチタ ンプレートほど顕著ではないものの，

問機の傾向が観察された.� 

3.2密着強度

コーティング膜とブラストTi-6AI-4Vプレートとの密着性

を，アルミニウムスタッドがコーテイングを施した試料と離

断する際の最大荷重から計算される密若強度により評価した� 

(Fig.4).図中には比較のために，鏡面研磨� CPチタンプレー ト

上での密着強度も示した.ブラス ト� Ti-6AI-4Vプレート上に

おける密着強度の計算値は� 60 ~ 70MPa程度であった.密着

強度評価後のOAp膜をコーティ ングしたブラスト� Ti-6A1-4V

プレート側破面および断面をFig.5に示す.密着強度評価後に

「粉体および粉末冶金一第� 55巻第� 5号
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Fig.4 Bonding strength calculated using maximum load in 
adh巴rencetests with ACP-釦� dOAp-coated titaTUum plates 

おいてコーテイング膜がプラスト Ti-6Al-4Vプレート上に存

在しており，また，接着剤の存在も確認される.同様の状況

はACPコーテイング材においても観察されたこれらの結果

は，密着強度評価試験におけるアルミニウムスタッドの離断

が，接着剤/コーテイング膜界面よりもアルミニウムスタッ

ド側で起こったことを示唆する.すなわち，� Fig.4に示した密

着強度が，正確にはコーティング膜とプラスト� Ti-6AI-4Vプ

レート聞の密着強度を反映していないことを意味する.前述� 

¥Coutin!! tilm 

5um 

Fig.5 	 SEM images of (a) fracωre surface and (b) cross-s巴ctionof 
OAp-coated Ti-6AI-4V plate with blast-treated surface after 
adherence test. 
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の通り，本研究で用いた接着剤の接着強度は約70MPaとされ

ており，� Fig.4に示した 60~70MPa程度の密着強度はそれと

ほぼ一致する.以上より，� RFマグネトロンスパッタリングで

ブラストTi-6AI-4Vプレート上に作製されたリン酸カルシウ

ムコーティング膜の密着強度は基板の表面粗さに依存せず

接着剤の密着強度以上であり，� 60MPa以上と判断できる

鏡面研磨� CPチタンプレート上での密着強度は，プラスト� Tト� 

6AI-4Vプレートよりもやや大きいが，� 70MPaという接着剤

の密着強度を考慮すれば，その違いは有意なものではないと

考えられる.

本研究で得られた密着強度は，ブラストチタン基板上にプ

ラズマスプレー法により作製されたリン酸カルシウム膜の密

着強度，� 20~30MPaI5. 1 6) よりも大きく，イ ンプラントのコー

ティング膜に必要とされる密着強度(約� 50MPaI7))も満足して

いる.スパッタリングプロセスにおいては，チタン基板上の

吸着ガスなどが除去されることが知られており ，高い活性基

板表面が得られるために，コーティング膜と基板聞の優れた

密着力が達成されたものと考えられる.� 

3.3 ALP活性� 

Table 1にACPおよび、OApコーティングを施したプラス� k 

Ti-6AI-4Vプレート上で，� SaOS 2細胞を� 2，4，8日間培養した

後の� ALP活性(ALPIDNA)を，� HApペレッ 卜およびコーティ

ングを施していないブラスト� Ti-6AI-4Vプレー ト上での結果

と共に示す.ACP，OApいずれをコーティ ングした場合にも，� 

HApペレットよりは低いものの，コーティングなし材を有;意

に上回る� ALP活性が確認された.ALP活性は造骨性を示す指

標の一つで初期骨系分化誘導能を表し，骨系分化の進展に伴

い一旦増加してから漸減する18.円ブラストTi-6AI-4Vプレー

ト上において，リン酸カルシウムコーティング膜は細胞レベ

ルで有意に骨系分化を誘導しているため，� ACPおよびOAp

コーティングはTi-6AI-4Vプレート上での骨修復に寄与する

ものと思われる. 

3.4回転除去トルク 

Fig.6に，スクリュー型ブラスト� Ti-6AI-4Vインプラント上

に形成されたリン酸カルシウムコーティング膜の断面を示す.� 

Table 1 ALP activity (ALP/DNA) of SaOS-2 cells on uncoated 
(control)， ACP-and OAp-coated Ti-6AI-4V plates with 
blast-treated surface，and HAp pellet cultured for 2，4 and 
8days. 

ALP /DNA :tSD (%) 
Materials 

2d 4d 8d 

Uncoated 
0.90 :t0.03 1.07 :t0.02 1.00 :t0.05 

(control) 

ACP-coated 1.07 :t0.03 2.49 :t0.08 1.21 :t0.03 

OAp-coated 1.88 :t0.11 3.83 :t0.44 2.06 :t0.11 

HAp pellet 4.42土0.22 3.86:t0.14 2.29 :t0.26 

動物実験に供したコーテイング膜は，� ACPおよび、OApをシリ

カアンプル中� 873 Kで7.2ks熱処理したもの� (OAp-Vac)の二

種類である 曲率を有するインフラン ト体表面であっても，

コーティ ング膜がプラスト処理により形成された凹凸を艮く

カバーしていることがわかるスクリュー型ブラス トTi-6Al 

4Vインプラント上のコーテイ ング膜の� XRD分析による相の

同定は困難であったが，同様の手順により作製したブラスト� 

Ti-6AI-4Vプレート上のOAp-Vacは， 熱処理前よ りも結晶化

が進行したOAp単相であることを篠認している.ACPおよび� 

OAp-Vacコーティ ングを施したインプラントを家兎大腿青か

ら回転除去する際のトルク値を，コーティングなし材(コ ン

トロール)と比較してTable2に示す.埋入期間の増加に伴い

回転除去トルクが向上しており，いずれのインプラントにお

いてもオッセオインテゲルーショ ンが進行していることが示

唆される また.ACPコーティング材において，� 2週間の埋� 

¥Coaling IiIm 

Fig.6 SEM images of cross-section of (a) ACP-and (b) OAp 
Vac-coated screw type Ti-6AI-4V implants with blast-
treated surface before jmplantation. 

Table 2 Removal torque ofuncoated (control)，ACP-and OAp-
Vac-coated screw type Ti-6AI-4V implants with blast-
treated surfac巴fromfemur ofJapanese white rabbits after 
2-and 4-week implantation. 

Removal torque value土SD/N-m 
恥1aterials 

2w  4w  

Uncoated 

(control) 
0.20 :t0.021 0.42 :t0.061 

ACP-coated 0.27土0.024 0.51 :t0.070 

OAp-V ac-

coated 
0.23士0.019 0.60 :t0.111 

「粉体およ び粉末冶金」第� 55巻第� 5号

http:3.86:t0.14


プラスト処理を施した.� ri-6Al-4V合金基板へのリ ソ酸カルシウムコーティングと生体内外評価� 323 

Fig.7 Appearanccs of (a) uncoated，(b) ACP-and (c) OAp-Vac-
coated screw lype Ti-6AI-4V implants with blast-treated 
surface after removal torque measurements (4-week 
irnplantation) 

入後，コントロール材と比較して有意に大きい回転除去トル

クが得られた� (p<0.05). Fig.7に，� 4週埋入後，回転除去トル

ク測定を行った各インプラ ント表面を示す.� Fig.7 (a)，(b)，(c) 

は，それぞれ，回転除去トルク測定後のコントロール材，� ACP 

コーティ ング材，� OAp-Vacコーティング材であり.右側は各

インプラントが皮質骨部に接していたと予測される領域の拡

大図である.コーティングを施したインプラントにおいてコ

ントロールよりも顕著な骨の表面への付着が観察されており，

回転除去トルク向上の結果と良く対応している.回転除去ト

ルク測定後の骨/インプラント界面を，� 4週埋入後のACPコー

ティング材についてFig.8に示す.ブラスト処理により形成さ� 

2008年� 5月� 
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Fig.8 SEM image of cross-section of ACP-coated screw type Ti 
6Al-4V implants with blast-treated surface after removal 
torque measurements (4-w eek implantation). 

れた凹部にも新生骨が形成されている様子が観察され，リン

酸カルシウムコーティング膜が骨適合性向上に寄与すること

を示唆する� 

OAp-Vacコーティング材の回転除去トルク値に関しては，

コントロール材と比較して平均値は大きいものの，標準偏差

が大きく，コントロール材との有意差が観察されていない.� 

OAp-Vac膜1=関しては熟処理後に若干の密着強度の低下が確

認されており ，それが回転除去トルクにおける大きな標準偏

差の原因と考えられる� RFマグネトロ ンスパッタリング法に

より作製したリン厳カルシウムコーティ ング膜の熱処理プロ

セスの霞適化は今後の課題である.� 

4 結言 �  

RFマグネトロンスパッタリング法によりプラスト処理を施

したTi-6AI-4V合金基板上にリン酸カルシウムコーティング

膜を作製すると共に，その生体内外評価を行い，リン酸カル

シウムコーティングがチタンの骨適合性に及ぼす影響につい

て検討した.得られた結果は以下の通りである.

(1)作製されたコーティング膜は，ブラストTi-6AI-4V基板の

表面凹凸を良くカバーしており，基板の表面粗さを保持

していた コーティ ング膜は，非品質リン酸カルシウム� 

(ACP)相または結晶質のオキシアパタイト(OAp)相により

構成されており，スパッタリング条件により相の制御が

可能であった.� 

(2)コーティング膜の密着強度は，リン酸カルシウムコー

ティング膜の相に依存せず60MPa以上であり，プラズマ

スプレー法により作製されたリン酸カルシウムコーティ

ング膜の密着強度，� 20~30MPa よりも大きく，イ ンプラ

ント用コーティ ング膜として十分な値と考えられた. 

(3)リン酸カルシウムコーティ ングはブラスト� Ti-6A1-4Vプ

レート上における骨芽細胞のALP活性を有意に向上させ

ることが確認され， 骨系分化の促進から骨修復に寄与す

ると考えられた. 

(4)リン酸カルシウムコーティングを施したスクリュー型ブ

ラストTi-6A1-4Vインプラン卜の家兎大腿骨からの回転除

去トルクは，コ ントロール材よりも大きく，特に非晶質リ
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IL－6が培養歯髄由来細胞のFGF－2発現に与える影響

藤　原　英　明　　八重相　　隆　　畠　山　節　子＊

武　田　泰　典＊　石　平　洋　二＊＊　団　松　和　司

岩手医科大学歯学部口腔機能保存学講座歯周病字分野
＊岩手医科大学腑学部口腔病因病態制御学講座口腔病理学分野

＊‥＊いしひら歯科医院

抄録：インターロイキン（IL）－6は．組織の障害や細菌感染に対する宿主応答の主要なメデイエークーで．

主要な炎症性サイトカインであり，病的炎症部位で高濃度に検出される　近年，餌蝕などで失われた象牙質・

歯髄複合体の再生に線維芽細胞増殖因子（FGF卜2を臨床応用する研究が報告されているが．歯髄細胞が塵生

するFGF－2を調節する因子やメカニズムについてはほとんど解明されていない．そこで本研究では．ヒト歯

髄細胞のFGF－2発現に及ぼすIL6の作用について検討した．ヒト培養歯髄細胞にIL－6（0～10mg／血）を添

加し，3週間培養後にFGF－2のmRNA発現をreal－tlmCPCR法にて検索した．得られた定量値を，一元配置分

散分析法による統計学的解析にて比較検討した　また，タンパク質の局在を調べるために免疫粗描化学的染色

を行った．その結果，ILT6は培養歯髄細胞のFGト2mRNA発現を抑制し，さらに免疫組織化学的染色におい

ても，IL－6添加群では非添加群と比較してFGF－2の染色性が減少していた．以上より．Ⅰレ6が歯髄細胞中の

FGF－2発現を抑制することが明らかとなった

キーワード　歯髄細胞．IL－6．FGF－2
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緒　　言

再生医療の研究の進展とともに，歯髄組織内における

異なる再生能を有する細胞の存在と，それらの細胞特性

が注目されつつある1・2）．さらに，歯髄内の組織幹細胞の

局在3）や未分化閉業細胞から象牙芽細胞様細胞への分化

制御4・5）などについて多方面から検討がなされている．

歯髄再生療法は，抜髄対象となる歯髄の再生を想定し

ており，抜髄後に失われた象牙質・歯髄複合体を再生す

ることを目的としたものである．このため，歯髄創傷治

癒における歯髄再生メカニズムの解明において，歯髄細

胞に対する細胞増殖因子の作用や．炎症が歯髄細胞に及

ぼす影響などの解析が必須である．歯髄や象牙質を喪失

する原因として離蝕や外傷などが挙げられるが，その際，

歯髄組織に炎症が生じると．炎症局所にインターロイキ

ン（IL）一1，IL－6，腫瘍壊死因子（TNF）Aαなどの炎症

性サイトカインが産生される6）．IL－6はB舶胞の抗体産

生細胞への分化誘導，T細胞の増殖促進，キラーT細胞

への分化促進など感染防御において重要な役割を果たす

サイトカインであり仁9），B細胞やT細胞，マクロファー

ジなどの免疫系細胞のほか．ケラチノサイト，線椎芽細

胞，血管内皮細胞　滑膜細胞　骨芽細胞などからも産生

される6・9‾11）

線維芽細胞増殖因子（FGF）－2は線維芽細胞などの細

胞増殖を促進させる　さらに，細胞外基質産生の制御な

ど多彩な生物活性を有している12）．現在，歯周組織再生

療法においてFGF－2は，歯周組織の再生を促す物質と

して臨床応用が試みられている13）．近年では象牙質・歯

髄複合体の再生に関する研究にもFGF－2が用いられて

いるが14・15），象牙質を失い露髄した歯髄組職には炎症の

影響が残っている可能性がある．それゆえ生体における

象牙質・歯髄複合体の再生療法を検討する場合において

は．この炎症の存在下でのFGF－2応用の可能性の適否

を検討しなければならないと考える　そこで．今回のわ

れわれの研究では，ヒトから得られた培養歯髄細胞を用

いてlL－6の歯髄細胞におけるFGF－2産生に対する影

響について検討したので報告する．

材料および方法

1．歯髄細胞の採取

岩手医科大学歯学部倫理垂員会の承認後．岩手医科大

学歯科医療センター保存料歯周病診療室を受診した患者

で，治療上抜歯が必要とされた患者3名に対して本研究

の内容を説明し，同意を得たうえで酎蝕に確患していな

い下顎第三大臼歯を抜歯した　抜去した歯はただちに分

剖し，無菌的に歯髄組職を採取した．

2．歯髄組織由来細胞の培養

採取した歯髄組織は歯科用メス（No，15）にて1mm3

程度に細断し，60mmディッシュ（NalgenllnC，USA）に

10％ウシ胎児血清（GibcoTM，USA），100units／mLペニシ

リン．100〟g／mJストレプトマイシン，3〟g／mJアンホ

テリシンBを添加したダルベッコ変法イーグル培地（D－

MEM，ニッスイ）を用いて5％CO2．37℃の条件下で培

養した　細胞が増殖し，コンフルエントに達した時点で

0．25％トリプシンー0．05％EDTA溶液処理にてディッ

シュから細胞を劉離し，D－MEMを加えて新しいディッ

シュに播種し継代培養した．培地は2～3日おきに交換

し，4～8代継代後の線維芽細胞様細胞を培養歯髄細胞と

して実験に供した

継代培養後，培養歯髄細胞を6ウェルプレート（Nalge

nunc）に細胞密度3×104個／wellにて桁種した　各実験

群の培地にはIL－6（R＆DSystems，USA）を0，0．1，1，

10ng／mJの濃度で添加し，3日おきに培地交換を行いな

がら3週間培養した　なお，IL－6は0．2％ウシ血括アル

ブミン含有phosphateAbufEeredsal1ne（PBS，pH7．4）にて

10〃g／mJに調製し，実験に使用する際に適宜希釈して用

いた

3．全RNAの抽出とcDNA合成

全RNAの抽出にはRNeasy⑥MlnlKit（Qiagen，USA）

とQIAshredder（Qlagen）を用いて行った．まず培地を

捨て，培養した歯髄細胞をPBSにて洗浄後，1％β－メル

カプトエタノールを加えたBufferRIJを350FLl／wellで

プレートに添加し，セルスクレーパーにて細胞を集め，

1．5mJエツペンドルフチューブへ回収した　懸濁液を

QIAshredderスピンカラムに移し，15．000rpmで2分間

遠心操作を行い，ホモジナイズ後．RNeasy⑳MlnilくItの

プロトコールに従って全mAを抽出した　全mAは核

酸分析プログラムを内蔵した分光光度計（SmartSpecTM

Plus，BlOpRad，USA）を用いて吸光度を測定し　RNAの

濃度と純度（A260／280）を検討した．得られた全RNA

から．OmniscriptRTKlt（Qlagen）を用いて011gOd（T）

法にてcDNAを合成した

4．Real－timePCR法によるFGF－2mRNA発現の

定量化

Quantl’RctSYBRGreenPCRklt（Qlagen）のプロトコー

ルに従いサンプルを調製後．LightCycIcrTM（RocheDlag－

nostlCS，Germany）にてrealrtlmePCR定量分析を行っ

た　各プライマーのシークエンスを表1に示す　なお，

本実験で使用したプライマーの設計・合成については日

本遺伝子研究所に依頼した．増幅反応と融解曲線解析終

了後にPCR産物を電気泳動して，増幅産物を確認した．

実験は3症例のおのおのについて3匡卜行った．各サンプ
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表1Real－tlmePCR法に用いたプライマー

Gene Sequenceofpnmers productsIZe

FGF－2　　Forwardprlmer’5’－GTGTGTGCTAACCGmCCT－3・　238bp

Reverseprlmer　5’－GCTCTnGCAGACATTGGAAG－3，

GAPDH Forwardpnmer・5㌧GCATCCTGGGCTACACTGAG－3・　163bp

Reverscprlmer　5’一TCCACCACCCTGTTGCTGTA－3■

ルの迫伝子発現量をハウスキーピング遺伝子である

glyceraldehyde3rphosphatedehydfOgenaSe（GAPDH）で

標準化した後．ターゲットとなるFGFL2mRNA発現虫

の値に対する比率で表した．得られた値について，一元

配置分散分析法を用いてサンプル間の有意差（有意水準

5％）を分析した

5．Avidint）iotiJICOmplex（ABC）法によるFGF－2

の免疫組織化学的染色

培養歯髄細胞を4ウェルチェンバースライド（Nalge

nunc）上に細胞密度1×104個／wellにて播種し，IL－6非

添加あるいは10mg／mJ濃度添加培地で3週間培養した

その後．培養歯髄細胞をPBSで2回洗浄し，ブアン液16）

で30分間室温にて固定した．内因性ベルオキシダーゼ

活性を除去するために，0．3％過酸化水素添加メタノール

液で10分間浸潰した．PBSLT〝een20（PBST）で5分間

洗浄後．10％正常ヤギ血清で10分間反応させて非特異

的反応をブロックした　次に，一次抗体として抗ヒト

FGF－2ウサギ抗体（100倍希釈．santacruzB10teChn。1＿

ogy，USA）を．ネガティブコントロールについてはPBS

にて，40Cで24時間反応させた．反応終了後，PBSTに

て5分間ずつ3回洗浄した．さらに，二次抗体としてビ

オテン標識抗ウサギIgGヤギ血清（200倍希釈，Santa

CruZB10teChnology）を3rCで45分間反応させた　反応

終了後，PBSTにて洗浄し．ABC試薬（和光純薬）を滴

下して15分間反応させ，PBST洗浄後に発色させた．発

色は3，3’－DlamlnObenzldlne（和光純薬）5mgを0．05

mol／JRlS－HCl（pH72）にて溶解後，0，01％過酸化水素

水を添加して10～15分間反応させた　その後，PBSTに

て洗浄し．蒸留水で5分間洗浄を行い，マイヤーのへマ

トキシリンで核染色を行った．次に，エチルアルコール

系列とHemo－ClearTM（フアルマ）にて脱水，透徹後．

SupermountM220（フアルマ）にて封入し，光学顕微鏡

で観察した

結　　果

1Real－timePCR法を用いたFGF－2mRNA発現

に対するlL－6の作用

FGFJ2のmRNA発現量はILL6添加により濃度依存

0　　　　01　　　1

Ⅰレ6濃度（ng／mJ）

209

p＜005

10

図1Rea卜tlmePCRによる培養歯髄細胞のFGFL2

mRNA発現の解析

的に減少し，IL－6の1mがmJおよび10mg／mJ添加群は

FGF．2mRNA発現塁を有意（p＜0．05）に抑制した（図1）

2・培養歯髄細胞におけるFGF－2の免疫組織化学的

局在

培養3過後の歯髄細胞のFGF－2発現は，図2に示す

ように，IL‾6非添加猟IL－6添加（10ng／mL）群とも

に・細胞質および細胞間基質に認められた．しかし，IL－

6非添加群では歯髄細胞の集中している部位を中心に全

体的に強い陽性所見を呈していたが，Ⅰレ6非添加群と比

較してIL－6添加群では．歯髄細胞が集萩している部位

においても陽性所見が弱いか．あるいは陰性であった

考　　察

FGFは．線椎芽細胞をはじめとするさまざまな細胞に

対して増殖活性や分化誘導など多彩な生理作用を示す，

多機能性細胞間シグナル因子である　構造上の類似性か

ら．現在までにヒトにおいて22種からなるファミリー

を形成することが報告されている．これらのうち，FGF－

1およびFGF－2は線維芽細胞の増殖を促進する分子と

して，それぞれ脱脳下垂体から発見されている．特に，

FGF－2に関して骨・軟骨形成や中枢神経などでの多彩

な生理作用が報告され，注目を集めている17）．歯科領域

においては，FGF－2の歯周組織の再生に関する研究報

告18‾20）ぉよび歯周治療へ応用した臨床治験13）が実施さ
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図2　FGF－2の免疫組織化学的染色所見（培養3週後）

a：ネガティブコントロール，b．IL－6非添加，CIL6（10mg／血）添加．倍率・×100．ScalebarlOOJJm

れている．

現在，象牙質や歯髄の再生に関する研究について，生

体外で歯髄細胞にBoneMorphogenetlCProteln（BMP）遺

伝子を電気的に導入し，それを生体内の露髄面に移植す

ることで象牙質を再生させるとする歯髄幹細胞を用い

たBMPの生体外遺伝子導入21‾お）や生体吸収性材料と接

着性レジンを用いた覆髄法24）．またrhBMP－225）やcon－

nectlVetlSSuegrOWthfactor26）を用いて象牙質再生を促進

させる研究が報告されている　近年ではFGF－2の臨床

応用に関する研究報告もみられるようになり，Klkuchl

ら14）はラットの臼歯に人工的に作製した露髄面に対し，

FGF－2を取り込んだゼラチンハイドロゲル含有コラー

ゲンスポンジの修復象牙質形成能について報告してい

る　この研究から，FGFr2の放出がコントロールされな

い場合には，残存している歯髄細胞を過剰な修復象牙質

形成へ誘導するのみで．露髄面の欠損象牙質を修復しな

かったのに対し．FGF－2の放出をコントロールしたグ

ループでは，歯髄細胞による象牙質が欠損した露髄面へ

象牙質様の石灰化粒子の形成を誘導し．みずからは象牙

芽細胞もしくは象牙芽細胞様細胞の機能的マーカーであ

るdentlnSlaloprotelnを発現したことが示されている　さ

らに．IshlmatSuら15）はFGF←2を取り込んだゼラチンハ

イドロゲル含有コラーゲンスポンジから放出される

FGF－2濃度について検討した結果．過度な虫のFGF－2

が放出されることでdentln－bridge様の構造物を形成し

たと報告している　この報告より，FGF－2が象牙質・歯

髄複合体の再生に有用であることが示され，歯髄細胞が

有している内在性のFGF－2も同様の働きをしている可

能性があると推測される．

歯髄細胞によるIL－6産生は．朗蝕から検出される

エαCわあαCIJJ損亡がβ‡などのグラム陽性細菌刺激によって誘

導される27）ことや∴軌的仰棚服用海面血やPWOJgJわ

ざ刀お門〃gdld上宿による刺激でヒト歯髄細胞のIL－6産生

が著しく上昇する28）ことなどが明らかにされている　事

実，歯髄炎29）や根尖性歯周炎30）を有している患者の歯髄

組織では，IL－6の濃度が健全歯髄組織に比べて有意に高

い．また，IL－6は歯髄細胞のプラスミノゲン活性化因子

を増加させる31）という報告もあり．IL－6が歯髄組織の炎

症過程で生じる細胞外基質の分解に関与している可儲

性32）も示唆されている今回のわれわれの研究において，

IL－6の存在下で，培養歯髄細胞のFGF－2の産生が抑制

されることが明らかとなったIL－6は糸田胞股上のIL－6

受容体，もしくは可溶性IL－6受容体にIL－6が結合する

と，受容体のサブユニットである卯130と会合しホモ二

見体化を誘導する．その後JAXキナーゼ（JanusklnaSe）

が活性化して．転写因子STAT（slgnaltransducersand

actlVaOrSOftranscnptlOn）がリン酸化することでシグナル

伝達が行われが17）．lL6が線維芽細胞に与える影響や

シグナル伝達機構については，歯肉線維芽細胞B）や皮膚

線維芽細胞勒こついて報告がなされている　Mlharaら33）

は，皮膚線稚芽細胞の増殖がⅠレ6によって抑制された

と報告しているが，抑制的に作用するためのシグナル伝

達機構についてまでは明らかにしていない　同様に，歯

髄由来の線維芽細胞におけるIL－6のシグナル伝達に関

する報告は見当たらず．歯髄細胞に炎症が波及した際に

増量するIL－6がどのようなシグナル伝達を経由して．

内在性のFGF－2産生に影響を与えるかを解明していく

ことが今後の課題である．しかし，今回の研究結果より，

IL－6の存在下では象牙質および歯髄の再生が抑制され

る可能性があることが示された　それゆえ，FGF－2を応

用した象牙質・歯髄複合体再生療法の開発には炎症の影

響を可及的に排除する必要があると考えられた．

結　　論

本研究では，炎症性サイトカインの一つであるIL－6

が培養歯髄細胞のFGF－2発現に与える影響について検

討した．その結果，lL－6濃度が上昇すると培養歯髄細胞

のFGF－2発現が抑制された．このことから，歯髄組織

の炎症がFGF－2の発現に影響を与えることが示唆され

た
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総合歯科臨床教育センターにおける卒前・卒後一貫教育による

臨床実習の AppreciativeInquiryによる検討

工藤義之 岸光男

柳谷隆仁 遠藤憲行

粛藤亮 浅川麻美

大平千之 岡田伸男

高谷直伸 古川 良 俊

織田展輔 瀬川

熊谷啓二 中村弥栄子

金村清孝 古屋純一

八木賞 佐藤健一

柴崎信 星野正行

浅野明子 野 村 太 郎

清 三浦康行

抄録平成 18年4月に発足した岩手医科大学歯学部総合歯科臨床教育センターでは，臨床実習生が研修歯科医

とともに一口腔単位でのグループ医療に参加する，卒前・卒後一貫臨床教育による臨床実習を実施した.本学臨

床実習の改善を目的として総合歯科臨床教育センター教員による Appreciativelnquiryを活用したミーティン

グ(AIミーティング)を開催し，有用性と改善方策について検討した.AIミーティングでは，臨床実習におげる

総合歯科臨床教育センターの潜在カの発見(ディスカパリング)と潜在力の中心要素(ポジティプコア)の抽出，

臨床実習における理想像(ドリーム)の構築，ならびに理想像達成のための変革設計(デザイン)を行った.そ

の結果，総合歯科臨床教育センターで実施した「認定医，専門医による一口腔単位のグループ医療に基づいた卒

前・卒後一貫臨床教育Jがポジティプコアとして抽出された理想像として「卒前・卒後臨床教育の発信源とな

るリが掲げられ，グループ医療に基づいた一口腔単位の卒前・卒後一貫臨床教育を拡大し臨床実習の中心とす

ることで，本学臨床実習の改善が図られることが示唆された.

キーワード 臨床実習，卒前・卒後一貫臨床教育， AI (Appreciative lnquiry)，ポジティプコア，グループ

インタビュー，グループ医療

緒言

歯科医学教育を取り巻く環境の大きな変化は，平成9

年の「歯学における教育プログラム研究・開発事業jに

はじまり，平成 13年に f21世紀における医学・歯学教育

の改善方策について一学部教育の再構築のために-Jが

報告され1)，カリキュラム改革，臨床実習開始前の学生の

評価システム，診療参加型臨床実習の充実，教育開発能

力の推進が提言されるにいたった.平成 17年度からは

CBT，OSCEからなる共用試験が正式実施された.歯科

医学教育において PBLテュートリアル教育などが導入

され23)，各大学独自の特色ある改革が実施されている.

平成 18年度には歯科医師臨床研修が義務化された.

岩手医科大学歯学部総合歯科臨床教育センタ一
平成 19年8月2日受付

平成 19年9月25日受理

岩手医科大学においては，平成 13年度に，歯学教育モ

デルコアカリキュラムに沿ったカリキュラム変更を実施

し，平成 15年度からは PBLテュートリアル教育を導入

した.平成 16年度からは本学主催の歯科医師臨床研修指

導歯科医ワークショップを開催し，指導歯科医の養成に

努め，平成 19年 3月現在，助教以上の臨床系教育職員の

ほとんどが指導歯科医の資格を有するにいたっている.

平成 18年 4月には認定医，専門医の資格を有する 25名

で構成する総合歯科臨床教育センターが開設された.総

合歯科臨床教育センターでは保存系，補綴系，口腔外科

系の認定医，専門医グループが一口腔単位の治療方針を

立案して診療を行うグループ医療を実践した.このグ

yレープ医療に臨床実習生が臨床研修歯科医とともに参加

する形態での卒前・卒後一貫臨床教育を実践した.

Appreciative lnquiry (AI)は Cooperrider，Whitney 

らによって考案され，組織を構成するメンパーへのイン

タビューを通じて，すでに組織内に存在する潜在力を発
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表 1 Appreciative Inquiryミーティング日程

セッション 1 17 : 40~17 : 45 AIミーティング趣旨説明 全 体 5分

セッション 2 17: 45~18 : 00 AIミーティングの進め方 全体 15分

セッション 3 18 : 00~18 : 30 臨床実習における総合歯科臨床教育セ グループ討議 30分

ンターの潜在力の発見とポジティプコ 発表・質疑応答20分
セッション 4 18 : 30~19 : 00 ア(潜在力の中心要素)の抽出 全体発表

全体討論 10分

休 憩 19: 00~19 : 10 

セッション 5 19 : 10~19 : 40 臨床実習における理想像(ドリーム) グループ討議 30分

の構築と理想像(ドリーム)達成のた
全体発表

発表・質疑応答20分
セッション 6 19 : 40~20 : 10 めの変革設計(デザイン) 全体討論 10分

セッション 7 20 : 1O~20 : 30 総評

見し組織の理想像を描き，潜在力を活かした理想像達成

のための変革設計を提案・実施する組織改革技法←6)であ

る.AIは，日本歯科医学教育学会主催，歯科医師臨床研

修プログラム責任者・副プログラム責任者ワークショッ

プηや歯科医師臨床研修指導医ワークショップ剖などで

も紹介され，多くの組織で広く活用されている附. AI 

ミーティングの実施規模は，組織全メンバーが多数の場

所で長期間にわたって実施する「ホール・システム 4Dダ

イアログJ，数千から数百万人規模で実施される「マス・

モーピライズド・インクワイアリーJ，少人数の参加者が

短期間で実施する iAIラーニングチームjなど種々の方

法があるめ.実施形態についても， 1対 1のインタビュー

形式やグループインタビュー形式，オンラインインタ

ビュー形式などがある的.

今回われわれは，本学臨床実習の改善を目的として平

成 18年度に総合歯科臨床教育センターで実施した，グ

yレープ医療に基づいた一口腔単位の卒前・卒後一貫臨床

教育による臨床実習について，グループインタビュー形

式で iAIラーニングチームj規模の AIミーティングに

て有用性と改善方略について検討したので報告する.

対象および方法

1.総合歯科臨床教育センターでの臨床実習

総合歯科臨床教育センターでは認定医，専門医あるい

は指導医のいずれかの資格を有する 27名の教員が臨床

実習生90名を担当した.実習期間は第 5学年7月から第

6学年6月までの 12カ月間で，期間内に臨床実習生みず

からが実施する新患医療面接2症例， 1人の患者に対し

て新患医療面接，治療計画立案の後に診療に参加する一

口腔単位1症例，臨床研修歯科医が治療計画を発表する

症例検討会への 2回の参加を最少実習単位(ミニマムリ

クワイヤメント)とした.一口腔単位症例では， POS 

(Problem Oriented System)プロトコールに基づいてプ

全 体 20分

ロプレムリスト，治療計画を立案の後に，総合歯科臨床

教育センターで実施しているク.ループ医療の一員として

担当症例の診療をマネージメントし，患者の同意が得ら

れ安全が確保できる場合には，実際に診療を行った.ま

た研修歯科医もこのグループ医療に参加して臨床研修を

行った

2. AIミーティングの実施

総合歯科臨床教育センターにて臨床実習を担当した教

員を対象として， AIミーティングを平成 19年4月10日

に表 1に示した日程で開催した.初めに AIミーティン

グ開催趣冒と今回の AIミーティングの進め方について

説明した後，グループあるいは参加者全員で以下の作業

を行った.

1 )臨床実習における総合歯科臨床教育センターの潜

在力の発見とポジティプコアの抽出

「臨床実習における総合歯科臨床教育センターの潜在

力」について，あらかじめカードに記入して参加者か将

参した.参加者は 2グループに分かれ，各自がカードに

記入した潜在力について説明し，それをグループメン

バー全員が傾聴するグループインタビュー形式で潜在力

発見を行った.それらのカードを島分けしたのち，ポジ

ティプコアを抽出した.各グループの潜在力抽出の結果

を発表し全員で討論した.

2 )本学臨床実習における理想像の構築，理想像達成

のための変革設計

各グループに分かれ「総合歯科臨床教育センター臨床

実習における理想像jについて参加者が一人ずつ述べ，

それをグループ全員が傾聴した後に討論して理想像をま

とめた.さらに，ポジティプコアを活かして理想像を実

現するための変革設計を各グループで検討した. この理

想像と変革設計について各グループが発表・討論し，全

体としての理想像と変革設計を作成した.

- 66-



総合歯科臨床教育センターにおりる卒前・卒後一貫教育による臨床実習の AppreciativeInquiryによる検討 321 

表 2-1 臨床実習における岩手医科大学総合歯科臨床教育センターの潜在カ(グループ1)

グループ1

〈一口腔単位での治療〉

-初診から治療終了時までの一口腔単位における診療の流れ

を把握できる. (4) 

・一口腔単位での治療計画立案ができる. (12) 

〈グループ医療〉

・各科の専門医がチームを組んでいる.

・グループ医療を体験できた. (4) 

・講座枠にとらわれない教育ができた.

〈人的資源(指導者)>

・ライターの数が多い. (3) 

・多くのライターがよりよく改善しようと考えている.

・すべての診療科の臨床経験豊富な専門医が集まっている.

(4) 

〈卒前・卒後臨床教育が一貫して行える〉

.5年~卒後へと連続して実習，研修が行える.

・臨床研修を学生のうちからみることができる. (3) 

・卒後に臨床研修へ移行することを踏まえると，個々の力量

が把握しやすい.

〈学生と患者さんとのコミュニケーションがとれる〉

・医療面接の技術・態度が身につく. (3) 

・一連の治療を見学することで，患者さんとのコミュニケー

ションがとれる. (6) 

〈ライターの負担の軽減化〉

・ライターが学生のケースに追われることがない.

〈患者さんが治療を受けやすい環境になった〉

• J患者さんを多数の臨床実習生で囲むことがない.

〈物的資源に優れている〉

・外来のスペースが広い.

〈リクワイヤメントの数から質への転換ができる〉

〈大学病院内の新患の流れが理解できる〉

<POSを実践する環境が整っている〉

〈センター長が改革の必要性を感じている〉

-臨床実習生が(研修医も)患者さんを病める人と捉えられ

るようになった.

・医療面接を実施することで臨床実習生に緊張感が出た.(2) 

-学生が診療をマネージメントするので，自覚が出てしっか

りしてきた.

-他科の先生とコミュニケーションがとれる.

-指導者が専門分野の異なるドクターの意見を聞くことがで

きる. (3) 

・臨床実習生が複数の専門領域の指導者の考え方を知ること

ができる. (2) 

-研修歯科医が臨床実習生を指導している. (5) 

・臨床実習生を研修歯科医が指導することで，研修歯科医も

勉強になっている.

-いろいろな患者さんがいることを知ることができる. (4) 

・医療面接を行うことで，早い時期から緊張感をもって実習

できる.

• 1カ所での治療が可能である.

-初診時の医療面接のスペースが広くとれる.

結 果

AIミーティング参加者は，平成 18，19年度の総合歯科

臨床教育センター教員 27名中 22名であった.各グルー

プで臨床実習における総合歯科臨床教育センターの潜在

力として抽出した結果を表2-1， 2-2に示した.潜在力と

して多くの参加者が抽出したのは「卒前・卒後一貫教育J
「グループ医療Jr一口腔単位診療Jr患者さんとのコミュ

ケーションがとれるJであった.

各グループが描いた本学臨床教育における理想像と理

想像達成のための変革設計を表 3-1， 3-2に示した.表現

の違いは認められるものの，いずれのグループも総合歯

科臨床教育センターが臨床教育の中心となることを理想

像として描き出した.変革設計においても総合歯科臨床

( )の数字は同一意見数を示す

教育センターにかかわる人員を増員する点で一致した.

AIミーティングの全体討議で得られた結果として提出

されたプロダクトを図 1に示した.

考 察

1. AIミーティング

今回の AIミーティングでは， AIの 4Dサイクルと呼

ばれる 4つのプロセスのうちの，潜在力の発見(ディス

カパリング)，理想像(ドリーム)の構築，変革設計(デ

ザイン)について実施した.Cooperrider， Whitneyらが

提唱した州AIでは，あらかじめ作成したインタビューガ

イドに従ってインタビューを実施し，それぞれの参加者

の体験のなかから潜在力を探り出し，ポジティプコアと

称する潜在力の中心要素を抽出する.その後各参加者が

- 67ー



322 日歯教誌 Vol. 23 No.3 2007 

表 2-2 臨床実習における岩手医科大学総合歯科臨床教育センターの潜在カ(グループ2)

グループ2

〈一口腔単位のグループ医療〉

• 1つの診療室でさまざまな領域の治療を経験できる. (10) 

・患者さんが診療室を移動しなくてよい.

・グループ医療を経験できる. (2) 

・初診から終診までの診療を経験できる. (4) 

・初診から担当するため臨床実習生と患者さんとのコミュニ

ケーションがとりやすい. (3) 

・初診から担当するため臨床実習生に責任感が出た.

.各専門科で行う指導を含んだ臨床実習である.

くよい治療法の討論〉

-症例検討会に参加できる. (2) 

・臨床実習に向いている症例が多い (2) 

〈モチベーションの向上〉

-臨床実習生が治療に少しでも携わることにより意識の維持

ができる.

〈病院内での治療の流れがわかる〉

-病院の新患の流れやシステムが理解できる. (2) 

〈医療面接〉

-指導歯科医が各科から来ている.

・さまざまな先生方の診療に対する姿勢が学べた.

.身近な存在である研修歯科医が近くにいる.

・研修歯科医が臨床実習生を指導することで研修歯科医の勉

強になる. (3) 
・研修歯科医が臨床実習生を指導することで研修歯科医が指

導することの難しさを理解した.

-治療計画立案を行うことが勉強になる (3) 

・プロプレムリストに対応した治療計画立案ができる.

-患者数が多いので緊張感をもって実習に臨めた.

-医療面接を臨床実習生が実践できる. (2) ・熱心に聞き出そうとする臨床実習生の姿があった. (2) 

・初診時の患者さんの生の訴えを聞くことができる. (2) ・来院動機の不明な患者さんに接することができる.

〈大学の一体化〉

・自分の専門分野以外の分野についてその場で聞くことがで ・大学全体が総合歯科をパックアップしている

きる. (7) ・各科の壁が少し低くなった.

〈卒前後の流れがよくなる〉

-臨床実習生が指導歯科医師と面識ができ，臨床研修がス ・臨床実習生を知ることができた

ムーズになる. (2) ・研修歯科医の研修を知ることができる. (3) 

〈スタップ〉

・頼りになる衛生士が多い. ・歯科衛生士から学ぶことも多い.

・臨床研修医が， ドクターと歯科衛生士との連携を見学でき ・指導者が多い.

る.

〈ハード面の利点〉

.x線室が近い. ・診療室が広い.

互いに理想像を語り，傾聴し理想像を描き，この理想像

に向かつてポジティプコアをもとにした変革設計を提

案・実行する.今回の AIミーティングでは，時間的制約

から，あらかじめ参加者が潜在力と考える事項について

カードに記入し，それをもとにしたグループインタ

ピュー形式で実施したが問題なく実行することができ

た.これは参加者が教育ワークショップや指導歯科医

ワークショップの経験者であり，カードに記載してのグ

ループ作業に精通していたために実行可能であったと考

えられた.本学においては教育職員のほとんどがワーク

ショップ経験を有することから，今回用いたカードに記

入したのちにグループインタビューを行う方法は，学部

全体規模での AIミーティングにも応用可能であると考

えられた.

( )の数字は同一意見数を示す

2.総合歯科臨床教育センターにおける臨床実習の潜在

力，理想像および変革設計

総合歯科臨床教育センターにおける臨床実習の潜在力

の発見では， ["卒前・卒後一貫教育J["グループ医療J["一

口腔単位診療J["患者さんとのコミュケーションがとれ

るjについて多くの参加者が潜在力として抽出した.

総合歯科臨床教育センターでは，臨床実習生と研修歯

科医が同じ診療室で，同じ患者を対象として一口腔単位

でのグル}プ医療に参加して臨床実習，臨床研修を行っ

た.今回の AIミーティングの結果から，臨床実習生が臨

床研修の場で研修歯科医とともに臨床実習を行うこと

で，臨床研修に対する理解が深まり臨床研修がスムーズ

になるものと考えられた.また，臨床実習生の教育にか

かわることで研修歯科医の研修にも有効に作用したと考

えられた.多くの参加者が， ["卒前・卒後一貫臨床教育J
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表 3-1 理想像と変革設計(グループ1)

グループ1

〈理想像〉

・総合歯科臨床教育センターが臨床教育の発信源となる.

・卒前臨床教育の基盤を担う(不足している領域を専門科

で補う). 

-総合診療室独自での教育スタッフを育成する.

.良識のある開業医を育成する.

・診療参加型の卒前教育で，卒後即戦力になる研修歯科医

を育成する.

・一口腔単位での症例の学習を重視する.

.卒前・卒後一貫臨床教育を充実する.

〈変革設計〉

・一口腔単位症例をさらに増やす.

・教員の人員配分を再検討し，総合歯科臨床教育センター

のマンパワーを増加する.

-歯学部全教員の指導力を生かすような発想の転換をす

る.

表 3-2 理想像と変革設計(グループ2)

グループ2

〈理想像〉

・歯科臨床教育の発信地となる.

〈変革設計〉

-各専門科を越える専門性を有する総合歯科.

総合歯科にかかわるドクターを増やす.

総合歯科に対する意識の変革.

ステータスを与える.

・卒前の時点で診査，診断，治療計画の立案ができる.

.患者がたくさん来る.

臨床実習生が診ると治療費を安くする.

・臨床実習生のための協力(型)施設がある.

.臨床教育に熱心な外部の先生を集める.

-患者，スタッフなど多方面の人々とコミュニケーション

がとれる.

人と触れあう機会を増やす(外部にも出す). 

.優秀な院内生が実習に出てくる.

臨床実習開始前の学年の指導を強化する.

図 1 AIミーティングの全体討議で得られたポジティプコア，理想像，変革設計

を潜在力として抽出したことから，総合歯科臨床教育セ

ンターでの卒前臨床教育に有効なシステムであることが

示唆された.

総合歯科臨床教育センター臨床実習では，臨床実習生

が 1人の患者について初診時医療面接，一口腔単位治療

計画立案，診療までを実施した.医療面接スキル，一口

腔単位治療計画立案能力の習得はもとより，初診から同

じ患者を担当することで臨床実習生が患者を「病める歯J
ではなく， r病める人Jとして捉えるようになり，コミュ

ニケーション能力と責任感の向上が認められたものと考

えられた. このような全人的医療に必要な態度，技能に

ついては，患者と断片的に接する各専門科別のケース制

での実習形態では習得が困難であると考えられた.また

保存，補綴，口腔外科の認定医，専門医によるグループ

医療に臨床実習生が参加したことで，さまざまな領域の

診療を同じ患者，同じ診療室で体験できることが総合歯

科臨床教育センター臨床実習の大きな潜在力であると考

えられた.

各グループが描いた本学臨床教育における理想像と理

想像達成のための変革設計をもとに参加者全員で検討し

た結果，r総合歯科臨床教育センターが臨床教育の発信源

となるJを本学臨床実習の理想像として描き出した.さ
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らに， Iグループ医療に基づいた一口腔単位の卒前・卒後

一貫臨床教育の拡大が本学臨床実習を改善するJという

変革設計を掲げた.これは，各専門科での豊富な臨床実

習指導経験を有する参加者が専門科別のケース制による

臨床実習の限界を感じ，総合歯科臨床教育センターで実

践した一口腔単位に基づいたグループ医療による臨床実

習の有用性を認めたことから掲げられたと考えられた.

具体的な変革設計としては，グループ医療にかかわる教

員を増員し，グループ医療に基づいた一口腔単位の卒

前・卒後一貫臨床教育を臨床実習の中心とすることで本

学臨床実習の向上が図れることが示唆された.このため

には病院スタッフの再編成，意識改革が必要であると考

えられた.今回の AIミーティング参加者は総合歯科臨

床教育センター教員のみであったことから，本学におけ

る臨床実習の改善のためには学部教員全員が参加して臨

床実習の改革について検討する必要があると考えられ

た.

結 論

平成 18年度岩手医科大学歯学部総合歯科臨床教育セ

ンターで実施した，グループ医療に基づいた一口腔単位

の卒前・卒後一貫臨床教育による臨床実習について， AI 

ミーティングを開催して有用性と改善方策について検討

した結果，以下の結論を得た.

1.総合歯科臨床教育センターにおける臨床実習のポ

ジティプコアは， I認定医・専門医による一口腔単位のグ

lレープ医療に基づいた卒前・卒後一貫教育jである.

2.グループ医療にかかわる教員を増員し，グループ

医療に基づいた一口腔単位の卒前・卒後一貫臨床教育を

臨床実習の中心とすることで，本学臨床実習の改善が図

れることが示唆された.
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Investigation of U ndergraduate Clinical Training by Continuous Education 

from Undergraduate to Postgraduate Education in Education Center 

for Clinical Dentistry by Appreciative Inquiry 

KUDOU Yoshiyuki， KISHI Mitsuo， KUMAGAI Keiji， NAKAMURA Yaeko， 

YANAGIDANI Takahito， ENDO Noriyuki， KANEMURA Kiyotaka， FURUYA Junichi， 

SAITOU Makoto， ASAKA W A Asami， Y AGI Minoru， SA TO Kenichi， 

OODAIRA Chikayuki， OKADA Nobuo， SHIBAZAKI Makoto， HOSHINO Masayuki， 

TAKAYA Naonobu， FURUKAWA Yoshikazu， ASANO Akiko， NOMURA Taro， 

ODA N orisuke， SEGA W A Kiyoshi and MIURA Hiroyuki 

Education Center for the Clinical Dentistry， Iwate Medical University School of Dentistry 

Abstract The Education Center for Clinical Dentistry， Iwate Medical University School of Dentistry， 

was founded started in April 2006. Our Center is in charge of undergraduate c1inical training and postgradu-

ate c1inical training. Students in the undergraduate c1inical training joined the group treatment by au出orized

doctors and specialists in conservative dentistry， prosthetic dentistry and oral surgery， in our Center from 

April 2006， with dental residents in the postgraduate c1inical training course. In order to improve the 

undergraduate dental training course in Iwate Medical University， an Appreciative Inquiry meeting was held 

on April 10， 2007. Twenty-two instructors joined出ismeeting， at which participants performed an apprecia-

tive interview concerning the potential power of the E足iucationCenter for Clinical Dentistry in the under-

graduate c1inical training. Participants envisioned and designed the ideal style of undergraduate c1inical 

training in Iwate Medical University. This Appreciative Inquiry meeting revealed that the group treatment 

by authorized doctors and specialists in conservative dentistry， prosthetic dentistry and oral surgery， and the 

continuous education from undergraduate to postgraduate c1inical training， carried out in our Center， were 

positive cores of our organization. It was proposed that this continuous education based on group treatment 

by authorized doctors and specialists be expanded to improve the undergraduate c1inical training in Iwate 

Medical University. 

Key words undergraduate c1inical training， continuous education， AI (Appreciative Inquiry)， positive 

core， group interview， group treatment 
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柴崎信1)

織 田 展 輔1)

瀬川清1)

三 浦 贋 行1)

岸光男1)

遠藤憲行1)

浅川麻美1)

岡田伸男1)

古川良俊1)

野村太郎1)

藤原秀世4)

工藤義之1)

柳谷隆仁1)

驚藤亮1)

大平千之1)

高谷直伸1)

大久保卓也1)

抄録 すべての研修歯科医が訪問診療，地域歯科保健活動を含む地域医療について修得し，へき地における歯

科医療を経験することを目的として，平成 18年度岩手医科大学歯科医療センターの臨床研修プログラムでは，国

民健康保険診療施設歯科診療所9施設において研修協力施設研修を実施した 岩手県国民健康保険診療施設歯科

部会が研修受け入れ施設を対象として実施したアンケート結果をもとに，研修の分析と改善点の抽出を行った.

多くの施設が歯科保健活動，他職種との連携，訪問診療に関連する行動呂標を設定した.訪問診療，歯科保健活

動はほとんどの施設で実施された.受け入れ側の歯科医師は研修歯科医が研修目標をある程度達成したと考えて

いた.研修歯科医の態度についてはすべての施設からおおむね良好であると評価された研修歯科医の受げ入れ

が大きな負担となった施設があったことから，今後は研修期間の延長と各施設に適した人数調整などの改善が必

要である.また 8施設の歯科医師が今後も研修歯科医の受け入れが必要であると考えていた.今回の研修を通じ

て歯科保健活動，訪問診療を含む地域医療およびへき地における歯科医療を研修歯科医全員が修得することが可

能であった.

へき地医療，国民健康歯科医師臨床研修，研修協力施設，歯科保健活動訪問診療，地域医療，

保険診療施設歯科診療所

キーワード

形成する卒直後の時期に，基本的診察能力の習熟に加え

て，生涯にわたる研修を行うためのより広範囲の歯科医

療についての知識，態度および技能を修得することは重

要である.研修修了後の歯科医師の多くは地域医療に携

わることから，地域医療について修得することは必須で

ある.さらに，歯科医師の多くは都市部に集中するため

に，へき地では歯科医師不足が生じていることから，へ

き地における歯科医療について卒直後に経験することも

重要である.

岩手医科大学歯科医療センターでは平成 10年度から

歯科医師臨床研修を単独型研修にて開始した.平成 15年

度からは複合型研修へと移行し，管理型臨床研修施設で

8カ月，協力型臨床研修施設で4カ月の研修を実施し

た2) 平成 17年度までの本学歯科医療センター臨床研修

プログラムでは地域歯科保健活動，訪問診療を含む地域

言

研修歯科医が研修に専念できる環境整備を目的とし

て，歯科医師臨床研修制度が平成 18年度から義務化され

た.1歯科医師臨床研修必修化に向けた体制整備に関する

検討会」報告書川こは，研修歯科医師が患者中心の全人的

医療を理解したうえで，歯科医師としての人格を酒養し，

総合的な歯科診療能力を身につけ，臨床研修を生涯研修

の第一歩とすることが示されている.歯科医師の基盤を

緒

。岩手医科大学歯学部総合歯科臨床教育センタ一

回岩手医科大学歯学部歯科補綴学第一講座

3)奥州市国民健康保険まごころ病院歯科口腔外科

・)普代村国民健康保険歯科診療所

平成 19年8月31日受付

平成 19年9月25日受理
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表 1 研修協力施設の所在地，盛岡からの行程，所要時間および施設番号

施設名 所在地 盛岡からの行程/所要時間施設番号

洋野町国民健康保険 岩手県九戸郡洋野町 135 km/4時間20分 l 

大野歯科診療所

普代村国民健康保険 岩手県下閉伊郡普代村 137 km/3時間01分 2 

歯科診療所

田野畑村国民健康保険 岩手県下閉伊郡田野畑村

歯科診療所

133 km/3時間09分 3 

岩泉町国民健康保険 岩手県下閉伊郡岩泉町

岩泉歯科診療所

大船渡市国民健康保険岩手県大船渡市三陵町

歯科診療所

一関市国民健康保険 岩手県一関市室根町

室根歯科診療所

一関市国民健康保険 岩手県一関市千厩町

千厩歯科診療所

135 km/3時間 14分 4 

153 km/3時間48分 5 

125 km/1時間53分 6 

115 km/1時間57分 7 

西和賀町国民健康保険岩手県和賀郡西和賀町沢内村

沢内病院

57 km/1時間50分 8 

八幡平市国民健康保険岩手県八幡平市荒屋新町

安代診療所

59 km/ 51分 9 

医療について，管理型臨床研修施設での 4~6 月の講義に

おいて知識を修得し，医療現場での修得は協力型臨床研

修施設に委ねられていた.しかし地域歯科保健活動や

訪問診療についてはすべての協力型臨床研修施設で実施

されてはおらず，研修歯科医全員が修得することは困難

であった.また，協力型臨床研修施設のうちへき地に該

当するのは 1施設であったため，数名の研修歯科医がへ

き地における歯科医療を経験するにとどまっていた.

国民健康保険診療施設は，昭和 13年の国民健康保険法

の施行に伴い地域住民の保健，医療の向上を目的として

設置され，現在では医療サービスの提供に加えて保健，

福祉サービスまでを総合的に提供する地域包括医療の拠

点として活動し，地域医療に貢献している幻.岩手県にお

いては 47の国民健康保険診療施設が開設され，そのうち

13施設が歯科診療を行っている.また，国民健康保険診

療施設が医師・歯科医師不足解消を目的として設置され

た経緯から，岩手県においては多くがへき地に開設され

ている.

歯科医師臨床研修において病院，診療所，保健所，社

会福祉施設，介護老人保健施設，へき地・離島診療所な

どの研修協力施設におげる 1カ月以内の研修が認められ

ている叫.岩手県国民健康保険診療施設の歯科部長で構

成される岩手県国民健康保険診療施設歯科部会に，研修

協力施設として研修への参加を要請したところ 9施設の

協力が得られた.そこで，すべての研修歯科医が地域歯

科保健活動，訪問診療を含む地域医療を修得し，へき地

における歯科医療を経験することを目的として，平成 18

年度本学歯科医療センター臨床研修プログラム5)ではこ

の9施設を研修協力施設として研修を実施した.今回の

研修の受け入れ母体である岩手県国民健康保険診療施設

の歯科部会が，研修受け入れ施設を対象として実施した

アンケート結果をもとに，研修の分析と改善点の抽出を

行った.

対象および方法

平成 18年度本学歯科医療センター歯科医師臨床研修

プログラム5)において，国民健康保険診療施設歯科診療

所 9施設を研修協力施設として登録し研修を実施した.

表 lに施設名，所在地，盛岡からの行程，所要時間およ

び施設番号を，図 1 に所在地の地図を示した 9~12 月の

4カ月間に研修歯科医 55名全員を対象として 3日間の

日程で研修を実施した.岩手県国民健康保険診療施設歯

科部会が研修協力施設9施設を対象として，平成 19年3

月に表2に示した項目についてアンケート調査を実施し

た.

結果

研修目標，研修内容，研修日程および研修目標の理解

度についてのアンケート結果を表 3~5 に示した.歯科保

健活動，他職種との連携，訪問診療についての研修目標

を多くの施設が研修目標とした研修内容は一般歯科診

療への参加，歯科検診への参加，訪問診療への参加，介
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表 2

研修目標と研修内容を記入してください.

研修日程を記入してください.

研修歯科医は研修目標を理解したと思いますか.

研修歯科医の研修中の態度はどうでしたか.

受け入れた研修歯科医数と受砂入れ人数についての意見を記入してください.

宿泊施設の確保について記入してください.

研修歯科医を受げ入れてよかったと思いますか.

研修歯科医を受け入れる必要性について記入してください.

施され，活動内容は乳幼児歯科保健活動，学校検診，学

校でのフッ素塗布，成人検診，介護認定審査会の見学，

障害者施設での口腔調査と口腔ケアであった.研修目標

の理解度については 8施設が「ある程度理解したJ，1施

設が「何ともいえないJと回答した.

研修歯科医の態度についてのアンケート結果を表6に

護認定審査会の見学，学校保健会会議の見学などであっ

た.一般歯科診療への参加はすべての施設で実施された.

8施設で訪問診療が実施され，訪問先は主に特別養護老

人ホームと患者居宅であった. 1施設においては診療施

設を持たず，巡回診療車で主に無歯科医地域を巡回する

訪問診療であった.歯科保健活動については 7施設で実

7
4
 

7
i
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施設番号

表 3 アンケート結果(研修目標と研修内容)

研修目標 研修内容

地域医療を理解する

包括的口腔ケアの考え方と手法を理解する.

チーム医療を理解する.

2 

保健医療の連携を理解する.

学校歯科検診活動から歯科保健を理解する.

診療所に来院する地域住民(患者)について理解

する.

3 高齢者の福祉を理解する.

学校歯科保健を知る.

診療姿勢を考える.

他職種との連携を理解する.

市の保健行政との連携を知る.

4 無歯科医地区における診療を理解する.

特殊環境におげる診療を理解する.

他職種との連携を理解する.

施設におげる訪問診療を理解する.

居宅における訪問診療を理解する.

予防活動を体験する.

訪問診療を体験する.

歯科保健活動を体験する.

5 

6 

7 

高齢者の口腔ケアを体験する.

歯科診療を体験する.

他職種との連携を理解する.

歯科保健事業に参加する.

国保直診の歯科保健事業の概要を理解する.

一般歯科診療に参加する.

地域医療について理解する.

当村や当施設の全体像について理解する.

医療連携(診療情報交換)を行う.

地域との関わりについて理解する.

8 

9 

高齢者への対応を理解する.

保健医療を中心とした地域の歴史についての講義

総合成人検診，幼児歯科検診と指導，保健所歯科検診，障害

者施設での口腔調査，病棟での口腔ケア，特別養護老人ホー

ムでの口腔ケア，在宅訪問歯科診療への参加

総合成人検診，幼児歯科検診と指導，保健所歯科検診，障害

者施設での口腔調査，病棟での口腔ケア，特別養護老人ホー

ムでの口腔ケア，在宅訪問歯科診療への参加

学校保健会会議の見学

歯科保健教材を用いての講義，学校歯科保健活動への参加

一般診療における患者さんとのコミュニケーションの見学

スタッフからの説明

介護認定審査会の見学

学校歯科検診の見学，歯科講話の補助

水平診療の見学

特別養護老人ホームの訪問診療と口腔ケアの見学と研修

リハビリ教室での口腔ケアの講話の補助

介護予防教室での歯科検診の補助

巡回診療車での診療への参加

巡回診療車での診療への参加

特別養護老人ホーム，老健施設での訪問診療への参加

特別養護老人ホーム，老健施設での訪問診療への参加

居宅での訪問診療への参加

中学校でのフッ化物洗口の見学

訪問診療への参加，へき地における歯科治療の見学

診療所で行っている乳幼児対象の保健事業，市で行っている

歯科検診の見学

特別養護老人ホームでの口腔ケアの介助

診療の実施と見学

特別養護老人ホームでの訪問診療への参加

学校歯科検診の実施

指導樹科医によるプレゼンテーション

診療の実施と症例提示

勉強会，交流会への参加

勉強会，交流会への参加

併設医療機関との患者情報の交換の見学，実施

学校医や検診などの重要性の講義

検診などへの参加

特別養護老人ホームでの診療や訪問診療に参加

示した.研修歯科医の態度についてはすべての施設から

「おおむね良好であったJr熱心であったJr好感がもてたj

などの回答があったが，積極性の不足を指摘する回答が

4施設から指摘された.受け入れ人数についてのアン

ケート結果を表 7に示した.受け入れ人数は 1.-...-10名で

平均6名であった「受け入れ人数が適切であるJと回答

したのは 5施設， rやや多いJと回答したのが 1施設， r限
界であるjと回答したのが3施設であった.

宿泊施設と問題点についてのアンケート結果を表8に

示した.日帰りで研修した 2施設以外の 7施設では宿泊

施設が必要であった施設と宿泊施設との聞の公的交通

手段がなかったこと，食事の調達が困難であったことが

問題点として指摘された.

研修歯科医受け入れの良否についてのアンケート結果

を表 9に示した. 1施設が「善し悪しはないJと回答し，

残りの 8施設は「受け入れてよかった」と回答した.
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アンケート結果(研修日程)表 4

3日目

歯科外来診療

学校検診

2日目

歯科外来診療

特別養護老人ホームでの研修

1日目施設番号

1 

特別養護老人ホームでの口腔ケア

特別養護老人ホームでの口腔ケア

巡回診療車での無歯科医師地区にお

ける歯科診療

口腔ケアの見学と実習

歯科外来診療

歯科外来診療

歯科外来診療

乳幼児の保健事業見学

巡回診療車での無歯科医師地区にお

りる歯科診療

居宅における訪問診療

歯科外来診療

予防活動研修(中学校でのフッ化物

塗布) (日程により実施日を変更)

歯科外来診療

学校歯科検診の見学，歯科講話の補

助

介護認定審査会の見学

2 

3 

4 

5 

特別養護老人ホームの訪問診療と口

腔ケアの見学と研修

歯科外来診療

介護予防教室での歯科検診の補助

歯科外来診療

水平診療の見学

リハビリ教室での口腔ケアの講話の

補助

歯科外来診療

当村や当施設の全体像についての勉

強会

6 

歯科外来診療

訪問診療(日程により実施日を変更)

歯科外来診療

保健医療を中心とした地域の歴史紹

介

障害者施設での口腔調査

在宅訪問診療

歯科外来診療

特別養護老人ホームにおける診療，

歯科外来診療

総合成人病検診

歯科外来診療

歯科外来診療

総合成人病検診

歯科外来診療

地域医療概要勉強会

関連施設見学

歯科外来診療

乳幼児の保健事業見学

巡回診療車での無歯科医師地区にお

ける歯科診療

特別養護老人ホームの訪問診療

歯科外来診療

訪問診療，へき地における歯科治療

の見学(日程により実施日を変更)

歯科外来診療

学校歯科保健を知る

7 

8 

障害者施設での口腔調査

学校保健会会議への参加

幼児歯科検診と歯科指導

保健医療を中心とした地域の歴史紹

介の講義

特別養護老人ホームでの口腔ケア 病棟口腔ケア

歯科外来診療 歯科外来診療 歯科外来診療

学校歯科検診，乳幼児検診，学校歯科保健活動・地域歯科保健活動(期間中にあれば優先的に実施)

9 

アンケート結果(研修目標の理解度)

1 
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表 5

研修目標の理解

3日間では短いが，国保診療所で行われている診療・保健活動の一端を理解していったようである.こういうとこ

ろに勤務したいと感想を漏らす研修歯科医も存在した.

3日間という短い期間なので，何ともいえない.

診療形態はおおむね理解したと思う.

訪問診療の重要性は理解したと思う.

少し広い視野で歯科をみることができたと思う.

十分な理解を得られるには時間的に無理であったが，一般開業医との違いは理解したと思う.

個人差はあるが地域医療の位置付けなどある程度理解したと思う.

浅くではあると思うが理解したと思う.3日間の研修では限界があるが，卒後，特に 1年目には大切な研修である

と思う.

基本的な目標は少しは理解されたと思う.歯科医師の基本能力の修得になったと思う.

施設番号

9 

3
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7
4
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アンケート結果(研修歯科医の態度)表 6

研修態度

全員まじめで研修の態度はよかった.

おおむね熱心に研修していた.

1名が積極性に欠けていたように感じられた.

研修中はおおむね良好であった.一部一般常識に欠ける面があった

真面目で大人しいが，積極性に欠けていた

9人中 8人はまじめな態度で研修に積極性がありよかった.

残念ながら 1人は遅刻し，なおかつ研修に消極的であった.

学生とは違う社会人としての態度には好感がもてる.

コミュニケーションもよくとれ，診療に対する態度も比較的良好であった

おおむねよかった.

全体的には研修する態度ができていたと思う.

個々によっては，研修に対する意欲や目的が足りない研修歯科医もみられた

施設番号

。九υ
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Fhd

p
o
n
t
o
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n
F
 

1 

2 

アンケート結果(受げ入れ人数と人

数に対する意見)

表 7

人数に関する意見

適切である

適切である

やや多い

限界である

適切である

限界である

限界である

適切である

適切である

受砂入れ人数

E
O
円

d
n
F
唱

i

唱

i
p
O
A
U
F
O
A
U

'Eム
唱

a
A

施設番号

1

2

3

4

5

6

7

8

9

 

アンケート結果(宿泊施設と問題点)表 8

問題点

宿泊施設との交通手段で苦慮した

事務長が送迎した

食事で苦慮した

食事で苦慮した

宿泊施設

1人目は医師宿舎，その後は町内の宿泊施設

研修センターが手配

宿泊施設を紹介し研修センターが手配

不要(実家から通勤)

不要(日帰り)

宿直室を確保

近隣の宿泊施設を確保

宿泊施設を紹介し研修センターが手配

宿泊施設を紹介し研修センターが手配

施設番号

唱

ー

の
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n日 職員の車で送迎した

平成 17年度までの本学歯科医療センター臨床研修プ

ログラム2)では地域医療について， r保険診療を実践す

るJrチーム医療を実践するJr地域医療に参画するJr地
域保健活動を説明するJr歯科訪問診療を説明するJr歯
科訪問診療を体験するJr医療連携を説明する」を行動目

察考

研修歯科医受け入れの必要性についてのアンケート結果

を表 10に示した.無記入であった 1施設以外のすべての

施設が，研修歯科医の受げ入れは必要であると回答した.

その根拠として，国民健康保険診療施設が地域保健活動

を含む地域医療の修得に適していることが，複数の施設

から回答された.
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アンケート結果(受け入れの良否)表 9

よかった

よかった

よかっTこ

よかった

善し悪しはない

よかった

よかった

よかった理由

自分自身の襟元を正すことができた次年度から協力型施設となるため研修

指導を経験できたこと.

受げ入れ側もよい刺激を受けたこと.

巡回診療車による特殊な診療を多くの人に知って頂いたこと.

受け入れについて

よかった

施設番号

日常診療とは違う緊張感があり，改めて自己研鎖する機会ができたこと.

これからの歯科医療を担う人に地域医療に関心をもっきっかけをもっ手助け

ができたこと.自分の仕事を見直すきっかザとなったこと.

職員全員が受け入れに参加したため診療所の活性化が図れたこと.

1 

ヮ
“
司
d
A
U
Z
F
b
ι
υ

巧

d
R
U

よかった9 

アンケート結果(受け入れの必要性)

1 

表 10

受け入れの必要性

開業医と違う保健活動や施設連携，地域への参加という意味で歯科医の卵である研修歯科医にはよい刺激となる

と恩われるので受け入れるべきである.

受げ入れは大変であるが，こちらの勉強にもなるので受げ入れたい.

国民健康保険歯科診療施設は公的な役割が大きく，開業医が果たしにくい分野も多いため積極的に受け入れるべ

きである.

医科など他職種との連携がある国民健康保険歯科診療施設こそが研修歯科医を受付入れていく必要がある.

日常の歯科診療とともに地域での歯科保健活動を行っている国民健康保険歯科診療施設を研修歯科医に知っても

らうとともに，大学関係者にもその存在意義を理解してもらえるよい機会になる.

一般開業医との違いを経験できるので必要である.

施設番号

2 

3 

4 

5 

地域医療の修得には国民健康保険歯科診療施設は適した研修施設であり，これからの歯科医療においてますます

重要となる保健・福祉との連携，地域との連携を研修にも適しているので受け入れは必要である.

開業診療所と異なり，国民健康保険歯科診療施設はその地域で設置した感があるため，より地域を向いた診療所

になっていることから，地域医療について修得するのに適しているため受け入れが必要である.

ι
u
n
d

虫
U

9 

ついては 8施設で実施され，ほとんどの研修歯科医が修

得することが可能であったしかし研修日程と訪問診

療の日程が一致しなかったために 1施設において実施さ

れなかった.保健活動について本学臨床研修プログラム

では，盛岡保健所，北上保健所，花巻保健所を研修協力

施設とした 2日間の研修も実施した.さらに今回の国民

健康保険診療施設歯科診療所研修で，乳幼児歯科保健活

動，学校検診，学校でのフッ素塗布，成人検診，介護認

定審査会の見学，障害者施設での口腔調査と口腔ケアな

どの保健活動を実際に現場で体験した.保健所研修によ

る行政側からの修得に加えて，医療現場での保健活動を

実際に修得したことは，研修歯科医にとって貴重な経験

になったものと考えられた.研修日程と歯科保健活動の

日程を調整できなかったために 2施設において保健活動

が実施されなかった.今後は，研修協力施設の訪問診療

ならびに歯科保健活動の日程に合わせて研修日程を調整

することが必要であると考えられた.

標とした.これらの行動目標のうち， r保険診療を実践す

るJrチーム医療を実践するJr地域医療に参画するJr医
療連携を説明する」については，管理型臨床研修施設で

ある本学総合歯科および協力型臨床研修施設での研修で

修得可能であった.一方， r歯科訪問診療を説明するJr歯
科訪問診療を体験するJr地域保健活動を説明するjにつ

いては，一部の協力型臨床研修施設で実施されており，

研修歯科医全員が修得することは困難であった.国民健

康保険診療施設は医療サービスの提供に加えて保健，福

祉サービスまでを総合的に提供する地域包括医療の拠点、

として活動していることから，地域歯科保健活動，訪問

診療を含む地域医療の修得に適している施設であると考

えられた.すべての研修歯科医が地域歯科保健活動，訪

問診療を含む地域医療について修得することを目的とし

て，平成 18年度本学歯科医療センター臨床研修プログラ

ム5)L_'は国民健康保険診療施設歯科診療所9施設を研修

協力施設として研修を実施した.その結果，訪問診療に

5
 

，i 
7
4
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受け入れ施設側の歯科医師は研修歯科医が研修目標を

ある程度達成したと考えていた.しかし，複数の施設か

ら研修目標達成のためには 3日間の研修日程は短いとの

指摘があったことから，研修日数について検討する必要

があると考えられた.

研修歯科医の態度についてはすべての施設からおおむ

ね良好であると評価されたこれは，本学臨床研修プロ

グラムの 4~6 月の初期研修において態度教育を重点的

に指導した効果が現れたものと思われた.しかし，一部

に一般常識に欠ける研修歯科医の存在を指摘されたこと

から，指導歯科医が個々の研修歯科医の特徴を十分に把

握して，研修前に指導する必要があると考えられたま

た，研修に対して消極的であったとの回答が4施設から

あったため，国民健康保険診療施設歯科診療所研修の目

的，到達目標について，研修以前に十分に理解させる必

要があるものと考えられた.

移動手段は安全に配慮して自家用車の使用を避砂て公

的交通機関を利用させたが，施設がへき地に立地してお

り，公的交通機関の連絡が悪く到着が午後になる施設が

4カ所あった.これらの施設については前日に到着する

ように日程を変更する必要があると考えられた.また，

施設と宿泊施設の移動や食料調達のために公的交通手段

がほとんど利用できなかったために，研修先の職員に送

迎や食事の手配などの負担をかける結果となった.この

点については，自家用車による移動あるいはタクシーの

利用などの改善策を講ずる必要があると考えられた.

7施設の歯科医師が，平成 18年8月に実施した岩手医

科大学主催第3回指導歯科医講習会で指導歯科医資格を

取得予定であったことから，研修開始を 9月とし，路面

凍結，吹雪などの交通手段への影響を懸念して研修修了

を12月とした 4カ月聞に 55名の研修歯科医を受付入

れたことが，施設によっては負担となった一因であると

考えられた.今後は研修開始を 7月として研修期間を延

長するとともに，アンケート結果をもとに施設ごとの人

数を調整して，受け入れ側の負担を軽減する必要がある

ものと考えられた.

無回答の 1施設以外の 8施設で研修歯科医を受け入れ

てよかったとの回答があった. この理由として，研修歯

科医の受け入れを機にみずからを見直すきっかけとなり

受け入れ側が活性化されたことが理由として挙げられ

た.このことから，研修歯科医を受け入れることのメリッ

トが受け入れ側にもあったことが明らかとなった.労力，

診療効率の面で少なからず負担であったにもかかわら

ず，今後も研修歯科医の受け入れが必要であるとの回答

が8施設からあった.これは，受け入れ側の歯科医師が，

国民健康保険診療施設歯科診療所は地域包括医療の拠点

として活動していることから地域医療の修得に適してい
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ると考えているためであることが明らかとなった.

歯科医師過剰時代の現在でも歯科医師の多くは都市部

に集中するため，へき地においては歯科医師が不足して

いる.歯科医師の多くはへき地における歯科医療につい

て経験することは少なく，本学の卒前教育においてもへ

き地における歯科医療については座学にとどまり，実際

に経験する機会はない.平成 17年度研修までの本学臨床

研修プログラム2)ではへき地に該当する協力型臨床研修

施設は 1施設で，すべての研修歯科医がへき地における

歯科医療を経験するのは困難であった.へき地における

歯科医療の担い手の育成のためには，一人でも多くの歯

科医師がへき地におげる歯科医療について経験すること

が重要であると考えられた.へき地における歯科医療に

ついては，研修協力施設研修として離島研修を一部の研

修歯科医に対して実施しているプログラム閉がみられ

る.また，協力型臨床研修施設の一部がへき地に該当す

るプログラム8，9)もみられる.しかし研修歯科医全員を

対象としたへき地におげる歯科医療の研修はみあたらな

い.今回研修を行った 9カ所の国民健康保険診療施設歯

科診療所は，市町村合併以前にはすべての施設がへき地

に該当した.しかし，旧三陸町が大船渡市と合併したこ

とで大船渡市国民健康保険診療施設がへき地から除外さ

れた.へき地から除外されたものの旧三陸町の歯科事情

については合併以前と変更がなく，へき地とほぼ同様な

環境での研修が可能であった.研修に参加した研修歯科

医のなかには「このような施設に勤務したいjとの希望

を述べた者が存在したことからも，今回の研修がへき地

における歯科医師不足の改善の端緒となる可能性がある

ものと考えられた.

今回の研修を通じて多くの研修歯科医が訪問診療，地

域歯科保健活動を含む地域医療およびへき地における歯

科医療について修得することが可能であった.研修歯科

医が卒直後の時期にこのような経験をしたことは非常に

有意義であったと考えられた.さらに，受け入れ側の国

民健康保険診療施設歯科診療所の多くの歯科医師が本研

修の必要性を認識し，今後の受け入れについても前向き

であることが明らかとなった今後も改善を加えながら，

国民健康保険診療施設歯科診療所における協力施設研修

を継続していきたいと考えている.

結論

平成 18年度岩手医科大学歯科医療センター歯科医師

臨床研修プログラムに参加した研修歯科医 55名全員を

対象として，国民健康保険診療施設歯科診療所9施設を

研修協力施設とする研修を 3日間の日程で実施した.岩

手県国民健康保険診療施設歯科部会が研修を実施した 9
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施設を対象として，平成 19年 3月に実施したアンケート 4)厚生労働省.歯科医師法第 16条の 2第 1項に規定する臨

結果をもとに，研修の分析と改善点の抽出を行った結果， 床研修に関する省令(平成 17年厚生労働省令第 103号)• 

以下の結論を得た. 東京:厚生労働省;2005. 
5)岩手医科大学歯科医療センター.平成 18年度版臨床研修

1.多くの研修歯科医が地域歯科保健活動，訪問診療
ノート.盛岡:岩手医科大学歯科医療センター;2006. 

を含む地域医療歯科医療について修得することができ
6) 日本大学歯学部医療人養成 GPプロジェクト推進委員

た.
会.へき地医療等における医療系大学・学部の医療活動

に関するシンポジウム事後報告書.東京:日本歯科大

学;2007. 

7)鹿児島大学総合診療部.総合診療部ホームページ.鹿児
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2.研修歯科医全員がへき地における歯科医療につい

て経験することができた.

3.訪問診療や地域保健活動の日程を考慮した研修日

程の策定が必要である.

4.研修人数，研修期間，管理型臨床研修施設と研修

協力施設聞の移動ならびに研修協力施設と宿舎との移動

手段について改善する必要がある.
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ポジティプチェンジに基づいたワークショップによる

平成 18年度岩手医科大学歯科医師臨床研修の検討

工藤義之1)

柳谷隆仁1)

粛藤亮1)

大平千之1)

高谷直伸1)

岸 光 男1) 熊谷啓二1)

遠藤憲行1) 金村清孝1)

中村弥栄子1)

古屋純一2)

佐 藤 健 一1)

星野正行1)

浅野明子1)

浅川麻 美1) 八木 賓1)

岡田伸男1) 柴崎 信1)

古川 良 俊1) 織田展輔1)

三浦慶行1)

抄録岩手医科大学歯科医療センターでは，全身管理と地域医療を特色とした複合型研修プログラムに沿って

平成 18年度歯科医師臨床研修を実施した.研修プログラムの評価ならびに改善を目的として，本学歯科医療セン

ターで歯科医師臨床研修を行った研修歯科医 49名および指導歯科医 18名の参加のもと， iよい点Ji強み」すな

わち潜在力を抽出し，それらを活かして組織改善を図る，いわゆるポジティプチェンジに基づいたワークショッ

プを開催した.ワークショップでは，本学歯科医師臨床研修におりる潜在カの抽出と，その潜在力を活かした改

革方略について検討した.その結果，管理型臨床研修施設での研修を主に担当している総合歯科臨床教育センター

で平成 18年4月から実施している保存，補綴，口腔外科の認定医，専門医，指導医によるグループ医療が本学歯

科医師臨床研修の潜在力の中心(ポジティプコア)として抽出された歯科医師臨床研修の改革方略としてグルー

プ医療をさらに充実させることで，本学歯科医師臨床研修を改善できる可能性が提案されたグループ医療の充

実のためには，総合歯科臨床教育センターで採用している POS(Problem Oriented System)プロトコールの有

効利用による情報共有の強化，ならびにグループ医療に参加する口腔外科系指導歯科医の増員が必要であること

が示唆された

キーワード 歯科医師臨床研修，ワークショップ，ポジティプチェンジ，潜在カ，ポジティプコア

緒言

全人的医療の実践を目的として，平成 18年度から医療

系大学問共用試験が正式に実施され，歯科医師臨床研修

制度が義務化された厚生労働省が「歯科医師臨床研修

必修化に向砂た体制整備に関する検討会j報告書川こ例

示した到達目標は，総論的枠組みにとどまり，それぞれ

の研修施設での特色あるプログラムの立案，実施が可能

となっている.

岩手医科大学歯科医療センターでは，複合研修方式で

プライマリステージ (4~6 月)，セカンダリステージ前期

り岩手医科大学歯学部総合歯科臨床教育センタ-
2)岩手医科大学歯学部歯科補綴学第一講座

平成 19年 8月31日受付

平成 19年 9月25日受理

(7~10 月) ，セカンダリステージ後期 (11~2 月)，およ

びファイナルステージ (3月)のスケジュールで研修を実

施した.プライマリステージでは，オリエンテーション

と基礎知識・基本技術修得のための研修を行った2) セカ

ンダリステージの研修は管理型臨床研修施設と協力型臨

床研修施設でそれぞれ4カ月間行った.管理型臨床研修

施設での研修は主に総合歯科臨床教育センターで行っ

た.総合歯科臨床教育センターでは，認定医，専門医あ

るいは指導医のいずれかの資格を有する 25名の指導歯

科医が，初診患者の医療面接，および図 1に示したグルー

プ構成で一口腔単位に基づいたグループ診療を実践し

た.研修歯科医はいずれかの小グループに所属し，副主

治医として診療に参加した.ファイナルステージでは，

総合歯科臨床教育センターおよび各専門科での特別研修

ならびに最終発表会を行った.

研修を終えるにあたり，本年度の研修を評価し，今後
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の臨床研修の充実を図るために研修歯科医および指導歯

科医から研修に対するそれぞれの意見を聴取する必要が

あると考えられた.指導歯科医ワークショップベ教育

ワークショップ叫などで採用されている問題解決志向型

アプローチは，組織の一部のメンバーが，差し迫ったニー

ズに対して問題認識と原因究明の後に実行可能な解決策

を探し出し解決する方法である.本アプローチは組織の

弱点を解決するうえでは即効性があり有効な技法である

が，決定事項を上意下達で実施するため組織全体のモチ

ベーションの向上は期待できず，新しいビジョンを生み

出すことが少ない5)とされている.一方， AI (Apprecia-

tive InQuiry)などのポジティプチェンジによる組織改革

では，すでに組織内に存在する潜在力を構成メンパー全

員で抽出し，その潜在力をさらに伸ばして組織改革を図

中グループ l 

小グループ 1 小グループ 2

保存指導歯科医 保存指導歯科医

補綴指導歯科医 補綴指導歯科医

口腔外科指導歯科医 放射線指導歯科医

研修歯科医

6~8 名

中グループ 2 

小グループ 3 小グループ 4

保存指導歯科医 保存指導歯科医

補綴指導歯科医 補綴指導歯科医

口腔外科指導歯科医 補綴指導歯科医

研修歯科医

6~8 名

図 1 総合歯科臨床教育センターにおける指導歯科医と

研修歯科医の配置

る技法5.6)として近年注目されている.

そこで，研修歯科医および指導歯科医を対象としたポ

ジティプチェンジに基づいたワークショップを開催し，

平成 18年度本学歯科医師臨床研修の潜在力と改革方略

について検討したので報告する.

対象および方法

平成 18年度に本学歯科医療センターにて歯科医師臨

床研修を行った研修歯科医，および研修指導を担当した

総合歯科臨床教育センタ}指導歯科医を対象としたワー

クショップを，平成 19年3月 15日に開催した.ワーク

ショップの日程は表 1のとおりである.参加者を研修歯

科医4グループ，指導歯科医2グループに分けた.

テーマは，

1 )管理型臨床研修施設研修

2 )協力型臨床研修施設研修

3 )指導歯科医

4 )研修歯科医

とした.研修歯科医グループがテーマ1， 2， 3，指導歯科

医グループがテーマ1， 4について検討した.今回のワー

クショップは，本学歯科医師臨床研修の「よい点jや「強

みJすなわち潜在力を各グループで抽出し，その結果を

発表した.続いて，その潜在力を活かして歯科医師臨床

研修を改革する方略についてグループ討議および全体討

議を行った.

結果

ワークショップ参加者は，研修歯科医 55名中 49名

(89%)，指導歯科医 25名中 18名(72%)であった.テー

マ 1~4 についての「よい点J r強み」すなわち潜在力と

して各グループで抽出した項目を表 2-1， 2-2， 2-3に示

した抽出された項目は，管理型臨床研修施設研修につ

いて 35項目，協力型臨床研修施設研修について 35項目，

研修歯科医について 22項目，指導歯科医について 14項

表 1 ワークショップ日程

趣旨説明 17 : 15~ 全体

セッション 1 17 : 20~17 : 40 「よい点Jr強み」の抽出，鳥 グループ討議

セッション 2 17: 40~18 : 50 分け 全体討議

休憩 18 : 40~18 : 50 

セッション 3 18 : 50~19 : 30 fよい点Jr強みJを活かした グループ討議

セッション 4 19 : 30~20 : 30 改善方略の提案 全体討議

総評 20 : 30~ 全体
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表 2-1 岩手医科大学歯科医療センター歯科医師臨床研修の潜在カ (1よい点J1強みJ)として抽出された項目

(管理型臨床研修施設研修)

管理型臨床研修施設研修

〈専門性を活かしたグループ医療〉

-指導歯科医に専門性があり，研修歯科医がいろいろな分野

の知識・技術を学べる. (2/1) 
・各分野の指導歯科医がいることでさまざまなアドバイスが

もらえる. (0/2) 

・スキルアップした研修歯科医はいろいろな症例にチャレン

ジできる. (1/0) 

・専門性の高い患者様も受け入れることが可能である.(2/0) 

・自分で立てた治療計画に基づき治療を行えた. (1/0) 

・歯周治療の計画を立てることができた. (1/0) 

・一連の治療の流れを理解させることができる. (1/0) 

・指導歯科医同士のレベルを向上できた. (2/0) 

・各指導歯科医の専門性を活かせる. (1/0) 

・治療方法にバリエーションがある. (1/0) 

〈新患医療面接〉

・新患を多くとることができた研修歯科医がいた. (0/1) 

・新患を担当する研修歯科医の基準が不明確である. (0/2) 

・新患担当研修歯科医が決まっているのに，他の研修歯科医

が呼ばれる. (0/2) 

〈大学に残ることの意義〉

・研修歯科医に大学に残る興味をもたせることができた.

(1/0) 

〈良好なコミュニケーション〉

・学内マッチングにより所属グループを決めた. (1/0) 

〈治療内容〉

-診療の数より質を重視している. (0/1) 

・治療が丁寧であった. (0/1) 

〈病棟研修〉

・全身管理の修得に有効である. (1/0) 

くシステム〉

-患者様のメリットが多い. (1/0) 

・グループ医療は機能するとよい. (1/0) 

・補綴系指導歯科医が多い. (0/1) 

・口腔外科系指導歯科医が少ない. (0/1) 

・技工が少ない. (0/1) 

・所属グループによって時間の制約が違う. (0/1) 

・所属グループによって患者の数が異なる. (0/1) 

・所属グループや研修歯科医によって研修内容に差がある.

(0/1) 

・症例が少ない. (0/1) 

・ 1 人の患者様に対して 5~6人の研修歯科医が見学してい

る場合がある. (0/1) 

-新患を担当する研修歯科医側の体制ができていない.(1/1) 
・新患を受げ持った数が，研修歯科医聞で差がある. (0/1) 

-大学に残る研修歯科医が増えた. (1/0) 

-飲み会が盛り上がった. (0/1) 

-患者さんに信頼されている. (0/1) 

・書類，評価システムなどの提出物が多く，それに時間を費 ・事務的な仕事が一部の研修歯科医に集中した (0/1)

やすことが多かった. (0/1) 

(指導歯科医の意見数/研修歯科医の意見数)/下線は問題点抽出を示す

目の合計 106項目であった.106項目のうち，潜在力を抽

出したのは 87項目で，問題点を抽出したのは 19項目で

あった.潜在力として抽出された項目は，管理型臨床研

修施設研修では， I専門性を活かしたグループ医療JI新

患医療面接JI大学に残ることの意義JI良好なコミュニ

ケーションJI治療内容JI病棟研修J，協力型臨床研修施

設研修では， I大学とは異なる治療経験JI数多くの治療

経験JI開業医のシステムの理解JI地域全体とのつなが

りJIスタップとの付き合い方JI勉強会への参加JI精神

面の鍛錬J，研修歯科医では， I研修歯科医のモチベーショ

ンJI研修に対する意識JI研修歯科医の態度JI研修内容」

「評価方法JI研修歯科医同士のコミュニケーションJ，指

導歯科医では「優しい指導JI適度な距離での指導JI診
療以外での指導」についてであった.全体として，潜在

‘、『ーー--晶、
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力として抽出された項目が最も多かったのは.1専門性を

活かしたグループ医療Jであった.

各グループが提案した潜在力を活かした歯科医師臨床

研修の改革方略を表3-1，3-2に示した.方略として提案

された項目は，管理型臨床研修施設研修では， I専門性を

活かしたグループ医療JIプライマリステージ研修の充

実JI研修プログラムの複数化JI指導歯科医のモチベー

ションの向上JI大学愛JI研修歯科医の事務作業の分担J，
協力型臨床研修施設研修では， I協力型臨床研修施設研修

のシステムの改善JI研修歯科医聞の体験の共有J，研修

歯科医については， I研修歯科医のモチベーションの向

上JI研修に対する研修歯科医の意識向上JI研修歯科医

の積極性の向上JI優しい指導JI社会性の習得J，指導歯

科医については， I指導態度の向上JI適度な距離での指
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表 2-2 岩手医科大学歯科医療センター歯科医師臨床研修の潜在力 (1よい点J1強みJ)として抽出された項目

(協力型臨床研修施設研修)

協力型臨床研修施設研修

〈大学とは異なる治療経験〉

・インプラントを見学できた.

.往診を経験できた.

.新しい治療が見学できた.

・さまざまな症例を経験できた.

〈数多くの治療経験〉

・多くの患者をみることができた. (2) 

・治療がたくさんできた.

・多彩な患者と触れ合った.

・幅広い年齢層の患者をみることができた.

・大学ではみない年齢層の患者をみることができた.

〈開業医のシステムの理解〉

-開業医の経営に関して少しわかった.

-開業医の治療について学ぶことができた.

く地域とのつながり〉

-地域とのつながりの大切さを学べた.

.新しい人との出会いができた.

〈スタッフとの付き合い方〉

・スタッフの重要性を学べた.

・スタップとの付き合い方を学んだ.

〈勉強会への参加〉

-勉強会があった.

.勉強会に参加できた

く精神函の鍛錬〉

・精神的に鍛えられた

・子供嫌いがなくなった.

く施設数〉

・他県の協力型臨床研修施設の数が少ない.

導jであった.なかでも「専門性を活かしたグループ医

療Jrプライマリステージ研修の充実Jr協力型臨床研修

施設研修のシステムの改善Jr研修歯科医のモチベーショ

ンの向上Jr研修に対する研修歯科医の意識向上Jr研修

歯科医の積極性の向上Jr指導態度の向上Jについての方

略が多く提案された.

考察

1.ポジティプチェンジによる組織改革

今回のワークショップは， rよい点Jr強みJすなわち

潜在力を抽出し，それらを活かして歯科医師臨床研修を

よりよくする方略を提案する，いわゆるポジティプチェ

ンジに基づいた形式で行った.参加者の一部で問題解決

志向型アプローチによる問題点の抽出を行ったため，

ファシリテータがポジティプチェンジの方向へと誘導し

た.しかし，潜在力抽出および方略の結果の一部に問題

-大学ではみられない治療を見学できた

.歯科治療以外の研修もできた

・内科の研修もできた.

・最新の診療機器に触れることができた

-長期にわたって患者と接することができた.自分で手に負

える症例かどうかの判断が少しわかるようになった.

・実際に治療を行うことができた.

・治療のスピードに慣れた

・治療の時間配分がわかった

-開業医を見学，体験できてよかった

-大学と開業医の違いを知ることができた. (2) 

-人とのつながりが広がった

-研修先の地域になじむことができた.

-スタッフから教えてもらえた.

-自分の勉強不足を知ることができた

-責任感がついた.

( )の数字は同一意見数を示す/下線は問題点抽出を示す

解決志向型の表現が存在した.これは，指導歯科医ワー

クショップヘ教育ワークショップ4)などの多くが，問題

解決型アプローチに基づいた形式で実施されているた

め，参加者が問題解決志向型の発想から脱却できなかっ

たことが原因と考えられた.今後，ポジティプチェンジ

による組織改革を推進するためには，学内への啓蒙活動

を行う必要があると考えられた.

2.潜在力の発見およが漕在力を活かした改革方略の提案

指導歯科医，研修歯科医ともに多くの参加者が「専門

性を活かしたグループ医療Jを管理型臨床研修施設研修

での潜在力として抽出した.総合歯科臨床教育センター

の前身である総合診療室では， 1人の患者を 1人の指導

歯科医が治療計画立案から治療までを担当する，いわゆ

るワンドクター・ワンペーシェント形式で行い，研修歯

科医は 1人の指導歯科医の指導を受けていた.ワンドク

ター・ワンペーシェント形式では，治療方針と研修歯科
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表 2-3 岩手医科大学歯科医療センター歯科医師臨床研修の潜在カ <fよい点Jf強みJ)として抽出された項目

(研修歯科医，指導歯科医)

研修歯科医

〈研修歯科医のモチベーション〉

・やる気のある研修歯科医が増えた

.研修後半に自主性が芽生えた.

・やる気がある研修歯科医は伸びた

.努力する研修歯科医が増えてきた

く研修に対する意識〉

・研修歯科医としての自覚が出てきた

・時聞を上手に使える研修歯科医がいた

く研修歯科医の態度〉

・協力型臨床研修施設での研修終了後に態度が改善した.

〈研修内容〉

・トレーニング量によって，治療に差が出た.

〈評価方法〉

・技術と知識を分けて評価できた

〈研修歯科医同士のコミュニケーション〉

.7年間一緒に過ごしているので付き合いやすい.

〈時間〉

・無駄な時聞がある.

.時間が空く.

指導歯科医

〈優しい指導〉

・怒らなかった.

-アドバイスをくれた.

.誉めてくれた.

・反省点を指導してくれた.

〈適度な距離での指導〉

・安心できた.

・見て学べる.

〈診療以外での指導〉

・勉強会を聞いてくれた.

医の指導が指導歯科医の専門分野に偏る傾向があった.

平成 18年 4月の総合歯科臨床教育センターへの組織変

更を機に，診療体制を保存系，補綴系，口腔外科系の認

定医，専門医がグループを編成して，一口腔単位の治療

計画立案から治療までを担当するグループ医療へと変更

した. この変更により専門性を活かした質の高い歯科医

療の提供が可能となった.このグループ医療に参加する

形式での歯科医師臨床研修により，保存，補綴，口腔外

科のバランスがとれた指導が可能となったために，指導

歯科医，研修歯科医の両者が「専門性を活かしたグルー

プ医療Jを潜在力として抽出したと考えられた.また，

表 3-1に示したグループ医療充実のための潜在力を活か

した方略を分類すると，r情報共有のいっそうの充実Jrグ

ループ指導歯科医の専門性のバランスの確保Jrグループ

枠を越えた指導体制の確保jの3点であった. r情報共有

-昼休みでも研修歯科医が診療に協カ的であった

.朝早くから来ている研修歯科医がいる.

・いつも外来で頑張っている研修歯科医がいる.

-研修歯科医が少し積極的になってきた

-研修歯科医が外来に出てくるようになった.

-新卒と既卒のレベルの差が，自己研修で小さくなった

-症例検討会を担当した研修歯科医は評価しやすい.

-研修歯科医同士が和気あいあいとしていた.

-暇な時聞がある.

.空いた時間を有効に使えない.

-能力に応じて指導してくれた.

・コミュニケーション能力を育ててくれた.

.治療させてくれた.

.患者を担当させてくれた.

-責任を与えてくれた.

・とっさの対応を学べた.

-宴会の席での指導がよかった.

下線は問題点抽出を示す

のいっそうの充実Jについては，平成 18年度から総合歯

科臨床教育センターで採用している POSに基づいたプ

ロトコールを十分に活用して指導歯科医間の情報共有を

強化することで，グループ医療を充実できる可能性が提

案された. rチーム指導歯科医の専門性のバランスの確

保Jrチーム枠を越えた指導体制の確保」については，小

グループ内に口腔外科指導歯科医が所属していないグ

ループから提案された方略であった.口腔外科指導歯科

医が配置されていなしユ小グループに所属する研修歯科医

の担当患者に，口腔外科処置が必要な場合には，中グルー

プ内の口腔外科指導歯科医のもとで治療を行った. しか

し総合歯科臨床教育センターの初診患者の担当グルー

プ決定はおもに主訴によって行い，口腔外科関連の主訴

の場合に口腔外科指導歯科医が在籍するグループが担当

した.このために口腔外科指導歯科医が配置されていな
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表 3-1 岩手医科大学歯科医療センター歯科医師臨床研修改革のための方略

(管理型臨床研修施設研修，協力型臨床研修施設研修)

管理型臨床研修施設研修

〈専門性を活かしたグループ医療〉

• POSプロトコールで情報共有を強化する.

• POSプロトコール内容を共有する.

・指導歯科医の勉強会を開催する.

・所属グループ以外の指導歯科医での研修ができるようにす

る. (2) 

・所属グループ枠を越えての研修を増やす(特に口腔外科

系). 

〈プライマリステージ研修の充実〉

・協力型臨床研修施設研修開始前の研修内容を充実させる.

・協力型臨床研修施設研修開始前の高頻度治療のトレーニングの機会(場所・時間)を増やす. (2) 

・協力型臨床研修施設研修開始前に管理型臨床研修施設の指導歯科医が研修歯科医を評価する機会をつくる. (2) 

く研修プログラムの複数化〉

-研修コースを複数化し選択できるようにする ・専門性の比重の異なる研修コースを増やす.

.歯科以外の研修日数を増やす.

〈指導歯科医のモチベーションの向上〉

.コミュニケーションの会を企画する.

〈大学愛〉

・講座間の情報交換を行う.

く研修歯科医の事務作業の分担〉

-業務分担をシステム化して各グループの持ち回りにする. ・連絡網などで次のグループへの連絡を行う.

-臨床実習生を含めた研修をより充実させる.

.グループ内での症例検討会を開催する.

-各グループの指導歯科医の専門分野をバランスよく分け

る.

・各グループの患者数の偏りを少なくする.

協力型臨床研修施設研修

〈協力型臨床研修施設研修のシステムの改善〉

.協力型臨床研修施設での研修を長くする.

-後輩に協力型臨床研修施設の情報を伝える.

・協力型臨床研修施設研修の研修内容が偏らないようにす

る.

く研修歯科医聞の体験の共有〉

・協力型臨床研修施設での体験を研修歯科医が共有する

-協力型臨床研修施設を評価する.

.協力型臨床研修施設を厳選する.

・見学だけの協力型臨床研修施設をなくす.

いグループでの口腔外科症例が少なくなったものと考え

られた.各小グループに口腔外科指導歯科医を配置する

ことで，口腔外科症例の偏りを改善できる可能性が提案

された. Iプライマリステージ研修の充実jについては，

協力型臨床研修施設研修で数多くの診療に参加できるた

め，プライマリステージ期間に高頻度治療の基本技術を

獲得することで，より充実した協力型臨床研修施設での

研修が可能になると考えたために提案されたものと思わ

れたさらに，協力型臨床研修施設研修開始以前に協力

施設指導歯科医が研修歯科医と接触して評価する機会を

設定するという方略が提案された.この点に関しては 18

年度プログラムにおいては考慮されていなかったため，

管理委員会などで検討して改善を図る必要があると考え

られた.

協力型臨床研修施設研修では， I大学とは異なる治療経

験JI数多くの治療経験JI地域全体とのつながりJI開業

( )の数字は同一意見数を示す

医のシステムの理解Jを，潜在力として多くの参加者が

抽出した. I大学とは異なる治療経験jについては，管理

型臨床研修施設研修での研修目標に設定されていない訪

問診療やインプラントを経験することができたために，

潜在力として挙げられたと考えられた.また， I地域全体

とのつながりを学べる」については，管理型臨床研修施

設研修では地域保健活動や訪問診療を実施しておらず修

得が困難であるために，潜在力として挙げられたと考え

られた平成 18年度の 1日平均診療患者数が，総合歯科

臨床教育センターは 60人，協力型研修施設は 57人で

あった.セカンダリステージにおいては総合歯科臨床教

育センターでは前期 30名，後期 25名，研修協力施設で

は 1 施設あたり 1~2 名が研修した.研修歯科医 1 人あた

りの 1日平均患者数が圧倒的に多いことから， I数多くの

治療経験」が協力型臨床研修施設の潜在力として挙げら

れたと考えられた協力型臨床研修施設研修の潜在力と
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表 3-2 岩手医科大学歯科医療センター歯科医師臨床研修改革のための方略(研修歯科医，指導歯科医)

研修歯科医

〈研修歯科医のモチベーションの向上〉

-ょいところを的確にほめる. ・研修歯科医が主体となって治療計画を立案する.

・指導歯科医と研修歯科医のコミュニケーションを充実させ ・指導歯科医による症例検討会を開催する.

る.

〈研修に対する研修歯科医の意識向上〉

-研修歯科医に患者様の対応について責任をもたせる.

→患者様からの感謝の気持ちを味わう.

→やりがいが出る，態度がよくなる.

.環境を変えた研修を組み込む.

→研修に対する意識の向上を図る.

・研修終了歯科医のよい体験談を聞かせる.

.自分が行った治療に対する報酬を知る.

→時間意識，コスト感覚を高める.

く研修歯科医の積極性の向上〉

・自分で何ができるかを研修歯科医自身がアピールする.

・学ぶ意識を今以上に高くもつ.

・研修歯科医みずから仕事を探す.

.自主的に練習する.

〈優しい指導〉

・研修歯科医が意欲的態度で接する.

.お互いに常に笑顔で接する.

く社会性の習得〉

・研修前に人とのコミュニケーションがしっかりできるよう

にする.

・研修前に一般的なマナーをしっかり身に付けておく.

.人間性を向上させる.

指導歯科医

く指導態度の向上〉

-研修歯科医をプラス思考で指導する. (2) 

・威圧的態度でなくする.

〈適度な距離での指導〉

-何かあったときに即時対応できるような距離(アイコンタ

クトできるぐらいの距離)で指導する.

して挙げられた 4項目はいずれも，歯科医療センター単

独では達成が困難な項目であることから，厚生労働省が

示した到達目標1)を達成するために本プログラムで複合

型臨床研修を選択したことの妥当性が示唆された.協力

型臨床研修施設研修では「協力型臨床研修施設のシステ

ムの改善Jについて多くの方略が提案された.具体的に

は，より多くの協力型研修施設の情報を研修医に提供す

る必要があると考えられた.さらに，協力型研修施設で

の研修内容を把握したうえで評価して，施設を厳選する

必要があることが示唆された.

研修歯科医では， i研修歯科医のモチベーションJi研

修に対する意識Jを多くの参加者が潜在力として抽出し

た.これは，研修に対するモチベーションが高い研修歯

-研修歯科医同士のライパル意識を刺激する.

.臨床実習生の指導を補助させる.

→教えることで研修歯科医自身の研修になる.

.他の研修歯科医との切援琢磨.

・交流会(勉強会)を増やす.

-研修が始まる前に見学などして雰囲気に慣れておく.

・研修歯科医が予習，復習をする.

・研修歯科医が勉強を増やし基礎を見直す.

-研修歯科医が向上心をもっ.

-研修歯科医が謙虚な姿勢で臨む.

-先輩の言うことを素直に聞く.

.院長の信頼を得る.

.患者の前でおどおどしない.

-イライラしない.

.研修歯科医にあたらない.

-診療アポイントを重複させない.

.患者様を任せっぱなしにしない.

( )の数字は同一意見数を示す

科医が存在し，その研修歯科医の成長が著しかったこと

から，潜在力として抽出されたと考えられた.この潜在

力を活かした方略として， i研修歯科医のモチペーション

の向上Ji研修に対する研修歯科医の意識向上jについて

具体的方略が提示された参加者の多くが，研修の改善

のためには，研修歯科医のモチベーションと意識の向上

が重要であると考えていることが明らかとなった.その

他の方略として挙げられた項目「研修歯科医の積極性の

向上Ji社会性の習得Ji優しい指導jについては，抽象

的な方略にとどまっていたことから，具体的な方略につ

いて今後検討する必要があると考えられた.

指導歯科医では， i優しい指導Ji適度な距離での指導」

を多くの参加者が潜在力として抽出した. i優しい指導j
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については，学内指導歯科医ワークショップで紹介した

コーチングが実践された結果であると考えられた. しか

し改革方略において「指導態度の向上jが挙げられた

ことから，一部の指導歯科医が十分にコーチングを実践

していないと推測された. FDなどにより指導歯科医の

コーチングスキルを向上する必要があると考えられた.

f適度な距離での指導Jについても潜在力，改革方略のい

ずれにも挙げられたこれも，一部の指導歯科医が適切

な距離での指導を実践していないと推測され，研修歯科

医が診療中には，アイコンタクトのとれる位置で見守る

必要があると考えられた.

全体として抽出された項目が最も多かった潜在力は，

「専門性を活かしたグループ医療Jであったことから，本

学歯科医師臨床研修の潜在力の中心(ポジティプコア)

であると考えられた.改革方略についても抽出された項

目が最も多かったのは， r専門性を活かしたグループ医

療」であったことから，今回提案されたグループ医療に

関係する改革方略を中心に，本学歯科医師臨床研修の改

革を進めていくべきであると考えられた.

結論

ポジティプチェンジに基づいたワークショップを開催

し，平成 18年度本学附属病院歯科医療センターでの歯科

医師臨床研修の潜在力と改革方略について検討した結

果，以下の結論を得た.

1.本学歯科医師臨床研修の潜在力の中心(ポジティ

プコア)は，総合歯科臨床教育センターで実施されてい

る保存系，補綴系，口腔外科の認定医，専門医，指導医

によるグループ医療である.

2. グループ医療をさらに充実させることで本学歯科

医師臨床研修を改善できる.グループ医療の充実のため

には，総合歯科臨床教育センターで採用している POS

(Problem Oriented System)プロトコールの有効利用に

よる情報共有の強化，ならびにグループ医療に参加する

口腔外科系指導歯科医の増員が必要である.

今回開催したワークショップ運営にあたり，多大なご尽力

を頂いた，岩手医科大学附属病院歯科医療センター・卒後臨

床研修センタ一事務室，立花康彦，津口美里両氏に心より感

謝の意を表します.
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平成 19年度本学歯科医療センター臨床研修が研修歯科医の

臨床経験と臨床能力に与えた影響

千田弥栄子

野 村 太 郎

浅野明子

岸光男 熊 谷 啓 二

八木貫瀬川清

高谷直伸 古 川 良 俊

三 浦 贋 行

工藤義之

柳谷隆仁

星野正行

抄録岩手医科大学歯科医師臨床研修が，研修歯科医の臨床経験と臨床能力に与えた影響を検討するために，

平成 19年度本学臨床研修に参加した研修歯科医 35名全員を対象としたアンケート調査を実施した.アンケート

項目は趨床実習モデル・コア・カリキュラム水準 1から 4のすべての項目とし 臨床経験の程度(経験度)と実

施可能の程度(実施可能度)について研修開始時 (4月)，前期研修終了時 (10月)，研修終了時 (3月)に実施し

た.その結果， r経験度Jr実施可能度Jいずれも臨床研修を通じて有意に増加した.すべての研修時期において

臨床実習モデル・コア・カリキュラム水準の低い項目ほど高値であった.r経験度」と「実施可能度jの聞には正

の相聞が認められ，その相聞は研修の進行に伴い強くなった.このことから，研修歯科医は臨床研修において多

くの臨床経験を積むことが重要であることが示唆された.本学歯科医療センターにおける，平成 19年度歯科医

師臨床研修は臨床経験を増加させ，臨床能力を向上させたことが明らかとなった.

アンケート調歯科医師臨床研修，臨床実習モデル・コア・カリキュラム，臨床経験，臨床能力，

査

キーワード

臨床能力を評価できず，臨床研修を通じての変化を把握

することは困難であった.

そこで，本学臨床研修が研修歯科医の臨床経験と臨床

能力に与えた影響を明らかにするために，研修歯科医を

対象として臨床実習モデ、ル・コア・カリキュラムの項目

について，研修開始時，前期研修終了時，研修終了時に

アンケート調査を行ったので報告する.

平成 19年度本学歯科医療センターにて，歯科医師臨

床研修を行った研修歯科医 35名全員を対象としてアン

ケート調査を実施した.アンケートでは臨床実習モデ

ル・コア・カリキュラム7)に示されている水準(以下コア

水準)1から 4の 190項目について調査した.その内訳

はコア水準 1が59項目 コア水準2が44項目，コア水

準3が54項目，コア水準4が33項目であった.調査方

法は臨床実習モデル・コア・カリキュラムの項目を入力

したエクセル (MicrosoftJ apan，東京)シートを研修歯

科医に配布し， r経験度jと「実施可能度Jについて研修

対象および方法

富

平成 18年度に歯科医師臨床研修が必修化され，岩手

医科大学歯科医療センターにおいても歯科医師臨床研修

を複合型にて実施してきた.厚生労働省が提示した研修

の目的1)のーっとして，総合的な歯科診療能力を身に付

け，臨床研修を生涯研修の第一歩とすることが記されて

いる.本学歯科医師臨床研修では，総合歯科において保

存系指導歯科医，補綴系指導歯科医，口腔外科系指導歯

科医がグループで指導に当たり総合的な指導を実施して

きた2-4) 本学歯科医師臨床研修の評価は，歯科医師臨

床研修における量的ならびに質的評価システム5)による

評価および総合的評価方法的にて研修開始後の臨床経験

や臨床能力を評価してきた.しかし，これらの評価方法

では研修開始時，すなわち臨床実習で習得した臨床経験，

緒

岩手医科大学歯学部総合歯科臨床教育センター(センター長:
三浦庚行教授)
平成20年4月30日受付

平成20年6月2日受理
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歯科医の自己評価で入力させた.r経験度jについては

「十分に実施したJI実施したことがあるJr介助したこと

があるJI見学したことがあるJr見学もしたことがないj

の5段階で， r実施可能度」については， rできると思う」

「不十分ながらできると思うJrできないと思うJの3段

階で評価させた.調査時期は，研修開始時 (4月)，前期

研修終了時(10月)，研修終了時 (3月)とした.分析に

際して「経験度」については， r十分に実施したJr実施

したことがあるJr介助したことがあるJr見学したこと

があるJr見学もしたことがないjをそれぞれ5，4， 3， 

2， 1のスコアとした.r実施可能度」については， rでき

ると思うJr不十分ながらできると思うJrできないと思

うJをそれぞれ3，2，1のスコアとした.r経験度Jと「実

施可能度Jについて，調査時期とコア水準を因子とした

二元配置分散分析を行った.また，その後の多重検定に

はScheffeの方法を用いた.さらに，各調査時期におけ

る「経験度」と「実施可能度jの関連を Pearsonの相関

係数により検討した.これらの分析には統計解析ソフト

SPSS15.0 (SPSS Japan，東京)を使用した.

結果

「経験度」の結果を図 1に示した.r経験度」の平均ス

コアは，コア水準の低い項目ほど高くなっており，研修

開始時から前期研修終了時にかけていずれのコア水準に

おいても増加が認められた.前期研修終了時から研修終

了時においては，コア水準 1，2， 3では増加が認められ

たが，コア水準4では増加が認められなかった.二元配

置分散分析の結果，調査時期とコア水準の両因子におけ

る差が認められた (p<O.OOl). その後の多重比較検定

で，すべての調査時期の組合せ，およびコア水準の組合

せで有意差が認められた (p<0.05).

「実施可能度Jの結果を図 2に示した.r実施可能度j

の平均スコアは，コア水準の低い項目ほど高くなってお

り，増加量は研修開始時から前期研修終了時にかけてい

ずれのコア水準においても増加が認められた.前期研修

終了時から研修終了時においては，コア水準 1，2では増

加が認められたが，コア水準 3，4では増加が認められな

かった.二元配置分散分析の結果，調査時期とコア水準

の両因子における差が認められた (p<O.∞1).その後

の多重比較検定で，調査時期の研修開始時と前期研修終

了時，ならびに研修開始時と研修終了時との聞には有意

差を認めた (p<O.∞1)が，前期研修終了時と研修終了

時に有意差が認められなかった (p=0.453).コア水準

3とコア水準4との組合せでは有意差が認められなかっ

た (p=0.403)が，その他の組合せではすべて有意差を

認めた (p<0.05).

スコアの平均値
4.00 

3.50 
準水

ー

ー

ー

アコ

3∞ 
コア水準2

コア水準3

コア水準4

2.50 

2.00 

1. 50 

1∞ 
研修開始時 | 前期終了時 研修終了時

n=34 n=29 

平均値(榎準偏差)

n=33 

国 1 研修歯科医のコア水準ごとの「経験度jスコア

スコアの平均値

コア水準12.20 

2∞ 
/ 耳届a コア水準2コF一一一一

1. 60 
コア水準3

n. s. 

/乞づ.，，-- rl コア水準4

1. 20 

1.00 

n=34 n=28 n=32 

平崎値(標準偏差) n. s 有意差なし (pく0.05) 

国 2 研修歯科医のコア水準ごとの「実施可能度jス

コア

「経験度」と「実施可能度」の関連を図3に示した.r経
験度Jスコアと「実施可能度Jスコアは， 3回のすべての

調査時期において有意な正の相聞を呈した.相関係数

は，研修開始時がr=0.587と最も低く，研修が進むにつ

れ強い相関を呈し，前期研修終了時で r=0.730，研修終

了時でr=0.835であった (p<O.OOl).

考 察

「経験度」のスコアは，研修開始時より研修終了時で高

かったことから，研修歯科医が臨床研修を通じて臨床経

験を積むことができたことが明らかとなった.コア水準

ごとに比較した場合，いずれのコア水準間にも有意差が

認められ，コア水準の低い項目ほど高値であった.これ

はコア水準の低い項目ほど難易度が低い項目が多く含ま

れていることから，研修歯科医が経験する機会が多かっ

たものと考えられた.しかし，コア水準 3，4では専門性

の高い項目が多く含まれていることから，卒後 l年の研
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国 3 i経験度」と「実施可能度Jの相関

修期間に十分に経験することは困難であったと考えられ

た

「実施可能度」のスコアは，研修開始時より研修終了時

で有意に高かったことから，臨床研修が研修歯科医の臨

床能力を向上させたことが明らかとなった.コア水準ご

とに比較した場合，コア水準の低い項目ほど「実施可能

日歯教誌 Vol.24 No.2 2∞8 

度」のスコアが高くなっており，増加量は研修開始時か

ら前期研修終了時にかけていずれのコア水準においても

増加が認められたが，前期研修終了時から研修終了時に

おいては，コア水準 1，2では増加が認められた. しかし，

コア水準 3，4では増加が認められなかったのは，コア水

準3，4には専門性の高い項目が多く含まれ，研修歯科医

が十分に経験できなかったことが一因であると考えられ

た

「経験度Jスコアと「実施可能度」スコアとの聞に相聞

が認められ，経時的に相闘が強くなったことから，臨床

研修を通じて臨床経験が増すほど臨床能力が向上するこ

とが明らかとなった.このことから，臨床研修において，

より臨床能力を向上させるためには，研修歯科医は多く

の臨床経験を積むことが重要であることが示唆された.

歯学教育モデル・コア・カリキュラムは，平成 13年に

「医学・歯学教育の在り方に関する調査研究協力者会議」

によって 121世紀における医学・歯学教育の改善方略に

ついて一学部教育再構築のために-j1lとして発表され

た.このなかで，全国の歯科大学・大学歯学部の歯学専

門教育において設定が望まれる内容が示された.これに

より本学を含む多くの歯科大学，大学歯学部においてシ

ラパスが変更され，このシラパスに沿って教育が実施さ

れてきた8) このガイドラインでは臨床実習において習

得するべき項目が臨床実習モデル・コア・カリキュラム

として示されており9)，研修開始時，すなわち卒前臨床

教育での臨床経験，臨床能力の評価に適していると考え

られたため今回の調査で使用した.さらに，この臨床実

習モデル・コア・カリキュラムは，臨床実習で習得する

べき内容にとどまらず歯学臨床教育内容を網羅している

ことから，臨床研修での評価にも使用が可能であったも

のと考えられた.

今後は，今回の調査結果に加え，本学臨床研修の評価

に用いている量的・質的評価法の解析も含めて総合的に

本学臨床研修について評価し，改善を図る必要があると

考えている.

結論

平成 19年度本学歯科医師臨床研修の効果を評価する

ために，研修に参加した臨床研修歯科医 35名全員を対

象として，臨床実習モデル・コア・カリキュラムを基に

臨床経験と臨床能力についてアンケート調査を実施した

ところ，以下の結論を得た.

1.本学歯科医療センター歯科医師臨床研修は，研修

歯科医の臨床経験と臨床能力を向上させた.

2. コア水準の低い項目ほど臨床経験と臨床能力が向

上した
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3.臨床経験と臨床能力の間には正の相関が認めら

れ，研修の進行に伴い強い相闘を示した.
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歯学部学生の環境衛生を学ぶことに対する価値観の向上に

寄与するディベートの効果

相津文恵 岸 光男 杉浦 岡q

南健太郎 米満正美

抄録 歯学部学生の環境衛生を学ぶことに対する価値観の向上をアウトカムとしてディベート演習の効果を検

討した.2∞5年 4月，岩手医科大学歯学部第 3学年生を対象として質問紙調査を行った.事前調査では

Rosenbergの自尊心尺度を環境衛生に対応させ修正した 10項目を用い，合計点をもって個人の環境衛生価値得

点とした.また，事後調査では上述の 10項目にディベートの効果に関する 9項目を加えた.ディベート演習前

後での環境衛生価値得点および各質問項目の回答の変化を分析したところ，環境衛生価値得点の平均値は統計学

的に有意に上昇した.また， r環境衛生は少なくともほかの教科なみには価値があるJ(以下 Q1-1と略記)， r環
境衛生は歯学部において学ぶ必要のない教科であるJ(以下Q1-9と略記)の2項目の回答に有意な変化が認め

られ，環境衛生を学ぶことに関する価値の高まりが認められた.上記2項目の事後調査における回答および環境

衛生価値得点とディベートの効果に関する質問項目の関連性を分析した結果， Q 1-1とは「相手の主張の論理や

証拠を検証することができるようになったJなど7項目に， Q 1-9とは「環境衛生に関する理解が深まった」な

どの2項目に有意な関連が認められた.また，環境衛生価値得点が高い学生ほどディベートによる強い充実感を

得ていた.

これらのことから，ディベート演習により「学生みずからが学ぶ意欲」が動機づけられ，コミュニケーシヨン

能力が向上する可能性が示された.

キーワード デイベート，学習効果，コミュニケーシヨン能力，モチベーション

緒 言

従来，大学教育において最も広く用いられてきた学習

方略は講義である.講義は一度に多数の学習者を対象と

して知識を伝えることが可能であるが，ほとんどの場合

は教員から学生への一方通行となり，学生は受動的にな

るという欠点がある.学ぶべき情報量が加速度的に増加

している今日，学生が基本を身につけ，それを応用して，

問題を解決する力を養えるような学習方略が必要になっ

てきた.近年，学生みずからが学ぶ姿勢を重視した学習

方略として，ブレインストーミング， K]法，ディベート，

問題解決型学習(以下 PBL)などの小グループ学習が評

価されるようになり，さまざまな実践が報告されてい

る1-3) PBLチュートリアルは，認知心理学を科学的基

盤とする教育技法であり 4) この教育法を用いることに

岩手医科大学歯学部予防歯科学講座
平成 20年 8月25日受付

平成 20年 9月30日受理

より，学生は統合された深い知識を理解し習得する能力

を獲得し，問題を分析・解決する能力を獲得するととも

に，対人関係能力を育成することもできるとされてい

る5) 岩手医科大学ではそのような PBLチュートリア

ル教育とは別に，社会と歯学演習のーっとして， I相手の

話を聞き，相手の立場や心理を理解しながら，客観的か

っ論理的思考で現実問題に対応する能力を育てるJため

に，ディベート演習が行われている.ディベートは物事

のもつ二面性を複眼的にみる目を養い，理解力，批判的

思考力，構成力，伝達力を育てるといわれており，ディ

ベートによる「批判的・論理的思考力Jの向上は教育効

果として一般的に認識されている6)

本学ではディベートのテーマとして「環境衛生に関す

る事項」を用い，学生みずからが環境衛生に関する情報

を収集し，分析，理解を深めることにより，学生の環境

衛生を学ぶことに対するモチベーションを強化し，コ

ミュニケーション能力を向上させることを目指してい

る.コミュニケーションはラテン語の communicatioに

由来しており， rわかち合うことJを意味している. Iコ
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対象と方法

ミュニケーシヨン能力」という表現はさまざまな用いら

れ方をしているが，一般的には自己の考えを論理的に明

確に相手に表現することによって互いを理解し合い，信

頼関係を築いてゆく能力ということができる.そういう

意味でコミュニケーション能力は医療従事者として活動

するうえで必須の能力と考えられる.

本研究では，歯学部学生の環境衛生を学ぶことに対す

る価値観の変化をアウトカムとし，環境衛生をテーマと

したディベート演習の効果を検討することを目的として

調査を実施した.

2∞5年 4月末から 5月にかけて，歯学部3年生を対象

としてディベート演習を 3回実施した.テーマは講義に

おいて既習のものとして演習 1週間前に提示し，各自資

料を収集してテーマについての理解を深めるように指示

した.ディベートのテーマは表 1に示したように，第 1

週呂は水質，第2週目は廃棄物処理，第3週目は環境汚

染に関するものとし，それぞれ3題出題して班単位で指

定した.演習においては，学生を 8'"'"'10人の 9班に編成

し，さらに 3班を 1グループとした.また. 1グループ

を教員 2名が担当し，ディベートの進行および事後のポ

表 I ディベートのテーマ

項目 テーマ

1.上水道の塩素消毒は禁止すべきである

水質 2.産業用水の排出基準を強化すべきである

3. 日本は合成洗剤の使用を禁止すべきである

1.ゴミの分別違反は処罰すべきである

廃棄物処理 2.ゴミの収集はすべて無料化すべきである

3.家電ゴミはすべて企業が処理すべきである

1.京都議定書における日本の負担は大きすぎる

環境汚染 2. 自家用車の所有は一世帯一台に規制すべきである

3. 日本は自動車レースを禁止すべきである

表 2 調査に用いた質問項目

I 環境衛生を学ぶ価値に関する項目

1.環境衛生は少なくともほかの教科なみには価値がある科目だと思う

2.環境衛生を学ぶことには多くのメリットがあると思う

3.環境衛生を教えている歯科医師は変わり者であると思う(逆転)

4.環境衛生は少なくともほかの教科なみには授業科目としての役割を果たしていると思う

5.環境衛生を学んでいることで自慢できることはない(逆転)

6.環境衛生は向学心を起こさせる教科だと思う

7.歯学部の学生が環境衛生を学ぶことは当然だと思う

8.歯学部学生の環境衛生に関する意識がもっと高まればよいのにと思う(逆転)

9.環境衛生は歯学部において学ぶ必要がない教科だと思う(逆転)

1o.環境衛生は歯科医師には役に立たない教科だと思う(逆転)

E ディベートの効果に関する項目

1.物事を異なった立場でみることができるようになったと思う

2.主張を論理と証拠によって基礎づけることができるようになったと思う

3.相手の主張の論理や証拠を検証することができるようになったと思う

4.必要な資料の収集と資料の質の評価ができるようになったと思う

5. 目的の達成のためにグループ内で協力することができるようになったと思う

6. 自己表現がうまくなったと思う

7.ディベートの経験は歯科医学を学んでいくうえで役に立っと思う

8.ディベートによって，環境衛生に関する理解が深まったと思う

9.ディベート演習には充実感があったと思う
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ジティブフィードパックを行った.ディベートは 1グ

ループ 3班のうち 1班を賛成側と反対側に分けて実施

し，グループ内でローテーシヨンすることによって， 2 

コマ (180分間)で3題を実施した.

環境衛生を学ぶ価値についての質問紙調査をディベー

ト演習の前後において，ディベートの効果についての質

問紙調査をディベート演習後に行った.なお，調査にあ

たっては，バイアスを少なくするため，性別・年齢のみ

の記載で無記名とし，アルファベット 1文字数字3文字

の識別番号のみを付した.識別番号は本人のみが知るも

のとし，個別に管理・記録しておくように指示した.環

境衛生を学ぶ価値に関する質問項目およびディベートの

効果に関する質問項目を表2に示す.環境衛生を学ぶ価

値に関する質問項目は， Rosenbergが自尊心尺度として

開発した 10項目7)をわれわれが環境衛生に対応させて

修正し，学生が環境衛生を学ぶことをどれだけ価値のあ

ると考えているかを知る尺度とした.ディペートの効果

に関する質問項目は，ディベートによる客観的分析能力，

情報収集能力，批判的思考能力，傾聴能力などの向上，

環境衛生に関する理解度の変化など 9項目とした.回答

肢には， Iとてもそう思うJIそう思うJIそう恩わないj

「全くそう思わない」の 4件法の順序尺度を用い，各回答

は最も肯定的な回答を 4点，最も否定的な回答を 1点と

して得点化し，分析した.環境衛生を学ぶ価値に関して

は，逆転項目を加味した 10項目の合計点(最低得点、 :10

点，最高得点:40点)をもって個人の環境衛生の価値得

点、とした.

結 果

日歯教誌 Vol.24 No.3 2∞8 

するため，識別番号を記憶していた学生と記憶していな

かった学生のデイベート演習前の環境衛生価値得点の差

を分析したところ，統計学的有意差は認められなかった.

このことから， 33名を意識の変化を検討するコホート調

査の対象者として分析を行うこととした.

2.ディベート前後における環境衛生を学ぶ乙との価値

得点の変化

コホート集団 33名の環境衛生を学ぶことの価値得点

の分布を図 1に示す.環境衛生に関する 10項目の質問

項目による環境衛生価値得点の Cronbach'sα は事前調

査では 0.70，事後調査では 0.69であり，本分析におい

て，合計得点をもって個人の環境衛生価値得点、とする妥

当性が認められた.事前調査の平均点は 28.55，事後調

査の平均点は 29.58と上昇し，対応のある t検定の結果，

この上昇は有意であることが認められた (p<0.05).つ

いで， Wilcoxon検定を用いて環境衛生を学ぶ価値に関

する各回答の変化を分析したところ， 10項目中 2項目に

有意な変化が認められた(図 2).IQ 1-1 環境衛生は

少なくともほかの教科なみには価値があるjという項目

では「とてもそう思う」が2名から 5名に増え，逆に，

{人)

12 

10 

人 8

6 
数

4 

2 

口事前 2855士237

E 事後 29.58:t259 

1.分析対象者の妥当性についての検討 o -::::一ー ーーー
22 23 24 25 26 27 28 29 30 31 32 33 .34 35 

調査回答者は，事前・事後とも 83名であったが，識別 価値得点 (引

番号を事後調査において正確に記憶していた者は 33名 図 1 デ、イベート前後における環境衛生を学ぶことの

のみであった. 33名を分析対象者とする妥当性を検討 価値得点の変化

[QI-lほかの教科なみには価値がある1 [QI-9歯学部で学ぶ必要がないI

とてもそう思う降準泌皐 とても壱う思う

そう思う

そう思わおい

全くそう思わ怠い

口事前

園事後

そう思う

そう思わない

口事前

園事後

o 5 10 15 20 25 初 o 5 10 15 20 25 30 
〈人〉 〈人〉

何'ilcoxon検定:p=O.035) (Wilcoxon検定:p=O.034)

図 2 ディベート前後で回答に変化が認められた質問項目
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項目 相関係数

1 -1 環境衛生は少なくともほかの教科なみには価値がある

ll-2 自分の主張を論理と証拠によって基礎づける 0.628* * 
0.698*ホ

0.426* 
0.521*事

0.442本$

0.557*ホ

0.554*傘

II -3 相手の主張の論理や証拠を検証できる

II -4 必要な資料の収集と資料の質の評価ができる

II -5 目的の達成のためにグループ内で協力する

ll-6 自己表現がうまくなった

II -8 環境衛生に関する理解が深まった

ll-9 充実感があった

1 -9 環境衛生は歯学部で学ぶ必要のない教科である

II -3 相手の主張の論理や証拠を検証できる -0.417*ホ

ー 0.482** E-8 環境衛生に関する理解が深まった

(Spearmanの順位相関係数ャホ;p<0.05， **; p<O.Ol) 

表 4 事後の環境衛生価値得点とディベートの効果の関連性

項目

II -2 自分の主張を論理と証拠によって基礎づける

II -3 相手の主張の論理や証拠を検証できる

相関係数

0.353* 

0.496** 

0.372* II -5 目的の達成のためにグループ内で協力する

ll-8 環境衛生に関する理解が深まった 0.614*事

0.508** E9  充実感があった

(Spearmanの順位相関係数， *; p<0.05，掌*; p<O.Ol) 

「そう思わないJが 6名から 2名に減少した.また， ["Q 

1 -9 環境衛生は歯学部で学ぶ必要がない教科である」

という項目では， ["全くそう思わない」が3名から 9名に

増加した.

3.ディベートによる環境衛生を学ぶことに関する価値

観の変化

ディベート前後で有意な変化が認められた項目の事後

調査における回答とデイベートの効果に関する質問項目

の関連性を分析した(表 3).相関関係の分析には

Spearmanの順位相関係数を用いた. ["環境衛生は少な

くともほかの教科なみには価値がある」という項目は表

に示したように， ["相手の主張の論理や証拠を検証でき

る」と最も強い関連を示し (ρ=0.698ホ*)，次いで「自分

の主張を論理と証拠によって基礎づけるJ["環境衛生に

関する理解が深まった」と強い相関を示したい=

0.628噂へ ρ=0.557**). さらに， ["環境衛生は歯学部で

学ぶ必要のない教科である(逆転項目)J とは， ["相手の

主張の論理や証拠を検証できるJ["環境衛生に関する理

解が深まった」が，それぞれ有意に負の相闘を示した (ρ

= -0.417*へρ=-0.482**). 

事後調査における環境衛生価値得点とディベートの効

果についての学生の自己評価との関連性を分析した.結

果を表4に示す.ディベート演習後， ["相手の主張の論

理や証拠を検証できるJ["環境衛生に関する理解が深まっ

たJ["充実感があったJ，などと感じている学生ほど環境

衛生価値得点が高い傾向にあることが認められた (ρ=

0.496* *， ρ=0.614**， ρ=0.508本事). 

考 察

ディベートはさまざまな教育現場に導入されている

が，医療系学部のなかでは特に看護学部で多く用いられ

ているト12) 看護教育では物事を異なる側面から多角的

に捉え，論理を構築する能力が教育上重視されており，

このような能力はディベートを的確に実施することに

よって開発されるという考えもある 13) これまでのとこ

ろ，歯学領域におけるディベート導入例の報告は少な

い14.15)が，浅里らは小児歯科学の授業にパネルデ、イベー

トを導入し，学生の自己評価として傾聴能力が向上した

ことを報告している14) また，アメリカでは早くから歯

科医学教育においてもディベートの応用が試みられ，学

生のコミュニケーション能力とモチベーシヨンの促進な

ど，その教育的効果が報告されている16) われわれは

ディベートによる学習意欲の促進を期待し，本調査にお

けるディベートのテーマを歯科医師として必須の知識で

あるにもかかわらず，学生の学習意欲が低い教科である

環境衛生に特化した.
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本分析の結果，デイベート演習前後で有意な変化が認

められた「環境衛生を学ぶ価値に関する 2項目」の事前

調査の結果は，演習後に行ったディベートの効果に関す

る調査のいかなる質問項目とも関連を有していなかっ

た.このことは，環境衛生に関する価値観の変化がディ

ベートの効果によるものである可能性を示しているもの

と考えられる.また，ディベートによって問題解決能力

が高まったと感じている学生，ディベートに充実感がも

てたと感じている学生ほど，環境衛生を学ぶことに関す

る価値観が高いことが認められた.今回のデイベートの

テーマであった「環境衛生」は歯科治療学には直接結び

つかず，学ぶことのモチベーションが低いと考えられて

いる.それにもかかわらず，ディベートに参加すること

によって充実感を得，みずからの問題解決能力に自信が

もてるようになったと感じた学生は，そのような環境衛

生に興味をもつようになったと推測された.また，ディ

ベートの準備をすることは，講義のみでは理解できな

かった事項を再確認するきっかけになったと考えられ

る.さらに，ディベートにおける役割分担と勝敗の判定

は，テーマについて学ぶことのモチベーションの強化に

つながるものと推測された.本研究においてわれわれが

得たデータは「学生の主観的自己評価」である.したがっ

て，今後，デイベートによって強化された学習意欲が直

接的に学習効果を高めるという客観的データを得ること

により，われわれの仮説は検証されるものと考える.

医療者として患者と向き合うとき，患者の多様な価値

観，考え方を理解する姿勢や医療者自身の考えを患者に

理解できるように伝える力はきわめて重要である.その

能力を獲得するための一つの方法としてディベートは効

果的であると考えられる.最近，青少年の対人関係構築

能力やコミュニケーション能力の低下が著しいことが報

告されており 17)，医療系大学の学生もその例外ではない.

コミュニケーション能力の低下原因については，少子化，

核家族化による過保護な生育環境，ネット社会など，コ

ミュニケーシヨン能力を育む環境の減少が考えられる.

したがって，人とかかわる専門職を育てる教育の現場と

しては，学生のコミュニケーション能力を十分に育成す

るための環境を整えることが必要であると考えられる.

結 論

従来の講義形式の教育に加えて，社会系歯科医学の教

育手法のーっとしてディベート演習を取り入れることに

より， I学生みずからが学ぶ意欲」が動機づけられ，コミュ

ニケーション能力が向上する可能性が示された.

本論文の一部は第25回日本歯科医学教育学会学術大会(平

日歯教誌 Vol.24 No.3 2∞8 

成 18年6月，仙台)において発表した.

文献

1)赤川安正，佐藤祐二，津賀一弘，和田本昌良，久保隆靖，

細川隆可，阿部泰彦.歯科医学教育における Problem-

based learningの試みー総義留学における 2年間の実施

と点検評価一. 日歯教誌 1997;13: 17-22. 

2)安島久雄，小野和宏，前田健康，永田昌毅，高木律夫，

山田好秋，輿地隆史，魚島勝美，原 明弘，花田晃治.

歯学教育プログラムへの PBL教育の導入一南カリフオ

ルニア大学歯学部における実態調査一.日歯教誌2∞4; 

20: 1伺ー73.

3)小野和宏，大内章嗣，魚島勝美，林孝文，西山秀目，

安島久雄，小林正治，瀬尾憲司，粛藤功，程 璃，

山田好秋，前田健康.歯科医学教育への PBLテュート

リアルの導入新潟大学歯学部の試み一.日歯教誌

2α)6 ; 22 : 58-71. 

4) Schmidt HG. Foundations of problem-based learning : 

some explanatory notes. Med Educ 1993 ; 27 : 422-32. 

5) Barrows HS. The essentials of problem-based learning. J 
Dent Educ 1998 ; 62 : 630-3. 

6)茂木秀昭.ザ・ディベートー自己責任時代の思考・表現

技術. 1版東京:ちくま書房;2ω1. 34-41頁

7) Rosenberg M. Society and the adolescent self-image. 

Princeton : Princeton University Press ; 1965. 

8)兼宗美幸，坂本めぐみ，渡部尚子.看護学生の男性助産

師に関する意識一男性助産師導入のディベート前後にお

ける調査から一.埼玉県立大短大部紀要2(削;2: 81-8. 

9)近藤裕子，近藤美月，岩本真紀，立石有紀.看護学生の

自己評価から考察するディベート授業.香医看学誌

2∞2; 6 : 19-25. 

10)近藤裕子，近藤美月，岩本真紀，立石有紀，南妙子.

ディベート授業における学生の学び一討論者・判定者・

傍聴者の立場から一.香医看学誌2∞2;6:7-11.
11)煙山品子，小笠原サキ子.老年看護学における教育方法

の検討ーデイベートの教育効果について一.秋田大学医

学部保健学科紀要2∞5;13: 50-7. 

12)舟根妃都美，成田 円.成人看護学におけるディベート

演習についての検討.名寄市立大学紀要2∞7;1: 15-21. 

13)村本淳子編集.わかる授業をつくる看護教育技法2.1 

版.東京:医学書院;2∞1. 17-8頁.

14)浅里仁，井上美津子，佐々龍二，池田訓子，伊田博，

島田幸恵，向山賢一郎，佐藤昌史，山下 登.小児歯科

学の授業へのパネルディベートの導入一第一報ノfネル

ディベートの概略とアンケートからみた学生の反応につ

いて一.昭歯誌2∞4; 24 : 373-80. 

15)中村(三浦)亜依，佐藤陽子，粛藤淳.歯科衛生士教

育におけるフォーマルディベートの導入に関する研究.

日歯教誌2∞7; 23 : 33-41. 

16) Scannapieco F A. Formal debate: an active learning 

strategy. J Dent Educ 1997 ; 61 : 955-61. 
17)安藤香織，田所真生子編.実践!アカデミック・ディベー

-62-



歯学部学生の環境衛生を学ぶことに対する価値観の向上に寄与するディベートの効果

トー批判的思考力を鍛える一. 1版.東京:ナカニシヤ

出版;2∞2. 15頁.

著者への連絡先:相津文恵

〒020-8505盛岡市中央通 1-3-27

岩手医科大学歯学部予防歯科学講座

305 

TEL: 019-651-5111 (内線4516)，FAX: 019-622-2228 

E-mail: faizawa@iwate-med.ac.j 

Effect of Debate Practice on Improving the Sense of Value of 

Dental Students in Studying the Environmental Hygiene 

AIZA W A Fumie， KISHI Mitsuo， SUGIURA Go， MINAMI Kentaro and YONEMITSU Masami 

Department of Preventive Dentistry， Iwate Medical University School of Dentistry 

Abstract We analyzed the effect of debate practice on improving the sense of value of dental students in 

studying environmental hygiene as an outcome measure. A questionnaire survey was conducted for third-grade 

dental students of Iwate Medical University in April 2∞5. In the preliminary survey， we used ten items in which 

we modified Rosenberg's self副esteemscale to the value of environmental hygiene. Answers to each question were 

classified into 4 ranks and we used the total points as the environmental hygiene value score (EHVS) to be an 

individual representative value. In the posteriori survey， nine items concerning the e任'ectof debate practice were 

added to the above-mentioned ten items. The change in answers before and after debate practice was analyzed， 

As a result， the mean value of EHVS significantly increased， and in the posteriori answers， scores for two 

questions concerning sense of value in studying environmental hygiene in the Department of Dentistry were 

significantly higher. The relationship among these two items， EHVS and the effect of debate practice were 

analyzed. As a result， significant correlations were found between sense of value in studying environmental 

hygiene and several e妊'ectsof debate practice such as understanding， critical thought， and communications skills， 

and students with high EHVS tended to evaluate themselves as being able to judge the “logic and evidence" 

presented by the other party. 

As a result of this research， dental students were motivated to learn by themselves， and their communication 

skills were improved by experiencing debate practice. 

Key words debate， learning e妊'ect，communication skill， motivation 
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ディベート演習による歯学部学生のセルフ・エスティームに及ぼす効果

相津文恵 岸

南健太郎

光男 杉浦

米満正美

岡1

抄録 セルフ・エスティームをアウトカム評価尺度として歯学部学生におけるディベート演習の効果を検討し

た.2∞6年5月，岩手医科大学歯学部第3学年学生80名を対象にデイベート演習前後に質問紙調査を実施した.

質問項目は Rosenbergの自尊心尺度 10項目，およびディベートの効果に関する 9項目からなる.演習前後にお

けるセルフ・エスティーム尺度得点(以下SE得点)の変化を分析するため 回答者53名をディベート前の SE

得点のパーセンタイル値によって，低得点者群 (25%ile以下:15名)，高得点者群 (75%ile以上:16名)，中得

点者群 (22名)の 3群に分類し，ディベート後の SE得点を比較した.その結果， SE得点、は低得点、者群，中得点

者群で有意に増加し，高得点者群では統計学的有意性は認められなかったがやや低下した.次いで，セルフ・エ

スティームとディベートの効果についての認識の関連性を得点群別に分析したところ，中得点者群において「主

張を論理と証拠によって基礎づけることができるようになったJなど8項目に有意な関連性が認められた.一方，

低得点者群においては SE得点と有意な相闘を示す項目はなく，高得点者群では， i目的の達成のためにク.ループ

内で協力することができるようになったJの1項目が関連性を示した.

このような結果から，ディベートにおいて得られる継続的な成功体験がセルフ・エスティームを向上させる可

能性が示された.またその効果は当初のセルフ・エスティームが低い学生ほど大きいことが推測された.

キーワード セルフ・エスティーム，ディベート，学習効果，ポジティプ・フィードパック，モチベーション

緒言

近年，学生みずからが学ぶ姿勢を重視した PBL，ディ

ベートなどの小グループ学習が評価されるようになり，

その実践が報告されている1-6) 小グループ学習におい

ては，主体的な学習参加によってセルフ・エスティーム

が育まれ，学習意欲が高まる，とされている7) セルフ・

エスティームは自己の価値を評価する概念であり，心理

学や教育学の分野で発展した. Rosenbergによる「自己

に対する好ましい態度Jという定義的が最も広く用いら

れている.わが国においては自尊心，自己評価などと訳

されている.セルフ・エスティームに着目した研究は

1970年代後半にライフスキル教育分野で始まり，セル

フ・エスティームが高い人は問題解決能力やストレス対

処能力など，人がよりよく生きていくうえで重要な能力

に富んでいること，また，セルフ・エスティームは問題

を解決することによって高まるという相互作用があるこ

岩手医科大学歯学部予防歯科学講座
平成21年2月9日受付

平成21年5月25日受理

f 

-・a・・

と，が報告されている8) セルフ・エスティームは教育

的な働きかけによって向上させることが可能であること

から9)，現在，教育学の分野を中心として，セルフ・エス

ティームを高めるためのさまざまな試みがなされてい
る10.11)

前報12)で報告したように，岩手医科大学では「社会と

歯学演習Jの 1っとして「環境衛生に関する事項」をテー

マとしたディベートを行っている.ディベートは物事の

もつ二面性を複眼的にみる目を養い，あらゆることに疑

問を投げかける冷静さをもたせ，客観的な根拠に基づく

合理的な判断力を育てるといわれており 13)，そのような

能力を開発するために，教育現場で広く用いられてい

る3-6) われわれは前報において，歯学部学生の環境衛

生学を学ぶことに対する価値観の向上をアウトカムとし

て，環境衛生をテーマとしたディベート演習の効果を検

討した.その結果，ディベート演習を実施することによ

り，コミュニケーション能力のみならず，ディベートの

テーマである環境衛生についての価値観が高まり， r学
生みずからが学ぶ意欲Jが強化される可能性があること

を示した12)

このようなことから，われわれは「学生を学習主体と
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表 I 調査に用いた質問項目

I セルフ・エスティームに関する項目

1.私は少なくともほかの人と同じ程度には価値のある人間だと思う.

2.私はたくさんの長所をもっていると思う.

3.私は自分を敗北者だと思うことがある. (逆転)

4.私は何をしてもたいていは人と同じ程度にはうまくやれると思う.

5. 自分には自慢できるところがあまりない. (逆転)

6.私は自分を好ましい人間だと思う.

7.私は大体において自分に満足している.

8.私は自分自身をもっと尊敬できるようになりたい. (逆転)

9.私は自分が全くだめな人間だと思うことがある. (逆転)

10.私は自分が役立たずな人間だと感じることがときどきある. (逆転)

H ディベートの効果に関する項目

1.物事を異なった立場でみることができるようになったと思う.

2.主張を論理と証拠によって基礎づけることができるようになったと思う.

3 相手の主張の論理や証拠を検証することができるようになったと思う.

4.必要な資料の収集と資料の質の評価ができるようになったと思う.

5.目的の達成のためにグループ内で協力することができるようになったと思う.

6. 自己表現がうまくなったと思う.

7.ディベートの経験は歯科医学を学んでいくうえで役に立っと思う.

8.ディベートによって，環境衛生に関する理解が深まったと思う.

9.ディベート演習には充実感があったと思う.

したディベートにおいてセルフ・エスティームが育まれ，

その結果として学習意欲が向上する」という仮説を検証

し，セルフ・エスティームを育成する教育手段としての

ディベートの有効性を検討するため，本調査を実施した.

対象および方法

2∞6年 5月，本学歯学部 3年生 80名を対象として

ディベート演習を 3回実施した.ディベート演習の方法

は前報12)に示したとおりであり，テーマは講義において

既習のものとし，各自資料を収集し，テーマについての

理解を深めるように指示した.セルフ・エスティームに

関する調査はディベート演習の前・後において，ディベー

トの効果に関するものはディベート演習終了後に行っ

た.なお，調査にあたっては，バイアスを少なくするた

め，性別・年齢のみの記載で無記名とし，識別番号を付

した.識別番号は本人のみが知るものとし，個別に管

理・記録しておくように指示した.

質問紙はセルフ・エスティームに関する 10項目とデイ

ベートの効果に関する 9項目からなる.セルフ・エス

ティームに関する質問項目には Rosenbergが自尊心尺

度として開発した項目の和訳14)を用いた(表 1-1).回

答には， i全くそう思わない」から「とてもそう思う」の

5件法の順序尺度を用い，逆転項目を加味した 10項目の

合計点を個人のセルフ・エスティーム尺度得点(以下

SE得点)とした.SE得点は 10----50点の範囲にあり，

高得点ほどセルフ・エスティームが高いと判定される.

ディベートの効果に関する質問項目を表 l-llに示す.

質問項目はデイベートによる客観的分析能力，情報収集

能力，批判的思考能力，傾聴能力，などの向上，環境衛

生に関する理解度の変化などについてのもので，われわ

れが独自に作成した.回答肢には， i全くそう思わない」

から「とてもそう思う」の 5件法の順序尺度を用い，各

回答は最も肯定的な回答を 5点最も否定的な回答を 1

点として得点化し，分析した.

結果

1.分析対象者の妥当性についての検討

調査回答者は，事前・事後とも 80名であったが，識別

番号を事後調査において正確に記憶していた者は 53名

(男性;41名，女性;12名)であった. 53名を分析対象

者とする妥当性を検討するため，識別番号を記憶してい

た学生と記憶していなかった学生のディベート演習前の

SE得点の差を分析したところ，統計学的有意差は認め

られなかった.また，識別番号を記憶していた学生と記

憶していなかった学生の性差にも統計学的有意差は認め

られなかった.このことから， 53名をセルフ・エス

ティームの変化を検討する分析対象者とした.

2.ディベート演習前後におけるセルフ・エスティーム

10項目からなる SE得点の内的整合性を検討するた
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め， Cronbach'sα を求めた.その結果，事前調査では

0.85，事後調査では 0.78であり，本分析において総得点

を個人得点とする妥当性が認められた.分析対象者 53

名の SE得点、の分布を図 1に示す. SE得点の平均点は，

ディベート演習前で 29.7:!:6.9(SD)，演習後で 31.5::!:

4.9 (SD)と増加しており，この増加は対応のある t検定

で，有意であることが認められた (p<O.01). また，デイ

ベート演習前後における SE得点の性差を分析するた

め，対応のない t検定を行った.その結果， SE得点は

デイベート演習前では男性:30.4::!:6.9 (SD)，女性:

27.4:!:6.3 (SD) ，演習後では，男性:31.8::!:5.1 (SD) ， 

女性 :30.7::!:4.4(SD)であり，男性のほうがやや高い傾

向にあったが，統計学的有意差は認められなかった.

3.ディベー卜演習前後の SE得点とディベートの効果

に対する寵融の関連性

SE得点の変化とディベートの効果に関する質問項目

との関連性を Spearmanの順位相関係数を用いて分析

した(表2). その結果，演習前 SE得点が有意な関連性

(人)16

14 I l匡演習前 2 土 87
演習後 31.5:!:4.94 

円
10 

8 

6 

4 

2 

。
14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 (卓}

図 1 SE得点の変化

を示すディベートの効果に関する質問項目はなかった.

一方，演習後 SE得点は， iQ 11-2主張を論理と証拠に

よって基礎づけることができるようになったJiQ 11-4 

必要な資料の収集と資料の質の評価ができるようになっ

たJiQ 11-7ディベートの経験は歯科医学を学んでいく

うえで役に立つ」など5項目と有意な関連性を示した.

また，街科医学を学ぶうえでのデイベートの有効性に関

する自己評価である Q11-7はデイベートの目的である

Q II -1'-""'Q 11-6のみならず，ディベートのテーマであ

る環境衛生に関する理解度を自己評価する iQ11-8環

境衛生に関する理解が深まったjとの聞にも有意な関連

性を示した.

4.ディベー卜演習によるセルフ・エスティームの変化

対象者のデイベート演習前の SE得点の分布は

Kolmogoroy-Smirnoy検定の結果，正規分布に近似する

ことが認められた (z=1.∞4， p=0.256). このことか

ら，分布における 25%ile以下を低得点者群(15名)，75%

ile以上を高得点、者群(16名)，中央部分を中得点、者群 (22

名)の 3群に分類した. 3群聞の SE得点には p<O.∞1

で有意差が認められた.次いで，対象者を演習前後の

SE得点の変化によって「増加，変化なし，減少Jの3群

に分類し，得点群による変化の差をど検定によって分析

した.その結果，変化の傾向には有意差が認められ，低

得点者群では 15名すべての SE得点が演習後に増加し

たのに対して，高得点者群では増加が6名，低下が7名

と低下した学生の数が上回っていた(表 3).次いで，各

群における学生の SE得点の変化を Wilcoxon検定に

よって分析した.セルフ・エスティーム低得点者群の

ディベート前の得点は 21.1::!:3.9(SD)，ディベート後

は26.5:!:3.1(SD)であり，統計学的に有意な増加が認

表 2 SE得点の変化とディペート演習の関連性

Before SE After SE Q II-l Q II-2 Q II-3 Q II-4 Q II-5 Q II-6 Q II-7 Q II -8 Q II-9 

Before SE 1.α)() 

After SE 0.727事事 1.α)() 

Q II-l 0.0却 0.230 1.∞o 
Q II-2 0.142 O.認O本* 0.519*事 1.ぽ目。

Q II-3 O.侃6 0.287事 0.518事事 0.742** 1.αm 

Q II-4 0.101 0.394 *事 O.ω7車場 0.631** 0.725** 1.αm 

Q II-5 0.055 0.375事事 0.485*本 0.539** 0.493事事 0.469事象 1.αm 

Q II-6 -0.118 0.123 0.510*ホ 0.420** 0.623事権 0.603・* 0.358* * 1.飢犯

Q II-7 0.026 0.294* 0.403** 0.523*事 0.687・ * 0.577事 * 0.582** 0.521・噂 1.α)() 

Q II-8 -0.120 -0.031 0.4路事事 0.320* 0.332* 0.217 0.432*事 0.338事 0.482*感 1.αm 

Q II-9 -0.111 -0.074 -0.∞9 0.062 0.0∞ O.侃4 O.∞4 0.119 -0.134 0.094 1.α)() 

(Spearmanの順位相関係数， *; p<0.05，日;p<O.OI) 

BeforeSE:ディベート演習前SE得点， AfterSE:ディベート演習後SE得点.ディベートに関する質問項目は表 lの質問NO.による.
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められた.また，中得点者群では， 30.2::t1.5 (SD)から

32.3::t2.8 (SD)に有意に増加した.一方，高得点者群

では，統計学的有意性は認められなかったが， 37.1::t3.7

(SD)から 35.2::t4.9(SD)に減少した(図 2).

次いで，各得点者群別に演習後 SE得点とディベート

の効果についての認識の関連性を Spearmanの願位相

関係数を用いて分析した.その結果，中得点者群では表

4に示すように IQll-l物事を異なった立場でみること

ができるようになったJIQ ll-2主張を論理と証拠に

よって基礎づけることができるようになった」など，ディ

ベートの目的に合致した項目がSE得点と強い関連性を

示した.また， IQ 11-5目的の達成のためにグループ内

で協力することができるようになった」や IQll-6自己

表現がうまくなった」など，ライフスキルに関する項目

もSE得点との強い関連性を示した.さらに， IQ ll-8 
環境衛生に関する理解が深まったJの項目にも有意な関

連性が認められた.高得点者群における分析では， IQ 
ll-5目的の達成のためにグループ内で協力することが

できるようになった」の 1項目のみに有意な関連性が認

められた.また，低得点、者群における分析で有意な関連

性が認められた項目はなかった.

表 3 演習前後における SE得点の変化の分類別学生数

群 低得点者群中得点者群高得点、者群

点数変化~\ (n = 15) (n = 22) (n = 16) 

増加 15 15 6 

変化なし 。 2 3 

減少 。 5 7 

(χ2=13.887， p=O.∞18) 

日歯教誌 Vol.25 NO.2 2∞9 

考察

本学のディベート演習においては， I批判されること

を前提としないで自らの意見を表現できるJという体験

をすることができる.われわれはこれを教育学における

ポジティブ・フィードパックと同じものと考え，演習に

おいて担当教員はこの態度で学生に対応している.

先行研究においてはポジティプ・フィードパックを行

うことにより， I対象者のセルフ・エスティームが向上す

るJことが報告されている8.11.15-19) 他者の反応の

フィードパックがセルフ・エスティームに及ぼす影響は，

送り手と受け手の関係やセルフ・エスティームの高さに

よっても異なり，セルフ・エスティームが高い生徒では

やや低下し，低い生徒では向上が認められるなど15ー18)，

本調査とほぼ同様の報告がなされている.本分析におけ

るセルフ・エスティーム低得点者群は，日常的にポジティ

プな評価を得ることに慣れていないことが推測される.

したがって，ディベートにおいて日常にはないポジティ

プ・フィードパックを得たことにより，セルフ・エス

(al50 

45 

40 

35 

30 

25 

20 

15 

10 

5 。
低得点者群 中得点者欝 高得点者群

(Wilcoxon検定， **; p<O.01) 

図 2 得点群別にみたディベート演習前後における

SE得点の変化

表 4 ディベート演習後の SE得点とディベートの効果に対する認識の関連性

項 目
低得点者群 中得点者群 高得点者群

(n= 15) (n=22) (n = 16) 

Q II-l 物事を異なった立場でみる 0.063 0.651車車 0.0∞ 
Q II-2 主張を論理と証拠によって基礎づける -0.318 O.伺7率 * 0.409 

Q II-3 相手の主張の論理や証拠を検証する 0.018 0.585場 * 0.270 

Q II-4 必要な資料の収集と資料の質を評価する -0.163 0.661事事 0.270 
Q II-5 目的の達成のためにグループ内で協力する 0.048 0.602* * 0.579* 

Q II-6 自己表現がうまくなる 0.239 0.674 * * 0.167 

Q II-7 歯科医学を学んでいくうえで役に立つ 0.386 0.498事 0.484 

Q II-8 環境衛生に関する理解が深まる 0.147 0.442* -0.223 

Q II-9 充実感がある -0.114 -0.078 一0.129

(Spearmanの順位相関係数， *; p<0.05，日;p<O.Ol) 
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ティームが向上したものと推測される.遠藤らは，セル

フ・エスティームを高める教育的指導は， 1)広範囲にわ

たる難易度の異なる学習機会を与えること， 2)経験を肯

定的に解釈させること， 3)学業達成を能力や努力などの

内的要因に帰属させること， 4)自分自身を肯定的に受容

させること， 5)多岐にわたる諸課題の達成機会を与える

こと，が必要であるとしている20) デイベートは共通目

標の達成と協力的相互作用によって集団成員に基本的自

己受容や肯定的自己評価の態度を養成する21)本分析に

おける SE中得点、者群は，ディベート演習を経験するこ

とによって，セルフ・エスティームが向上するとともに，

「物事を異なった立場でみることができる」ようになり，

「主張を論理と証拠によって基礎づけることができるよ

うになったJ，などと認識するようになった.また， r目
的の達成のためにグループ内で協力することができるJ
ようになり， r自己表現がうまくなったJ，などと，ライ

フスキルの向上も自覚している.このことから，ディ

ベートはセルフ・エスティームを向上させる前述の教育

的指導の条件を満たしているものと考えられる.しかし

ながら，低得点者群では，1セルフ・エスティーム」と「ディ

ベートの効果の認識Jとの関連性は認められなかった.

これは，彼らがデイベート演習中に， rできたJという喜

びと達成感を味わったものの，それを「能力の向上Jと

自己評価できるまでにはいたっていないことを示してい

るものと考えられる.したがって，彼らに対しては，継

続的に成功を体験させ，その成功が自身の努力の成果で

あることを確認させる必要があると考えられる.一方，

高得点者群は日常的にポジティプな評価を得ていること

が推測され，そのため，ディベートにおける体験は特別

なものではなく，セルフ・エスティームの向上につなが

らなかったことが推測される.彼らがディベート演習に

よって得たのは， r目的達成のためのグループ内協力の

必要性」であった.セルフ・エスティームが高い人は一

般的に問題の自己解決能力が高いと考えられる.ディ

ベートにおいて， r問題解決のためには自分だけの力で

はなく，グループの協力が必要なこともある」というこ

とに気づかされたものと考えられる.先行研究16)におい

て，セルフ・エスティームの高い者はネガティプ・フィー

ドパックによってセルフ・エスティームを下げることは

なしむしろフィードパックの内容が思い当たる場合に

は，それを改善しようとする， という報告がある.これ

らのことから，ベースラインにおけるセルフ・エスティー

ムの高低によってフィードパックの仕方を検討する必要

があると考えられた.

われわれは前報12)において 「ディベート演習を行う

ことで，環境衛生を学ぶことに関する価値観が高まり，

その結果として学習意欲が向上するj可能性を示した.

本報告では，教育心理学の分野で学習意欲を評価する尺

度と考えられている却)SE尺度をディベート演習の効果

を測るアウトカムとした.その結果，ディベート演習後

にセルフ・エスティームの向上が認められ，歯学部学生

という特定小集団における学習意欲の向上にディベート

が有効であることが検証された.

結論

デイベートを行ったことによって得られる「達成感」

によって，学生のセルフ・エスティームは向上する可能

性が示された.また，その向上は当初のセルフ・エス

ティームが低い学生において顕著であった.このことか

ら，歯科医学教育におけるディベート導入の有効性が示

唆された.学生が向上したセルフ・エスティームを持続

させ，能力の向上を自己評価できるようになる指導者の

働きかけを検討していくことが，今後の課題であると考

えられた

本論文の一部は第26回日本歯科医学教育学会(平成 19年，

岐阜)において発表した.
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Effect of Debate Practice on the Self-esteem of Dental Students 

AIZA W A Fumie， KISHI Mitsuo， SUGIURA Go， MINAMI Kentaro and YONEMITSU Masami 

Department of Preventive Dentistry， 1wate Medical University School of Dentistry 

Abstract We assumed self-esteem to be an outcome evaluation standard， and analyzed tbe effect of debate 

practice of dental students. A questionnaire survey was conducted for tbe tbird-grade dental students of 1wate 

Medical University in May 2加6.1n tbe preliminary survey， we used ten items of Rosenberg's self.モsteemscale 

Answers to each question were classified into five ranks and we assumed tbe total points of tbe self-esteem score 

(SES) to be an individual representative value. 1n tbe posteriori survey， nine items concerning tbe effect of 

debate practice were added to tbe above-mentioned ten items. The changes in tbe answers before and after 

debate practice were analyzed. As a result， tbe mean value of SES significantly increased. We extracted tbree 

groups from the subjects by SES in tbe preliminary survey : tbe low self-esteem group (less也an25 perc巴ntile)

had 15 people， tbe high self.胴esteemgroup (over 75 percentile) had 16 people， and tbe middle group had 22 

people. The SES of botb the low and middle self-esteem groups significantly increased， and tbe score of the high 

self-esteem group decreased slightly. Next， we analyzed tbe relation between tbe recognition of tbe effect of 

debate and SES according to the score group. As a result， a significant relation was found in eight items in tbe 

middle self-esteem group. On tbe other hand， tbere was no item that showed a significant correlation in tbe low 

sel壬esteemgroup. 1n the high self-esteem group， one item，“Necessity of cooperation for accomplishment of a 

goal" had a relation. The result suggests tbat a continuous experience of success in debate improves self-esteem. 

Moreover， the effect of debate practice was found to be larger in tbe students witb low self-esteem. 

Key words self-esteem， debate， leaming effect， positive feedback， motivation 
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Genome-wide gene expression analysis of 
human nlyelomonocytic cell line THP・� 1exposed 
to lipopolysaccharide (LPS) 

Masayuki Taira Iヘ� MinoruSasaki¥ Shigenobu Kimura2，and Yoshima Araki' 
'Deparlmenls 01 Denlal Malerials Sciellce; 20ral Microbiology， lwα� te Medical University 
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Abstract. DNA microarray analysis clari自� edthat lipopolysaccharide stimulation 

caused THP-l cells to exclusively up-regulate in日� ammation-and immunity-related 

genes， in which several genes in the route of the Toll-like receptor signaling 

pathway were up-regulated. 

Key words. myelomonocytic cell line THP-l， lipopolysaccharide，DNA microar-

ray， inftammation，Toll-like receptor 

When activated with lipopolysaccharide (LPS)，monocytes could produce a variety 

of cytokines and chemokines. The objectives of this study were (i) to clarify genes 

ofhuman monocytic cellline THP-l whose expressions were significantly increased 

ptor巴and (ii) to analyze gene expressions in apoptosis and Toll-like rec]，by LPS [1 

signaling pathways. 

THP-l cel1s (l x 108) in 10 ml of RPMI 1640 supplemented with 10% fetal 

bovine serum were cultured at 370C in a hurrudified 5% CO2 atmospher巴� for1 day. 

The cells were stimulated with Escherichia coli 026 LPS (concentration = 1μ g1m1) 
for additional 4 h. Total RNAs were extracted with Trizol (Invit.rogen，Carlsbad， 

CA，USA). Gene expressions were巴� valuatedby DNA rrucroarray [n = 2 for LPS 

(-) and LPS (+)]， using 55k human genome U133 Plus 2.0 a汀� ay (Affymetrix，Santa 

Clara， CA， USA) and GeneSpringGX (Agilent Technologies， Santa Clara， CA， 

USA). Gene expressions in apoptosis and Toll-like receptor signaling pathways 

were analyzed with pathway database [2] 

cantlyup-regulated (more than 白632 genes were signi，rmedthat 1白was conIt 1. 

1. 14-fold，P < 0.05) by LPS stimulation，of which 1，523 and 1，603 genes were 

the inflammation-related and irrununity-related ones，respectively. Nine genes 

(TNFAIP6，CCL4， CXCLl O，ILls，THBS1，MCP-l，MAFB，IL-8，CCL3) were 

up-regulated more than 50-fold. Thirty-nine genes were up-regulated more than 

20-fold (Table 1). 

2. It was suggested in apoptosis signaling pathway analysis that by LPS stimula-

tion，endoplasrnic reticulum stress might cause apoptosis of THP-l cel1s while 

(counter) DNA survivaJ system simultaneously took effect. 

It was also confirrned that LPS stimulation up-regulated genes on the route in 

the Toll-like receptor signaling pathway such as those of TRL4， MyD88，lRAK1， 

TAB2，IKKα，and NF-KB，thereby leading to up-regulation of many down-stream 

inftammatory cytokine genes such as thos巴� ofTNF-α， IL-ls， IL-6 [2]， and co・� 

stimulatory molecule genes such as those of CD40 and CD80. 
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Table 1. Thirty-nine genes of THP-I cells whose expression was more than 20-fold up-regulated 
by lipopolysaccharide stimulation 

Fold change Gene symbol GenBank number 

971 TNFA1P6 AWI88198 
885 CClA: ACT2・G-26:LAGI: M lPl B: SCYA2: SCYA4 Nド1002984 

AT744.1: MGCI04418: MGC126025: MGC126026 
MIP-I-beta 

761 TNFAIP6: TSG6 NM 007115 
628 CXCLlO: C7: 1日� 10: lNPIO: IP-IO: crg-2: mob-I NM 001565 

SCYB10: gIP-IO 
216 LOC285628 AL389942 
136 ILIB:且ー� 1:ILIF2且� I-BETA NM_000576 
130 THBS1: TSP: TSPl h市� 1003246 
99 MCP-l・HC11:MCAF: MCPI: SCYAな� GDCF-2:SMC- S69738 


CF: HSMCR30: MGC9434: GDCF-2: HCll: CCL2 

7
0
6
 

、戸

0

6

0
凸

勺

/

MAFB: KRお1L: MGC43127 N恥1005461 
ILIB: 1工-1:� ILlF2: ILl-BETA MI5330 
IL8・� K60:NAF: GCPI:且 -8:LECT: LUCT: NAPI:3 NM 000584 

10C: CXCL8: GCP-I: LYNAP: MDNCF: MONAP 
NAP-I: SCYB8 

NUP62 A1859620d

q

'

ζ

J

 

寸，マ� 
J

d

q、
‘
�
 

lL8 AF043337 
CCL3: MIPIA: SCYA3: GOSI9-1: LD78ALPHA 1¥'M 002983 

MIPート� alpha 
CXCLl: GR01: GROa: MGSA: NAP-3: SCYBl: NM 001511 
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MGSA-a: MGSA alpha 
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J
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《

守
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4
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3
3
3
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Aω

THBSl AV726673 

CCL8 A1984980 

SOD2 BF575213 

ICAMl AI608725 

lCAM1: BB2ωCD54: P3.58 NM 000201 
CD80: LAB7: CD28LG: CD28LG 1 BC042665 
TNFAlP3 A1738896 
GJB2: HID: KlD: PPK: CX26: DFNA3: DFNBI: NSRDl M86849 

q
J
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n
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O
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 ペ
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-
ぺ
 

フ
�
 

勺
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3
3
3
3
3
3
2
2
2
2
2
2
2

SLAMF7 ALl21985 
SOD2 W46388 
MAML2 AII48006 
SLC2A6: GLUT6: GLUT9・ HSAOI1372 NM 017585 
SGK: SGKl 1¥'M 005627 
PTX3: TSG-14・TNFAIP5 NM_002852 
MAFB AW135013 
EBI3 NM 005755 
TNFAIP3: A20・TNFAIP2: MGCI04522 NM 006290 
GBP2 BF509371 

HlAPI: MALT2: U375461PJ:API2: CIAP2: HA 1:C: AIPM lH
RNF49 

aR3: DIF2: aXI: PRG1: DIF-2: GLY96: aX-I: aX-IL NM 003897 
BTG2・PC3・TIS21: MGCI26063・MGC1 26064 NM 006763 
MAML2 AU147805 

A1684439 

d
弓
�
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Staphylococcus aureus produces extracellular proteases,

which are regarded as important virulence factors. One

of the classically defined exoproteases is a serine prote-

ase, GluV8, also known as V8 protease ⁄SspA [1].

GluV8 contributes to the growth and survival of this

microorganism in animal models [2], and plays a key

role in degrading the cell-bound Staphylococcus surface

adhesion molecules of fibronectin-binding proteins and

protein A [3]. This protease specifically cleaves the

peptide bond after the negatively charged residues Glu

and, less potently, Asp, and belongs to the glutamyl

endopeptidase I (EC 3.4.21.19) family [4]. The nucleo-

tide sequence encodes a protein of 336 amino acids

that includes a prepropeptide consisting of 68 residues

(Met1-Asn68) and a C-terminal tail of 52 residues con-

sisting of a 12-fold repeat of the tripeptide Pro-

Asp ⁄Asn-Asn [5]. Drapeau [6] first reported that the

activation of the GluV8 precursor is achieved by a

neutral metalloprotease. Shaw et al. [7] have recently

demonstrated that the GluV8 activation process
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V8 protease, a member of the glutamyl endopeptidase I family, of Staphy-

lococcus aureus V8 strain (GluV8) is widely used for proteome analysis

because of its unique substrate specificity and resistance to detergents. In

this study, an Escherichia coli expression system for GluV8, as well as its

homologue from Staphylococcus epidermidis (GluSE), was developed, and

the roles of the prosegments and two specific amino acid residues, Val69

and Ser237, were investigated. C-terminal His6-tagged proGluSE was

successfully expressed from the full-length sequence as a soluble form. By

contrast, GluV8 was poorly expressed by the system as a result of autode-

gradation; however, it was efficiently obtained by swapping its preproseg-

ment with that of GluSE, or by the substitution of four residues in the

GluV8 prosequence with those of GluSE. The purified proGluV8 was con-

verted to the mature form in vitro by thermolysin treatment. The proseg-

ment was essential for the suppression of proteolytic activity, as well as for

the correct folding of GluV8, indicating its role as an intramolecular chap-

erone. Furthermore, the four amino acid residues at the C-terminus of the

prosegment were sufficient for both of these roles. In vitro mutagenesis

revealed that Ser237 was essential for proteolytic activity, and that Val69

was indispensable for the precise cleavage by thermolysin and was involved

in the proteolytic reaction itself. This is the first study to express quantita-

tively GluV8 in E. coli, and to demonstrate explicitly the intramolecular

chaperone activity of the prosegment of glutamyl endopeptidase I.

Abbreviations

CBB, Coomassie brilliant blue; GluSE, GluV8 homologue of Staphylococcus epidermidis; GluV8, glutamyl endopeptidase I of Staphylococcus

aureus.
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involves the proteolytic cascade of the major extracel-

lular pathogenic proteases of S. aureus, including me-

talloprotease ⁄ aureolysin, GluV8 ⁄SspA and the cysteine

protease SspB.

The expression of recombinant GluV8 in Escherichi-

a coli would be useful in order to elucidate in detail

the roles of the prepro- and C-terminal repeated seg-

ments, as well as specific amino acid residues, involved

in the processing and enzymatic activity. One expres-

sion study has been reported to date [8], in which

mature GluV8 was expressed as a sandwiched fusion

protein and recovered from inclusion bodies. The

mature protein was obtained by cleavage of the exoge-

nous peptides, denaturation–renaturation and purifica-

tion by ion chromatography. Using this expression

system, it was shown that GluV8 with its prepro- and

C-terminal repeated sequences deleted was able to fold

by itself, although the yield at the denaturation–rena-

turation step was limited to 20%. In addition to

E. coli expression, the expression of a GluV8 family

protease from Bacillus licheniformis was achieved

using Bacillus subtilis as a host [9], and from Strepto-

myces griseus using a Streptomyces lividans expression

system [10].

A prosegment of proteases is known to function as

an intramolecular chaperone as well as an inhibitor of

protease activity. Winther and Sørensen [11] reported

that the prosequence of carboxypeptidase Y functions

as a chaperone and reduces the rate of nonproductive

folding or aggregation. O’Donohue and Beaumont [12]

demonstrated dual roles of the prosequence of thermo-

lysin in enzyme inhibition and folding in vitro. This

group further demonstrated that the prosequence of

thermolysin acts as an intramolecular chaperone, even

when expressed in trans with the mature sequence in

E. coli [13]. For GluV8, Drapeau [6] demonstrated that

proteolytically inactive GluV8 precursor accumulates

in mutants of an S. aureus strain V8 lacking the metal-

loprotease. This study strongly suggests an inhibitory

function of the GluV8 prosequence. However, there is

no direct evidence demonstrating the role of the

GluV8 prosequence in enzyme inhibition. The intramo-

lecular chaperone activity of the GluV8 propeptide has

been characterized in even less detail. A study by Yab-

uta et al. [8] demonstrated the renaturation of GluV8

without the propeptide, which could be interpreted to

indicate that the preprosequence is not required for the

folding of GluV8 [4]. The establishment of a system

for the appropriate expression and activation of a

latent form of GluV8 in vitro would help to resolve

these issues.

A major extracellular protease of Staphylococcus epi-

dermidis, designated GluSE, has been characterized

previously [14]. Subsequently, Ohara-Nemoto et al.

[15] and Dubin et al. [16] cloned its structural gene,

gseA. GluSE consists of 282 amino acids, composed of

a preprosequence (Met1-Ser66) and mature portion

(Val67-Gln282). Amongst the glutamyl endopeptidase

family members, the amino acid sequence of mature

GluSE is most similar to that of GluV8 (59.1%),

whereas the prepropeptide has only limited similarity,

i.e. 23.5% [15]. In this study, it is shown that it is pos-

sible to express the C-terminal His6-tagged GluV8 in

E. coli, if its preprosegment is swapped for that of

GluSE. Furthermore, using this expression system, the

roles of the propeptide and specific amino acid residues

of GluV8 were investigated. The method described

herein should be valuable for studying the properties

of glutamyl endopeptidase I in detail.

Results

Expression of the full-length forms of GluSE and

GluV8 in E. coli

In order to minimize the modification of the N-termi-

nal preprosequence, the expression vector pQE60 was

used, which encodes an affinity tag, [Gly-Ser-Arg-Ser-

(His)6], at the C-terminus of the expressed protein. In

addition, Gly-Gly-Ser, derived from the vector, was

present between Met1 and Lys2 of the N-terminal

prepropeptide (Fig. 1). When the full-length GluSE

was expressed in E. coli, 29–32 kDa bands were abun-

dant in the purified fraction on protein staining on

SDS-PAGE (Fig. 2A, lane 6). For large-scale prepara-

tion, it was purified by one-step Talon affinity chroma-

tography, and approximately 18 mg of the

recombinant protein was obtained from a 1 L culture

(Fig. 3A).

When the full-length GluV8 was expressed on a

small scale (10 mL) and batch purified by affinity chro-

matography, a 40 kDa band was found on the immu-

noblot (Fig. 2B, lane 2). This 40 kDa species was

discernible as one of the bands from the purified frac-

tion (Fig. 2A, lane 7). However, our trial of large-scale

purification resulted in poor recovery of the GluV8

recombinant protein, i.e. < 0.1 mgÆL)1 of culture

(Fig. 3A), and the purity was only approximately 50%

(Fig. 3B). Therefore, there was a crucial difference in

the recovery between recombinant GluSE and GluV8.

Expression of the preproGluSE-mature GluV8

(proGluSE-matGluV8) chimeric protein in E. coli

By contrast with the kinship of the mature portion

between GluV8 and GluSE, the similarity in their

V8 protease prosegment as a chaperone and enzyme suppressor T. K. Nemoto et al.
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preprosequences was restricted (23.5%), as shown in

Fig. 1 [15]. Thus, it was suspected that alteration

within the preprosequence was responsible for the poor

expression of GluV8. Thus, it was reasoned that swap-

ping of the preprosequence of GluV8 with that of

GluSE might overcome this difficulty. To test this sup-

position, the chimeric protein proGluSE-matGluV8

was expressed (Fig. 1). On SDS-PAGE, it migrated to

the 44 kDa position, indicating an apparent molecular

mass larger than the 40 kDa of the wild-type GluV8

(Fig. 2B, lane 8). Moreover, the Coomassie brilliant

blue (CBB)-stained band intensity was increased

(Fig. 2A, compare lanes 7 and 8). Indeed, in large-

scale preparation, it was purified by one-step Talon

affinity chromatography, and 3–6 mg of the recombi-

nant protein was obtained from a 1 L culture. The

purified fraction contained 44 kDa major and 42 kDa

minor species (Fig. 4A, lane 1).

Expression of the full-length form of GluV8 with

amino acid substitutions

Why was proGluSE-matGluV8 more stably expressed

than the genuine GluV8 full-length form in E. coli? It

is noteworthy that Glu62 and Glu65 are localized near

the processing site Asn68-Val69 of GluV8, and are

converted to Gln60 and Ser63, respectively, in GluSE.

Therefore, if a small amount of active GluV8 is pro-

duced during expression, the Glu62-Gln63 and Glu65-

His66 bonds may be autoproteolysed. The resulting

products, which carry a few residues of the propeptide,

potentially may acquire proteolytic activity, and the

cascade activation of the protease may be toxic to host

cells.

To test this hypothesis, the full-length form of GluV8

was expressed with substitutions of Glu62 and Glu65

by the amino acids of GluSE at equivalent positions,

i.e. Gln and Ser, respectively (designated GluV8 2mut).

The appearance of the 40, 42 and 44 kDa forms in

GluV8 2mut did not vary qualitatively from that of

intact GluV8 (Fig. 2B, compare lanes 7 and 9), but the

42 kDa form was predominant rather than the 40 kDa

form in wild-type GluV8 (lane 9). Thus, these muta-

tions prevented the degradation of GluV8.

By reference to the prosequence of GluSE, two addi-

tional substitutions were introduced, Ala67 to Pro and

Asn68 to Ser, into GluV8 2mut. The resulting form

possessed four substitutions: from Glu62, Glu65,

Ala67 and Asn68 of GluV8 to Gln, Ser, Pro and Ser,

respectively, of GluSE (Fig. 1B, asterisks, designated

GluV8 4mut). Consequently, a 44 kDa species, identi-

cal to that of proGluSE-matGluV8, was detected on

the immunoblot and was even obvious on CBB stain-

ing (Fig. 2A,B, lane 10). From the electrophoretic pro-

files, it was concluded that the proteolysis of GluV8

was most efficiently suppressed in GluV8 4mut, fol-

lowed by proGluSE-matGluV8 and then GluV8 2mut.

It was assumed that the proteolytic degradation of

GluV8 caused its activation and toxicity to host cells.

To confirm this assumption, the growth rates of E. coli

expressing the full-length form of GluV8 and its three

derivatives were compared (Fig. 2C). The cells express-

ing wild-type GluV8 proliferated most slowly at 30 �C.
The growth was partially accelerated by two amino

acid substitutions in the GluV8 propeptide (GluV8 2-

mut), and further by four substitutions (GluV8 4mut).

The cells with the proGluSE-GluV8 chimeric form

showed an intermediate growth rate between GluV8

2mut and GluV8 4mut. This result of bacterial growth

was in accord with the degree of suppression on auto-

proteolytic degradation, indicating the toxicity of the

activated proteases for E. coli cells.

A

B

Fig. 1. Comparison of the amino acid sequences of GluSE and

GluV8. (A) The sequences of GluSE, GluV8 and proGluSE-matGluV8

(SE-V8) are illustrated schematically. Open and shaded boxes repre-

sent amino acid sequences derived from GluV8 and GluSE, respec-

tively. Closed areas at the N- and C-termini represent three and ten

amino acids, respectively, derived from the vector pQE60. pre, pre-

sequence; pro, prosequence; mature, mature sequence; repeat,

C-terminal 12-fold repeat of a tripeptide (Pro-Asp ⁄ Asn-Ala). (B)

Alignment of the amino acids of GluSE and GluV8 preprosequenc-

es. Lower case letters (ggs) represent amino acids derived from

the vector; hyphens represent deletions introduced for maximum

matching. Identical amino acids between GluSE and GluV8 are

underlined. Amino acid numbers on the top are for GluSE, and

those in the middle are for GluV8. Proteolytic sites observed in the

purified preparation and thermolysin-treated sample of proGluSE-

matGluV8 (SE-V8) are indicated by arrowheads (see Table 1).

Asterisks indicate amino acids substituted in this study.

T. K. Nemoto et al. V8 protease prosegment as a chaperone and enzyme suppressor
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GluV8 4mut and proGluSE-matGluV8 were puri-

fied by large-scale preparation, yielding approxi-

mately 3–6 mgÆL)1 of culture. From these data, it

was concluded that the full-length form of GluV8

could be recovered quantitatively by the suppression

of self-degradation, either by the use of the GluSE

prepropeptide or the GluV8 prepropeptide with four

amino acid substitutions. In subsequent experiments,

proGluSE-matGluV8 and GluV8 4mut were used as

the source of recombinant GluV8. Essentially identi-

cal results were obtained on enzyme activity with

both of these recombinant GluV8 species. However,

most data presented herein were obtained from

proGluSE-matGluV8, because this protein became

available at the early stage of our study.

Maturation processing of proGluSE-matGluV8

and GluV8 4mut

It has been reported that native GluV8 is processed to

its mature form through cleavage by a thermolysin

family metalloprotease, aureolysin [6,17]. Hence,

proGluSE-matGluV8 was incubated with serial doses

of thermolysin. As a result, the 44 kDa protein was

converted to a 42 kDa species and, finally, to 38 and

40 kDa species (Fig. 4A). The 42 kDa band appearing

at a small dose of thermolysin (lane 3) was composed

of multiple species with the N-termini of Asn43, Val46

and Ile56, and that at a large dose (lane 6) consisted

of a single species with the N-terminus of Ile56

(Table 1). The N-terminus of the 38 and 40 kDa forms

was Val69, which coincided with the N-terminus of

native GluV8 [5].

Thermolysin-processed recombinant proteins were

then subjected to zymography. The caseinolytic activity

emerged in a thermolysin dose-dependent manner

(Fig. 4B). The major band with caseinolytic activity

was at 33 kDa (Fig. 4B), indicating that the nonheated

sample of mature GluV8 migrated faster than the

heated sample on SDS-PAGE. This phenomenon is

examined further below (see Fig. 7). The proteolytic

activity towards the peptide substrate also emerged on

A B 

C 

Fig. 2. SDS-PAGE of GluSE, GluV8 and their

derivatives. The lysates (lanes 1–5) and

batch-purified fractions (lanes 6–10) of

recombinant GluSE (lanes 1 and 6), GluV8

(lanes 2 and 7), proGluSE-matGluV8 (lanes 3

and 8), GluV8 2mut (lanes 4 and 9) and

GluV8 4mut (lanes 5 and 10) were prepared.

Aliquots (10 lL) were separated by PAGE

and stained with CBB (A) or immunoblotted

with anti-penta-His monoclonal IgG (B).

M, molecular mass markers. The apparent

molecular masses of major products are

shown on the left (A) and right (B). (C)

Growth curves of GluV8 (open circles),

proGluSE-matGluV8 (filled circles), GluV8 2-

mut (filled squares) and GluV8 4mut (open

squares) cultured at 30 �C in the presence

of 0.2 mM isopropyl b-D-thiogalactopyrano-

side.

A B 
Fig. 3. Talon affinity chromatography of

recombinant proteins. (A) The bacterial

lysate (50 mL) of a 500 mL culture express-

ing the full-length form of GluSE (open cir-

cles) or GluV8 (filled circles) was separated

on a Talon affinity resin (1 · 5 cm) as

described in Experimental procedures. One

microlitre fractions were collected. (B) Aliqu-

ots (10 lL) of the eluates of GluV8 were

separated by SDS-PAGE and stained with

CBB. L, bacterial lysate expressing GluV8.

M, low-molecular-mass markers.
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thermolysin treatment (Fig. 4C). Thermolysin itself did

not possess these activities, even at the maximum dose

used (Fig. 4B,C). Therefore, it was concluded that the

40 kDa form represents the mature form. The 38 kDa

form that possessed an identical N-terminus seemed to

be processed further at the C-terminal end. It was sus-

pected that the Glu279-Asp280 bond of GluV8 was

degraded by an autoproteolytic process. Taken

together, these findings indicate that the GluV8 mature

peptide fuses to the correctly folded GluSE proseg-

ment, and thus is correctly processed to the mature

form by thermolysin in vitro.

Next, the biochemical properties and proteolytic

activities of native and recombinant mature forms of

GluV8 were compared. Native GluV8 was present as

two forms: 38 and 40 kDa (Fig. 5A). The profile of

recombinant GluV8 was essentially identical to that

of native GluV8, except for the presence of the non-

degraded 41–44 kDa bands of the recombinant form,

presumably as a result of insufficient cleavage with

thermolysin.

The N-terminal sequence of the 44 kDa GluV8 4mut

was also determined. Its N-terminus was Leu30

(Table 1), which is equivalent to the N-terminus

(Lys28) of the 44 kDa proGluSE-matGluV8. The

Ala27-Lys28 bond of proGluSE-matGluV8 and the

Ala29-Leu30 bond of GluV8 4mut appeared to match

with the recognition site of signal peptidase I [18].

However, because the borders between the pre- and

A B

C

Fig. 4. In vitro processing of proGluSE-matGluV8 by thermolysin. proGluSE-matGluV8 was incubated at 0 �C (lane 1) or 37 �C (lane 2)

without protease or at 37 �C with 1 ng (lane 3), 3 ng (lane 4), 10 ng (lane 5), 30 ng (lane 6), 0.1 lg (lane 7), 0.3 lg (lane 8) or 1 lg (lane 9)

of thermolysin. As a control, thermolysin (1 lg) was incubated in the absence of GluV8 (lane Th ⁄ 35 kDa). Aliquots (0.5 lg) of thermolysin-

treated samples were separated by SDS-PAGE and stained with CBB (A) or visualized by zymography (B). M, molecular mass markers. The

apparent molecular masses of the major bands are indicated. (C) After incubation with thermolysin as described in Experimental procedures,

the proteolytic activity towards Z-Leu-Leu-Glu-MCA was measured (open circles). The activities (fluorescence units, FU) of the sample

incubated at 0 �C (open square) and thermolysin without GluV8 at 37 �C (filled circle) were also measured.

Table 1. N-terminal sequences of GluV8 derivatives. The N-termi-

nal sequences of the bands of proGluSE-matGluV8, obtained by

SDS-PAGE (Fig. 4A), and those of GluV8 4mut were determined.

Italic letters represent the amino acids derived from the preprose-

quence of GluSE.

Species Detected amino acids Determined sequence

proGluSE-matGluV8

44 kDa (Fig. 3, lane 1)a

a KTDTESHNHS A27 ⁄ K28TDTESHNHS

b NKNVLDINSS E42 ⁄ N43KNVLDINSS

c SSLGTENKNV H36 ⁄ S37SLGTENKNV

42 kDa (lane 3)a

a VLDINSSSHN N45 ⁄ V46 LDINSSSHN

b IKPSQNKSYP N55 ⁄ I56KPSQNKSYP

c NKNVLDINSS E42 ⁄ N43KNVLDINSS

42 kDa (lane 6) IKPSQNKSYP N55 ⁄ I56KPSQNKSYP

40 kDa VILPNNDRHQ S66 ⁄ V69ILPNNDRHQ

38 kDa VILPNNDRHQ S66 ⁄ V69ILPNNDRHQ

GluV8 4mut

44 kDa LSSKAMDNHP A29 ⁄ L30SSKAMDNHP

40 kDa VILPPNN S68 ⁄ V69ILPNNb

a A mixture of three fragments; their amounts were a > b >> c.
b Ser68 was the amino acid of GluV8 4mut substituted by Asn68.
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prosequences of GluSE and GluV8 remain to be estab-

lished, it should be determined that these sites are

actually processed in GluSE and GluV8 expressed in

S. epidermidis and S. aureus, respectively.

Role of the prosequence

In order to investigate the role of the propeptide,

GluV8 was expressed with a series of truncated pro-

peptides of GluSE. Their N-termini started from Ile49,

Ile56, Asn61, Ser63, Pro65 or Ser66 (Fig. 5A). The

minimal propeptide possessed the last amino acid

(Ser66) of the GluSE propeptide. The expression levels

varied amongst the constructs, with the forms starting

from Pro65 and Ser66 being poorly recovered.

However, all were purified to near homogeneity as 40–

44 kDa bands. The proteolytic activities of the nonpro-

cessed molecules were trivial in all cases (Fig. 6D).

When the recombinant proteins were processed with

thermolysin, the 38 and 40 kDa mature forms were

produced in most cases (Fig. 6B, lanes 1–5, Th+). The

exceptions were GluSE Pro65-matGluV8 and GluSE

Ser66-matGluV8, which were thoroughly degraded by

thermolysin treatment (lanes 6 and 7, Th+). This find-

ing may cause the low expression of GluSE Pro65-mat-

GluV8 and GluSE Ser66-matGluV8. After thermolysin

processing, the truncated molecules containing the

sequences from Ile49, Ile56, Asn61 or Ser63 to the last

amino acid residue Ser66 of the GluSE prosegment

acquired protease activities comparable with that

of proGluSE-matGluV8. By contrast, GluSE Pro65-

matGluV8 showed significantly lower activity, and

GluSE Ser66-matGluV8 hardly possessed any activity

(Fig. 6C). Therefore, the C-terminal tetrapeptide of

the propeptide (Ser63-Tyr-Pro-Ser66), which was suffi-

cient for the suppression of protease activity, was also

A B

Fig. 5. Comparison of the active forms of native and recombinant

GluV8. (A) Aliquots (0.5 lg) of native GluV8 (lane 1) and recombi-

nant GluV8 treated with thermolysin (lane 2) were separated by

SDS-PAGE. M, low-molecular-mass markers. (B) The proteolytic

activities of native GluV8 (column 1) and recombinant GluV8 (col-

umn 2) were measured with 10 lM Z-Leu-Leu-Glu-MCA. Values are

the means ± standard deviation (n = 3). Samples for columns 1

and 2 are identical to those for lanes 1 and 2, respectively, in (A).

A B

DC

Fig. 6. Minimal region of the prosequence responsible for chaperoning and enzyme inhibition. (A) N-terminal sequences of proGluSE-mat-

GluV8 and its N-terminally truncated forms. proGluSE-matGluV8 was expressed as the full-length form, but its N-terminus was processed up

to K28. (B) Recombinant proteins shown in (A) were incubated without protease at 0 �C (–) or with thermolysin (1 lg) at 37 �C (+) as

described in Experimental procedures. Thereafter, aliquots (0.5 lg) were separated by SDS-PAGE. (C) The Glu-specific protease activity of

aliquots (0.25 lg) pretreated with thermolysin. Values are the means ± standard deviation (n = 4). (D) The Glu-specific protease activity of

aliquots (1 lg) incubated without thermolysin. Values are the means ± standard deviation (n = 4). Numbers 1–7 are identical in (A)–(D).
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adequate for the intramolecular chaperone function.

GluSE Ser66-matGluV8 was also expressed with the

long N-terminal tag (Met-Arg-Gly-Ser-His6-Gly)

encoded by the pQE9 expression vector. The recombi-

nant protein possessed trace proteolytic activity both

before and after thermolysin treatment (data not

shown). Thus, the length of the propeptide was not

critical, but the sequence itself was important for

folding and suppression of the activity of the mature

portion.

When analysed carefully, the proteolytic activities of

the nonprocessed forms were not entirely zero. In par-

ticular, the activities of GluV8 with shorter propep-

tides, i.e. Asn61-Ser66 and Ser63-Ser66, could not be

ignored (Fig. 6C, columns 4 and 5). Concerning this

result, it should be noted that the recombinant GluSE

Asn61-matGluV8 and GluSE Ser63-matGluV8 were

expressed in consideration of the autoproteolytic sites

of the GluV8 propeptide, i.e. Glu62-Gln63 and Glu65-

His66 bonds, respectively (Fig. 1B). Accordingly,

GluV8 autoprocessed at these sites may possess weak

proteolytic activity, as postulated in the experiment of

Fig. 2.

Mutation of the essential amino acid Ser237

Establishment of the E. coli expression system of

GluV8 enabled the roles of certain amino acids com-

prising the protease to be investigated by in vitro muta-

genesis. As an initial approach, two key amino acids

were chosen: Ser237 and Val69. GluV8 is a serine pro-

tease, the active site of which consists of the His119,

Asp161 and Ser237 triad [19]. To confirm the role of

Ser237, its substitution by Ala was introduced to

proGluSE-matGluV8 (designated GluV8 Ser237Ala).

As a result, GluV8 Ser237Ala showed no caseinolytic

or Glu-specific activity (Fig. 7B,C).

As described in Fig. 4, the mobility of mature

GluV8 on SDS-PAGE was altered by heating of the

samples in SDS sample buffer. Unprocessed GluV8

Ser237Ala, as well as the wild-type, migrated to the

44 kDa position (Fig. 7A). After thermolysin treat-

ment, the mobility of the wild-type was shifted to 33

and 38 ⁄ 40 kDa under nonheated and heated condi-

tions in the presence of SDS, respectively (Fig. 7A).

The profile of GluV8 Ser237Ala was similar to that of

the wild-type, although 35 kDa (lane 7) and 41 kDa

A B

C

Fig. 7. Effect of the amino acid substitution at Ser237 on the proteolytic activity. proGluSE-matGluV8 (wt), or its mutant (Ser237Ala), was

incubated at 0 �C without protease (–) or at 37 �C with 0.3 lg of thermolysin (+). Thereafter, aliquots (1 lg) were separated by SDS-PAGE

and stained with CBB (A) or subjected to zymography (B). Samples were mixed with a half volume of SDS sample buffer and subjected to

SDS-PAGE without heat (heat –) or after heat denaturation (heat +). M, low-molecular-mass markers. The apparent molecular masses of

major bands are indicated on the left. (C) Aliquots of the thermolysin-treated samples were subjected to the protease assay using Z-Leu-

Leu-Glu-MCA. Values are the means ± standard deviation (n = 3).
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(lane 8) intermediate forms were also observed. The

faster migration of processed and nonheated GluV8

strongly suggests its more compact conformation.

However, this conformation was not a prerequisite for

renaturation of the protein, because GluV8 exposed to

heat could renature under the conditions of zymo-

graphy (Fig. 7B, lane 4). This finding indicates that,

although the zymography experiment used nonheated

samples, the mature form of GluV8 could be renatured

even after exposure to heat in the presence of SDS.

Role of N-terminal Val69 in processing of the

GluV8 proform

Finally, the role of N-terminal Val69 of mature GluV8

was investigated. It has been proposed that the a-amino

group of N-terminal Val69 of mature GluV8 interacts

with the c-carboxyl group of Glu of a substrate peptide

[19]. If so, as any N-terminal residue, except the imino

acid Pro, possesses an a-amino group, it can be specu-

lated that Val69 is simply required for processing with

thermolysin, which hydrolyses the amino-side peptide

bond of hydrophobic amino acids. To test this, Val69

of proGluSE-matGluV8 was substituted by Phe. In

addition, Val69 was replaced by Ala and Gly, as therm-

olysin cleavage of peptide bonds with these amino acid

residues has been reported [20]. The 44 kDa mutant

forms, as well as the wild-type, were processed to

42 kDa intermediate forms, and further to 40 kDa,

indicating that the mutation does not modify the steric

structure of GluV8. However, these molecules showed

no proteolytic activity (Fig. 8). Strikingly, it was found

that the N-termini of the processed forms were not the

69th substituted amino acids, but entirely Ile70. These

results show that thermolysin attacks the Xaa69-Ile70

bond of the mutant rather than the Ser-Xaa69

(Xaa ” Phe, Gly or Ala) bond. As a consequence, it

was found unexpectedly that Val69 was indispensable

for correct processing by thermolysin at the Ser-Val69

bond, and that GluV8 with N-terminal Ile70 had essen-

tially no proteolytic activity.

Role of N-terminal Val69 in the proteolytic

activity

As Val69 was indispensable for precise processing at

the Ser66-Val69 bond, it was impossible to investigate

the role of Val69 in the enzymatic reaction. To over-

come this difficulty, mutant proGluSE-matGluV8 was

prepared, with Ser66 replaced by Arg (designated

proGluSE Arg66-matGluV8), because the peptide

bond between Arg66 and Val69 can be degraded by

A

B

Fig. 8. Effect of amino acid substitutions at Val69 on thermolysin processing. proGluSE-matGluV8 or its mutants at Val69 were incubated at

0 �C without protease (lane 1) or at 37 �C with 0.03 lg (lane 2), 0.1 lg (lane 3), 0.3 lg (lane 4), 1 lg (lane 5) or 3 lg (lane 6) of thermolysin.

Thereafter, aliquots (0.5 lg) were separated by SDS-PAGE (A) or subjected to the protease assay with Z-Leu-Leu-Glu-MCA (B). M, low-

molecular-mass markers. The apparent molecular masses of major bands and 35 kDa thermolysin are indicated. Symbol designations in (B):

Val69 (open circles), Val69Phe (filled circles), Val69Ala (open squares) and Val69Gly (open triangles; identical to Val69Phe).
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trypsin. Indeed, trypsin processing of proGluSE

Arg66-matGluV8 faithfully mimicked the thermolysin

processing of proGluSE-matGluV8 (Fig. 9A, compare

lanes 2 and 6). Concomitantly, its Glu-specific proteo-

lytic activity was enhanced (Fig. 9B). Although thermo-

lysin treatment of proGluSE Arg66-matGluV8 also

increased the activity (Fig. 8B, column 3), the effi-

ciency was less than that of trypsin treatment (col-

umn 4), reflecting the predominance of the

nondegraded 42 kDa intermediate (Fig. 9A, lane 5).

This should be the result of the substitution of the

P1¢ site Ser66 by nonfavourable Arg. Hence, it is possi-

ble to utilize trypsin as the processing enzyme.

Trypsin cleavage of proGluSE Arg66-matGluV8,

with Val69 substituted by Ala, Phe, Gly or Ser, gener-

ated the 40 kDa form with the designed N-termini

(data not shown). Their Glu-specific proteolytic activi-

ties were 4.5% (Ala), 1.4% (Phe), 1.1% (Gly) and

0.6% (Ser) of that of Val69 (Fig. 9B). Therefore, it

was concluded that Val69 plays an important role in

the enzyme reaction itself, although other amino acids,

such as Ala, may partially substitute for Val69.

Discussion

In this study, for the first time, GluV8 has been suc-

cessfully expressed as a soluble proform in E. coli. Pos-

sible reasons for the poor expression of GluV8 in

E. coli previously have been found. The propeptide of

GluV8 possesses Glu at positions 62 and 65; their

C-terminal ends undergo autoproteolysis and the

resultant GluV8 with truncated propeptides (Gln63-

Asn68 and His66-Asn68) is partially active. This may

induce the cascade reaction of GluV8 activation,

because recombinant proteins remain inside E. coli

cells, instead of being secreted from S. aureus. The

conversion of amino acids adjacent to the processing

site from Ala67-Asn68 to Pro-Ser further suppresses

the degradation. It is currently speculated that an

endogenous protease in E. coli cleaves the Ala67-

Asn68 or Asn68-Val69 bond of GluV8. The substitu-

tion of Asn67 by Pro can prevent this proteolysis,

because Pro-Xaa and Xaa-Pro bonds (Xaa ” any

amino acid) are highly resistant to most proteases.

A chimeric protease has been expressed previously

on a pro-aminopeptidase-processing protease, i.e. a

thermolysin-like metalloprotease produced by Aeromo-

nas caviae T64 [21]. The propeptide of the protease

could be replaced by that of vibriomysin, a homologue

of the protease, which shared 36% amino acid identity.

In the present study, it was demonstrated that the pro-

peptide of GluV8 could be replaced by that of GluSE,

although the similarity (15.4%) of their prosequences

was much lower than the case of the thermolysin-like

protease. Therefore, it can be proposed that the amino

acid requirement of prosequences for assistance in pro-

tein folding and inhibition of catalytic activity is lower

than the requirement for the proteolytic entity. This is

further indicated by the finding that the last four

residues of the propeptide of GluSE, which are com-

pletely different from those of GluV8, are sufficient for

the role of the propeptide of GluV8 (Fig. 1B).

A B

Fig. 9. Involvement of Val69 in protease activity. (A) Ser66 of proGluSE-matGluV8 was substituted by Arg (GluSE Arg66-GluV8). proGluSE-

matGluV8 (wt) and proGluSE Arg66-matGluV8 (Ser66Arg) were incubated at 0 �C without protease (lanes 1 and 4), at 37 �C with 0.3 lg of

thermolysin (lanes 2 and 5) or at 37 �C with 0.3 lg of trypsin (lanes 3 and 6), as described in Experimental procedures. As controls, 0.3 lg

of thermolysin (lane 7 ⁄ Th) and trypsin (lane 8 ⁄ Tr) were incubated without recombinant protein. Thereafter, aliquots (0.75 lg) were separated

by SDS-PAGE. M, low-molecular-mass markers. The apparent molecular masses of the major bands are indicated on the left. (B) Val69 of

proGluSE Arg66-matGluV8 was mutated, and the Glu-specific protease activity of the mutated forms was measured using aliquots of the

samples after incubation with thermolysin or trypsin. wt, proGluSE-matGluV8 (columns 1 and 2). Val69Xaa: amino acid at position 69 of

GluSE Arg66-GluV8 was substituted by Val (columns 3 and 4), Ala (columns 5 and 6), Phe (columns 7 and 8), Gly (columns 9 and 10) or Ser

(columns 11 and 12). Values are the means ± standard deviation (n = 3).
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Amongst the glutamyl endopeptidase family mem-

bers, GluV8 and GluSE are processed by a thermoly-

sin family metalloprotease, aureolysin [6,17,22]. By

contrast, the N-terminus of the Glu-specific endopepti-

dase from Bacillus licheniformis is Ser, indicating the

processing of the Lys-Ser bond by a protease with

trypsin-like specificity [9]. This may not be surprising,

because the processing enzyme can be changed from

thermolysin to trypsin by substitution of Ser66 of

proGluSE-matGluV8 by Arg66 (Fig. 9). This result

indicates that any proteolytic enzyme can activate the

glutamyl endopeptidase if it can properly cleave the

processing site.

GluV8 is a serine protease, the His119, Asp161 and

Ser237 residues of which form an active triad. Indeed,

Ser237 is essential for the protease reaction. Because

GluV8 Ser237Ala is normally processed by thermoly-

sin, its overall structure does not appear to be altered

from the active form. Therefore, to elucidate the mech-

anism of suppression of the protease activity and the

alteration in the proteolytic activity between the two

proteases, crystallographic analyses are now under way

in our laboratory using GluV8 Ser237Ala and GluSE

Ser235Ala.

The prosegment of bacterial proteases, such as

thermolysin [12,13] and subtilisin [23], is indispensable

for the suppression of protease activity and for correct

folding of the protease. An inhibitory role of the pro-

peptide has also been postulated for GluV8, because

the GluV8 precursor is specifically activated by the

metalloprotease, aureolysin [6]. However, direct evi-

dence has not been presented to date. The present

study has confirmed this role. By contrast, the intra-

molecular chaperone activity of the GluV8 propeptide

has not been investigated in detail previously, primar-

ily because of a lack of an appropriate expression sys-

tem for GluV8. A previous study has indicated that

the prosequence of GluV8 is dispensable for folding,

as the active enzyme is recovered after denaturation–

renaturation of a mature polypeptide [8]. However, in

the present study, the intramolecular chaperone activ-

ity of the GluSE propeptide towards the mature por-

tion of GluV8 was clearly demonstrated. Moreover, it

was demonstrated that only four residues of the pro-

peptide (Ser63-Tyr-Pro-Ser66) are sufficient for chaper-

one function. It was impossible to segregate the

regions responsible for the dual roles completely, indi-

cating that the two functions may be tightly connected

with each other. With regard to the two roles of the

propeptide, the inhibitory effect on protease activity

may be explained by the propeptide amino acids

attached to N-terminal Val69, because of the essential

role of the a-amino group of the N-terminal amino

acid [19]. However, it remains unknown how the pro-

sequence, especially the tetrapeptide (Ser63-Tyr-Pro-

Ser66) of the GluSE propeptide, supports the folding

of the mature portion of GluV8. It is supposed that

the tetrapeptide may form a scaffold for the folding of

the mature sequence. For example, it has been

reported that the intrinsically unstructured propeptide

of subtilisin adopts an arranged structure only in the

presence of the mature form of the protease [23].

Whether or not a similar mechanism is responsible for

the folding of the glutamyl endopeptidase family

should be investigated.

Our result on zymography reproduced the renatur-

ation of the mature polypeptide reported by Yabuta

et al. [8]. However, this finding does not exclude the

need for the intramolecular chaperone activity of the

propeptide. Similar results were observed on proteins

folded by general molecular chaperones. Thus, even if

a protein can fold spontaneously under in vitro condi-

tions, it may be unable to fold under in vivo conditions

without molecular chaperones. In particular, the fold-

ing of nascent polypeptides is substantially distinct

from the renaturation process of a polypeptide in vitro.

Like the general molecular chaperone Hsp70, which

immediately binds to nascent polypeptides [24], the

GluV8 propeptide may associate with subsequently

synthesized nascent polypeptide, and suppress the mis-

folding of the mature portion. By contrast, the entire

mature portion of GluV8 may be ready to fold sponta-

neously under in vitro denaturation and renaturation

conditions.

Mature GluV8 polypeptide was more resistant than

the nonprocessed form to denaturation in the presence

of SDS. The faster electrophoretic mobility of mature

GluV8 indicates a more compact structure. This

strongly suggests that the conformation of nonpro-

cessed GluV8 is distinct from the simple summation of

the pro- and mature polypeptides. Hence, the propep-

tide seems to prevent the mature polypeptide from

converting to a more compact structure. Noncovalent

association of an intramolecular chaperone propeptide

with the mature portion has been reported for subtili-

sin [23] and furin [25].

Prasad et al. [19] have proposed that the positively

charged a-amino group of the N-terminus is involved

in the substrate recognition of GluV8. In the same

context, Popowicz et al. [26] have reported that a

recombinant form of SplB, a GluV8 family member,

possesses proteolytic activity, whereas that carrying

an additional Gly-Ser dipeptide is devoid of activity;

no data were presented to substantiate this conclu-

sion. The present study clearly demonstrated the

inhibitory effect of the prosegment on the proteolytic
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activity. The proteolytic activities of GluV8 with

truncated GluSE propeptides, i.e. Ser63-Ser66 and

Asn61-Ser66, were not completely zero. By contrast,

the proteolytic activities of GluV8 with longer GluSE

propeptides (Ile56-Ser66, Ile49-Ser66 and Ser33-Ser66)

were more rigorously inhibited. The a-amino group of

the N-terminus of shorter propeptides may function

as a weak acceptor of the negative charge of a sub-

strate peptide.

In the present study, the role of Val69 was investi-

gated. Val69 was essential for precise processing at the

peptide bond between Ser66 of the GluSE propeptide

and Val69 of the GluV8 mature sequence for protease

maturation. When N-terminal Val69 was substituted

by Ala, Phe, Gly or Ser in GluV8 (with Arg66 substi-

tuted by Ser66), low but substantial protease activities

were found, i.e. 0.6–4.5% of the wild-type. Therefore,

the enzyme activity varied according to the N-terminal

amino acid, and was much lower than that with Val69.

Furthermore, it was demonstrated that GluV8 starting

from Ile70 was inactive. These findings indicate that

Val69 is more than just a supplier of an a-amino

group for substrate recognition, and is important, if

not essential, for the proteolytic reaction.

N-terminal Val is conserved amongst GluV8, GluSE

and Glu-specific proteases from Streptomyces griseus

[10] and Streptomyces fradiae [27]. By contrast, the

N-terminus of the six serine proteases Spl from S. aur-

eus is Glu [28]. Although a glutamyl endopeptidase

from Bacillus licheniformis possesses the sequence

Lys94-Ser-Val-Ile-Gly98 around the processing site, a

sequence similar to that of GluSE (Pro65-Ser-Val-Ile-

Leu71), the N-terminus of the mature form is reported

to be Ser95 rather than Val96, presumably being

dependent on the processing enzyme [9]. Moreover,

Kawalec et al. [29] reported that the processed glutam-

yl endopeptidase of Enterococcus faecalis with an addi-

tional Ser-1 possesses a much higher proteolytic

activity than that starting from Leu1. Therefore, the

requirement of Val at the N-terminus might be depen-

dent on the conformation of each protease. It would

be interesting to test whether or not the substitution of

the N-terminal amino acids of non-Val-type Glu-spe-

cific proteases by Val enhanced the proteolytic activity.

Glutamyl endopeptidases from Streptomyces fradiae

[27] and Streptomyces griseus [10] are assumed to be

activated through autoproteolysis at Glu-Xaa bonds.

Similarly, bacterial proteases, e.g. Arg- and Lys-spe-

cific proteases, from Porphyromonas gingivalis [30–32]

appear to be autoprocessed by the cleavage at Arg-

Xaa or Lys-Xaa bonds. Therefore, as shown in the

present study, the modification of the processing sites

by in vitro mutagenesis may be useful for the suppres-

sion of the autoproteolytic cascade of these proteases

for their expression in E. coli.

Experimental procedures

Materials

The materials used and their sources were as follows:

expression vector pQE60 and plasmid pREP4 from Qiagen

Inc. (Chatsworth, CA, USA); low-molecular-mass markers

from GE Healthcare (Milwaukee, WI, USA); kaleidoscope

prestained molecular standard from Bio-Rad (Richmond,

CA, USA); restriction enzymes and DNA-modifying

enzymes from Nippon Gene (Tokyo, Japan); KOD plus

DNA polymerase from Toyobo (Tokyo, Japan); fluorescent

peptide, Z-Leu-Leu-Glu-MCA, from Peptide Institute

(Osaka, Japan); trypsin and azocasein from Sigma-Aldrich

(St Louis, MO, USA); protease V8 ⁄GluV8 from S. aureus V8

strain (Roche Diagnostics, Mannheim, Germany); Talon

metal affinity resin from Clontech Laboratories Inc. (Palo

Alto, CA, USA); anti-penta-His monoclonal antibody from

Qiagen Inc.; and alkaline phosphatase-conjugated rabbit

anti-mouse Ig(G + A + M) from Zymed Laboratories

Inc. (San Francisco, CA, USA). Oligonucleotide primers

were purchased from Genenet (Fukuoka, Japan).

Bacterial expression vector for GluSE

GluSE was expressed in E. coli with a histidine hexamer

tag at the C-terminus using the pQE60 expression vector

(Qiagen Inc.). The DNA fragment carrying the full-length

GluSE (Met1-Gln282) was amplified with a pair of prim-

ers: 5¢-TATGGATCCAAAAAGAGATTTTTATCTATATG

TAC-3¢ and 5¢-ATTGGATCCCTGAATATTTATATCAG

GTATATTG-3¢. BamHI sites introduced in the primers are

indicated in italic. Genomic DNA of S. epidermidis

(ATCC 14990) was used as a template. PCR was performed

for 30 cycles using the KOD plus system, which did not tag

any nucleotide at the 3¢-OH end of the PCR fragments. A

PCR product was then cut with BamHI and inserted into a

BamHI site of pQE60. Y1090[pREP4] cells were trans-

formed with the plasmid (designated as pQE60-GluSE),

and the transformants were selected on LB broth agar

plates containing 50 lgÆmL)1 of ampicillin and 25 lgÆmL)1

of kanamycin.

Expression vectors for the full-length form and

chimeric form of GluV8

The DNA fragment encoding the full-length form of GluV8

(Met1-Ala336) was amplified with a pair of primers (5¢-
ATGGGATCCAAAGGTAAATTTTTAAAAGTTAGTT

CT-3¢ and 5¢-ATTGGATCCCTGAATATTTATATCAGG

TATATTG-3¢) and then processed as described above.
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BamHI sites introduced in the primers are indicated in

italic. Genomic DNA of S. aureus V8 strain was used

as a template. The resulting plasmid was designated as

pQE60-GluV8.

A DNA fragment encoding a chimeric protein, i.e. the

prepropeptide of GluSE (Met1-Ser66) and the mature

sequence of GluV8 (Val69-Ala336), was amplified with a

pair of primers: 5¢-GTTATATTACCAAATAACGATCGT

CACC-3¢ and 5¢-ACTTGGGTAACTTTTATTTTGACTTG

GT-3¢. The former targeted the mature sequence of GluV8

(Val69-Ala336) and the latter the prepropeptide of GluSE

(Met1-Ser66). A mixture of pQE60-GluSE and pQE60-

GluV8 (45 ng each) was used as template. During the PCR

cycle, a 5 kb PCR fragment encoding the vector and the

GluSE Met1-Ser66 ⁄GluV8 Val69-Ala336 chimeric protein

became predominant. After DpnI digestion of the templates,

the 5¢-end of the fragment was phosphorylated by T4 poly-

nucleotide kinase and self-ligated by T4 DNA ligase simulta-

neously. Y1090[pREP4] cells were transformed with the

resulting plasmid (designated pQE60-proGluSE-matGluV8).

Production of the chimeric plasmid was confirmed by DNA

sequencing.

Expression vectors for truncated forms of GluV8

Expression plasmids encoding the mature protein of GluV8

(Val69-Ala336) fused to truncated propeptides of GluSE at

the N-terminus, i.e. Ile49-Ser66, Ile56-Ser66, Asn61-Ser66,

Ser63-Ser66, Pro65-Ser66 and Ser66, were amplified by

PCR with appropriate primers carrying BamHI sites using

pQE60-proGluSE-matGluV8 as template (Fig. 6). The

amplified fragments were inserted into a BamHI site of

pQE60 as described above.

In vitro mutagenesis by PCR

In vitro mutagenesis was performed by the PCR technique,

as described above, using the following mutated primers

with the altered nucleotides indicated in italic. (a) Nucleo-

tides (GAA) encoding Glu at positions 62 and 65 of

pQE60-GluV8 were substituted with nucleotides encoding

Gln and Ser, respectively. The plasmid pQE60-GluV8 was

used as a template. A sense primer (5¢-CGTAGTCAC

GCAAATGTTATATTCCCAAATAACG-3¢) and an anti-

sense primer (5¢-TTGTTGTAATGGTTTGTTACCGCC

TTTTT-3¢) were used as PCR primers. The resulting plas-

mid was designated pQE60-GluV8 2mut. (b) Nucleotides

(GCAAAT) encoding Ala67-Asn68 of GluV8 were further

substituted with those (CCAAGT) encoding Pro65-Ser66 of

GluSE at equivalent positions. The plasmid pQE60-

GluV8 2mut was used as a template. A sense primer

(5¢-CGTAGTCACGCAAATGTTATATTCCCAAATAA

CG-3¢) and an antisense primer (5¢-ACTTGGGTGACTA

CGTTGTTGTAATGGTTT-3¢) were used as PCR primers.

The resulting plasmid was designated pQE60-GluV8 4mut.

(c) Nucleotides (TCA) encoding Ser237 of pQE60-GluV8

4mut were substituted with those encoding Ala with a sense

primer (5¢-GGTTCACCTGTATTTAATGAAAAAA-3¢)
and an antisense primer (5¢-TGCATTACCACCAG

TTGTACTTAAATC-3¢). (d) Nucleotides (AGT) encoding

Ser66 of pQE60-proGluSE-matGluV8 were substituted

with CGT encoding Arg. A sense primer (5¢-GTT

ATATTACCAAATAACGATCGTCACC-3¢) and an anti-

sense primer (5¢-ACGTGGGTAACTTTTATTTTGAC

TTGGTTTG-3¢) were used as PCR primers. The resulting

plasmid was designated pQE60-proGluSE Arg66-matGluV8.

(e) Nucleotides (GTT) encoding Val69 of pQE60-pro-

GluSE-matGluV8 and pQE60-GluSE Arg66-matGluV8 were

substituted with those encoding Phe (TTT), Ala (GCG),

Gly (GGT) or Ser (AGC) with appropriate primers.

Expression and purification of recombinant

proteins

His6-tagged recombinant proteins were expressed and puri-

fied as described previously [33]. Briefly, Y1090[pREP4]

carrying pQE9- or pQE60-derived expression plasmids was

cultured in LB broth containing 50 lgÆmL)1 of ampicillin

and 25 lgÆmL)1 of kanamycin at 37 �C overnight. Protein

expression was induced by dilution of the culture with

two volumes of LB broth containing 0.2 mm isopropyl b-
d-thiogalactopyranoside and incubation at 30 �C for 3 h.

Bacterial cells were harvested by centrifugation and lysed

with lysis ⁄washing buffer (20 mm Tris ⁄HCl, pH 8.0, 0.1 m

NaCl containing 10 mm imidazole) to which 0.5 mgÆmL)1

of lysozyme and 10 lgÆmL)1 of leupeptin had been added.

Recombinant proteins were recovered in the cell lysate

fraction and purified by affinity chromatography with

Talon metal affinity resin (Clontech Laboratories Inc.)

according to the manufacturer’s protocol, except that 10 mm

imidazole was included in the lysis ⁄washing buffer. After

extensive washing, the bound proteins were eluted with 0.1 m

imidazole (pH 8.0) containing 10% (v ⁄ v) glycerol. The

purified proteins were stored at )80 �C until use.

In vitro processing and measurement of the

protease activity

Unless otherwise stated, the in vitro processing of recombi-

nant proteins and subsequent protease assay were per-

formed as follows. Recombinant proteins (10 lg ⁄ 0.1 mL)

were incubated in 10 mm sodium borate, pH 8.0, 0.005%

(v ⁄ v) Triton X 100 containing 2 mm CaCl2 with thermoly-

sin (0.3 or 1 lg) at 37 �C for 4 h. Thereafter, aliquots were

incubated with 10 mm Z-Leu-Leu-Glu-MCA in 0.2 mL of

50 mm Tris ⁄HCl (pH 8.0) and 5 mm EDTA at 25 �C for

2 h. Fifty-seven picomoles of proteins (0.18 lg for 32 kDa

GluSE proform and 0.25 lg for 44 kDa GluV8 proform)

were used for each protease assay unless otherwise stated.
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EDTA was added to the reaction mixture to inactivate

thermolysin [34]. The fluorescence was measured (excita-

tion, 380 nm; emission, 460 nm) with a fluorescence pho-

tometer F-4000 (Hitachi, Tokyo, Japan). The activity was

presented as fluorescence units (FU).

SDS-PAGE and zymography

Samples (0.5 or 1 lg) were separated by electrophoresis in

the presence of 0.1% SDS at a polyacrylamide concentra-

tion of 12.5% (w ⁄ v), and then stained with CBB. For

zymography, SDS-PAGE was performed using 12% poly-

acrylamide gels containing 1 mgÆmL)1 of azocasein [35].

Samples (1 lg) were loaded onto the gel without heat treat-

ment unless otherwise stated. After SDS-PAGE, the gel

was incubated twice at 25 �C with 100 mL of 2.5% (w ⁄ v)
Triton X 100 for 20 min each time, and then twice at the

same temperature with 100 mL of 50 mm Tris ⁄HCl,

pH 7.8, containing 30 mm NaCl, for 10 min each time.

Thereafter, the gel was incubated in 100 mL of the latter

buffer at 37 �C overnight. Finally, nonhydrolysed azocasein

in the polyacrylamide gel was stained with CBB.

Immunoblotting

Bacterial lysates containing recombinant proteins were pre-

pared as reported previously [36]. The purified fraction used

for immunoblotting was obtained by batch purification of

1 mL of bacterial lysate with 30 mL of a suspension

(resin ⁄buffer, 1 : 1) of Talon affinity resin pre-equilibrated

with lysis buffer, followed by five washings with 1 mL of

washing buffer. The bound proteins were then extracted

and denatured with 30 mL of 3 · SDS sample buffer. The

bacterial lysate or an affinity-purified fraction (5 mL) was

loaded onto a polyacrylamide gel. Following electrophoresis

and the transfer of proteins to a polyvinylidene difluoride

membrane (Immobilon-P; Millipore, Bedford, MA, USA),

the membrane was incubated with 0.2 lgÆmL)1 of anti-

penta-His monoclonal IgG (Qiagen Inc.), and then with

rabbit anti-mouse Ig(G + A + M)–alkaline phosphatase

conjugate at 0.1 lgÆmL)1 (Zymed Laboratories Inc.). Blots

on the membrane were visualized by immersion in a mix-

ture of 5-bromo-4-chloro-3-indolyl phosphate and nitroblue

tetrazolium (Nakarai, Kyoto, Japan).

N-terminal amino acid sequencing

N-terminal amino acid sequences were determined after

separation of the recombinant proteins by SDS-PAGE and

transfer to a polyvinylidene difluoride membrane (Sequi-

Blot PVDF Membrane; Bio-Rad). After staining with CBB,

the bands were excised and sequenced directly with a model

Precise 49XcLC protein sequencer (ABI, Foster City, CA,

USA).

Protein concentration

Protein concentrations were determined by the CBB dye

method (Bio-Rad).
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The adsorption behaviors of lysozyme on dentally related Au, SiO2, and TiO2 surfaces were investigated by a quartz crystal 
microbalance with dissipation monitoring (QCM-D) method.  Frequency shifts indicated that while lysozyme (pI 11) was 
fairly adsorbed on the SiO2 (pI 1.9) surface at both pH 3 and 7, it was adsorbed on TiO2 (pI 6.3) surface only at pH 7.  
However, adsorption was disturbed by 50 mM NaCl.  These results strongly suggested an electrostatic nature of the 
adsorption behavior.  Though a large-scale adsorption of the lysozyme on Au sensor was pH-insensitive, softness of the 
adlayer as seen from the dissipation profile was pH-dependent, indicating an interaction of another type.  With all the 
surfaces, the small dissipation change indicated a stiff lysozyme adlayer.  Results of this study revealed that the controlled 
electrostatic interaction between the material surface and lysozyme might be a useful method for imparting antibacterial 
property to the dental materials.
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INTRODUCTION

With ageing societies on the rise worldwide, the oral 
health care of aged people has taken center stage 
and become an issue of great interest and increasing 
importance.  This is because the immunity of the 
elderly people gets weakened while their ability to 
care themselves is reduced.  Against this backdrop, 
the development of self-cleaning dental materials, on 
which some antibacterial agents are effectively 
accumulated, is highly desired and eagerly awaited.  
In this strategy, it is also important to have a good 
understanding of the adsorption phenomena on both 
dental materials and teeth1-3).  Adsorbates may range 
from small organic adhesive monomers4,5) to large 
polymers6) or cells7), and the mechanisms underlying 
adsorption are diverse.
　　Antibacterial agents may be artificial synthetic 
drugs or natural secreted substances.  Lysozyme is a 
small spheroidal hydrolase responsible for breaking 
down the polysaccharide walls of Gram-positive 
bacteria and those of some Gram-negative bacteria8,9).  
It is a natural antibacterial protein found in saliva 
as well as in egg white and mucus.  Hence, it is 
reasonable and logical to think of utilizing the 
salivary lysozyme as an antibacterial agent.  In this 
context, we thought it important and beneficial to 
clarify the factors affecting the adsorption properties 
of this protein on a variety of dental materials, to the 

end of effectively accumulating this protein on these 
target substrates.  Among the works concerning the 
adsorption of lysozyme on dental materials10,11), those 
in which specific adsorption mechanisms had been 
clarified or adsorption amount had been quantita-
tively discussed seem to be relatively few.
　　Among the many methods used to evaluate 
adsorption, quartz crystal microbalance (QCM) is a 
powerful one since it can precisely detect even a 
small amount of adsorbed mass by a simple principle.  
An evolved version of QCM with “dissipation” 
monitoring (QCM-D) is additionally capable of 
sensing the “softness”, or viscoelastic property, of the 
adsorbed layer by monitoring the energy loss, or 
dissipation D (a quantity reflecting the degree of 
oscillation damping of the quartz sensor in an 
immersion medium).  The QCM-D method has 
recently been successfully applied in the field of oral 
science12-14).  This technique is sometimes used in 
combination with other methods such as AFM15) or 
some optical techniques14,16).
　　In the present study, the objective was to conduct 
a preliminary investigation to clarify the fundamental 
factors controlling the adsorption of lysozyme on 
some dental material-related surfaces, using the 
QCM-D method.  Once an optimal adsorption 
condition is identified, a self-sustaining antibacterial 
system could be constructed on the dental material 
surfaces.  In this system, the antibacterial agent 
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would therefore be the well-characterized salivary 
lysozyme.

MATERIALS  AND  METHODS

Materials
Hen egg white lysozyme hydrochloride (Lot No. 
M6K8742, Nacalai Tesque, Kyoto, Japan) was used 
without further purification.  The lysozyme was 
dissolved in distilled water or 50 mM NaCl solution 
of pH 3 or 7 at room temperature (ca. 25°C).  The 
stock solution of 0.2 g/L (or in some cases 0.4 g/L) 
was then appropriately diluted.  A minimum amount 
of hydrochloric acid or aqueous sodium hydroxide 
solution of analytical grade was added for the final 
pH adjustment; no buffer was used.

QCM-D measurement
The adsorption behavior of lysozyme on various 
surfaces was investigated using a quartz crystal 
microbalance with dissipation monitoring (QCM-D) 
instrument (QCM-D300, Q-Sense AB, Göteborg, 
Sweden).  This instrument was equipped with an AT-
cut quartz sensor crystal surfaced with either gold 
(Au), silicon dioxide (SiO2), or titanium dioxide (TiO2).  
Each sensor surface was cleaned with ozone 
generated by UV irradiation.
　　The aqueous lysozyme solution was first 
stabilized at 25.00±0.02°C in a reservoir loop.  Then, 
it was introduced into a measuring chamber of 80 μL 
capacity, where both frequency f and energy 
dissipation D were recorded at a constant 
temperature under varied conditions (sensor 
material: Au, SiO2, or TiO2; pH 3 or 7; salt concentra-
tion: 0 or 50 mM).  Although the experimental 
temperature was different from that of human oral 
condition, it was thus set up for the purpose of 
comparison with another related study of ours that 
was in progress.  In addition to the fundamental 
frequency of 5 MHz, 3rd, 5th, and 7th overtones (15, 25, 
and 35 MHz respectively) were used for the 
monitoring.  Changes in f and D were expressed as 
Δf (or Δf/n: reduced form, where n denotes the 
order of each overtone) and ΔD respectively.  For 
each condition, data were acquired triply.
　　An overview of the QCM technique is as follows.  
The steady oscillation frequency of the quartz crystal 
is decreased when an adsorption on the crystal 
surface causes an increase in the sensor mass.  For a 
rigid adsorbate, the frequency f decreases linearly 
with the increased mass m17).  Thus, the mass 
adsorbed can be directly determined by Δm = –17.7 
Δf/n for an nth overtone of a fundamental oscillation 
frequency of 5 MHz18).  When the applied oscillation 
is cut off, the oscillation amplitude of the quartz 
substrate decays as A = A0 exp (－t/τ) sin (2πft＋φ), 
where A is the oscillation amplitude; A0, initial 

amplitude before cutoff; t, elapsed time after cutoff; 
τ, decay constant; f, oscillation frequency; φ, phase 
offset19).
　　The quantity of “dissipation” is defined as D = 1/
πfτ19), which is the main feature of QCM-D (QCM 
with dissipation) method.  A large value of D is 
directly related to a soft adsorbate with small τ 
(rapid decay of oscillation).  Practically, the observed 
signal is fitted to an equation of sinusoidal decay, 
whereby both f and τ are determined, and D is 
calculated from these values.

RESULTS

Adsorption of lysozyme on Au sensor
Figure 1A shows the adsorption behaviors of 
lysozyme (0.02 g/L) on Au sensor at pH 3 and 7 in 
the absence of salt (top, f; bottom, D).  A marked 
adsorption of lysozyme was observed on the Au 
sensor as seen from a large decrease in f.  The 
adsorption equilibrium was almost promptly reached.  
While little difference in Δf was observed between 
pH 3 and 7, an overshoot was found at pH 3 just 
after adsorption began.  The cause of this overshoot 
is unclear at this point.  A similar overshooting 
feature was also observed for lysozyme concentra-
tions up to 0.4 g/L at pH 3 (data not shown).  While 
a small change in D was observed after adsorption 
began at pH 3, D scarcely changed at pH 7.
　　Figure 1B shows the progress of lysozyme 
adsorption (0.02 g/L) in the presence of 50 mM NaCl.  
While adsorption behavior at pH 3 was almost the 
same as that in the absence of salt, relatively 
suppressed adsorption was observed for pH 7 with  
an increasing profile.  The degree of adsorption at pH 
7 was merely 1/2 to 1/3 of that at pH 3.  The 
features of D were similar to those found in the 
absence of salt, except for a smaller change for pH 3.

Adsorption of lysozyme on SiO2 sensor
Figure 2A shows the adsorption behaviors of 
lysozyme (0.02 g/L) on SiO2 sensor at pH 3 and 7 in 
the absence of salt (top, f; bottom, D).  At pH 7, a 
large change in f indicated an enhanced adsorption 
on the SiO2 sensor, which was comparable with that 
for Au sensor in the absence of salt.  The amount of 
adsorption at pH 3 was, however, only 1/4 of that at 
pH 7.  A small change in D, with the same extent, 
was recognized at both pH 3 and 7.
　　In Fig. 2B, adsorption profiles in the presence of 
50 mM NaCl are shown for lysozyme at 0.02 g/L.  
Adsorption was clearly suppressed as compared to 
that in the absence of salt at both pH 3 and 7.  In 
particular, the adsorption at pH 3 was almost 
negligible.  There were no changes in D at both pH 3 
and 7.
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Fig. 1 Reduced frequency shift Δf/n (top) and energy dissipation change ΔD (bottom) observed for the adsorption of 
lysozyme on Au sensor at pH 3 and 7, in the absence (A) and in the presence (B) of 50 mM NaCl.  Lysozyme 
concentration was 0.02 g/L.

Fig. 2 Reduced frequency shift Δf/n (top) and energy dissipation change ΔD (bottom) observed for the adsorption of 
lysozyme on SiO2 sensor at pH 3 and 7, in the absence (A) and in the presence (B) of 50 mM NaCl.  Lysozyme 
concentration was 0.02 g/L.
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Adsorption of lysozyme on TiO2 sensor
Figure 3A shows the adsorption behaviors of 
lysozyme (0.02 g/L) on TiO2 sensor at pH 3 and 7 in 
the absence of salt (f, top; D, bottom).  Adsorption on 
TiO2 sensor was the poorest among the three types of 
sensors at any pH, and there was essentially no 
adsorption at pH 3.  Changes in D were small at both 

pH 3 and 7, with the same profiles as those observed 
for SiO2 sensor.  However, in contrast to SiO2 sensor, 
the initial increase in D was retarded and it took 
nearly five minutes to reach the equilibrium.
　　Figure 3B shows the adsorption profiles of 
lysozyme in the presence of salt (50 mM NaCl).  
Regardless of pH value, little or negligible change in 
f was seen and no changes could be detected for D.  
In this experiment, this was the most suppressed 
adsorption observed.

Additional features
In addition to the adsorption behaviors shown in 
Figs. 1 through 3, the dependence of adsorption on 
lysozyme concentration was also investigated by 
comparing between systems with 0.02 and 0.2 g/L 
lysozyme.  It seemed that adsorption was predomi-
nantly dependent on the presence of salt.  Where salt 
was absent, addition of 0.2 g/L lysozyme ― after the 
equilibration of 0.02 g/L solution ― caused only a 
small decrease in f for all sensors.  In other words, 
only a small increase in adsorption was detected for 
all the sensors.  However, in the presence of 50 mM 
NaCl, additional adsorption with 0.2 g/L solution 
was more apparent.  Figure 4 shows an example at 
the SiO2 sensor.  In light of these results, adsorption 
was at least partly reversible in the presence of salt.

Fig. 3 Reduced frequency shift Δf/n (top) and energy dissipation change ΔD (bottom) observed for the adsorption of 
lysozyme on TiO2 sensor at pH 3 and 7, in the absence (A) and in the presence (B) of 50 mM NaCl.  Lysozyme 
concentration was 0.02 g/L.

Fig. 4 Adsorption profiles of lysozyme on SiO2 sensor 
either at pH 3 or 7, in the presence of 50 mM 
NaCl.  The symbols a－e denote the consecutive 
addition of (a) 0.02 g/L lysozyme, (b) water, (c) 
0.02 g/L lysozyme, (d) 0.2 g/L lysozyme, and (e) 
water.
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DISCUSSION

In this study, the three types of sensor surfaces 
chosen were dentally related, namely Au (i.e., gold 
alloys), SiO2 (i.e., ceramic materials), and TiO2 (i.e., 
implants).  As for the choice of lysozyme, hen egg 
white lysozyme is a classical representative of the 
lysozyme family and which is well characterized8).  It 
is a small (4.5 nm × 3 nm × 3 nm) protein 
(hydrolase) consisting of 129 amino acid residues 
with a molecular weight of 14,300 and an isoelectric 
point (pI) of 11.18).  This means that the lysozyme is 
always positively charged in physiological conditions.
　　The convergence of both f and D to their 
equilibrium levels was mostly prompt for lysozyme 
(Figs. 1 through 3).  This could probably be ascribed 
to the large mobility of this compact molecule.  The 
Δf/n and ΔD values at equilibrium in Figs 1 
through 3 are summarized in Table 1.  In this study, 
the viscoelastic information of the adsorbed layer was 
additionally drawn from the change in D.  While a 
large fluctuation may occur for rod-like or fibrous 
proteins (e.g., collagen or fibronectin) composing the 
adsorbed layer, a spheroidal compact protein such as 
lysozyme should form a rather rigid adsorbed layer.  
This was verified by the small change in D as shown 
in Table 1.  Indeed, an observed ΔD value such as 
0.05×10－6 was by far 1/30－1/80 less than that for 
an adsorbed layer of thread-like fibronectin12) or 
collagen (Nezu, unpublished data).  The extremely 
small increase in D further served to indicate that 
the adsorbed layer was rather rigid and/or thin.  
This result was in accordance with studies reporting 
on the monolayer of adsorbed lysozyme20-22).  
Assuming a rigid nature of this layer, the amount 

(weight) of lysozyme adsorbed under each condition 
was estimated using the Sauerbrey equation (Δm in 
Table 1).
　　Within the limits of the current study, adsorption 
seemed to occur more effectively at pH 7 than at pH 
3 (exception: Au/50 mM NaCl), although the extent 
also depended on the type of sensor surface (Table 1).  
The adsorption efficacy of the sensor surfaces for 
lysozyme was in the order of Au > SiO2 > TiO2.  At 
this juncture, it must be highlighted that SiO2 and 
TiO2 were oxide surfaces, whereas Au surface was 
oxide-free.  Therefore, the discussion pertaining to 
adsorption dependence on sensor surfaces should 
proceed with discretion and discernment.  In the 
ensuing discussion, the differences in adsorption 
among the sensors will be based on the surface 
charge of each material and on electrostatic shielding 
due to the added salt.
　　Oxide surfaces (SiO2 and TiO2) bear either a 
positive or negative charge in an aqueous medium, 
depending on the pH .  The pI values of SiO2 and 
TiO2 are 1.9 and 6.3 respectively23).  This meant that 
SiO2 surface was weakly negatively charged at pH 3 
and strongly negatively charged at pH 7, but TiO2 
was weakly positively charged at pH 3 and weakly 
negatively charged at pH 7.  On the other hand, 
lysozyme with pI 11.1 bore a positive charge in any 
pH condition in the current study.  Indeed, the 
charges borne by the oxide surfaces and lysozyme 
under different pH conditions coincided with the 
results shown in Figs. 2A and 3A, thereby indicating 
an electrostatic interaction between the SiO2 or TiO2 
surface and lysozyme.  For example, a strong 
adsorption on the SiO2 surface at pH 7 was probably 
caused by a strong attraction between the highly 

Condition
Δf/n
Hz

ΔD
10－6

Δm
ng/cm2Sensor salt

mM
pH

Au
 0

3 －10.3 (0.0) 0.08 (0.04) 182.7 (0.4)
7 －12.2 (0.2) 0.02 (0.02) 215.3 (4.1)

50
3 －10.0 (0.0) 0.04 (0.04) 177.9 (0.7)
7 － 4.6 (0.1) 0.01 (0.02)  81.1 (2.3)

SiO2

 0
3 － 3.2 (0.1) 0.05 (0.03)  57.2 (1.7)
7 －13.4 (0.1) 0.04 (0.01) 236.8 (2.0)

50
3 － 0.6 (0.0) －0.01 (0.01)  10.3 (0.1)
7 － 4.2 (0.1) 0.04 (0.03)  74.3 (2.4)

TiO2

 0
3 － 0.8 (0.0) 0.05 (0.01)  13.5 (0.5)
7 － 8.1 (0.3) 0.05 (0.03) 143.6 (5.7)

50
3 － 0.7 (0.1) －0.02 (0.02)  11.8 (0.9)
7 － 1.0 (0.1) －0.01 (0.01)  17.2 (2.0)

Table 1 Δf/n and ΔD values at equilibrium obtained in various conditions.  Adsorption amount Δm estimated from the 
relation Δm = －CΔf/n (C = 17.7 ng/cm2/Hz) is also shown.  For each condition, data were taken triply and 
averaged.  Numbers in parentheses indicate the sd
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negatively charged SiO2 surface and the positively 
charged lysozyme.  A very poor adsorption on TiO2 at 
pH 3, on the other hand, might be due to the electro-
static repulsion between the weakly positively 
charged TiO2 surface and the strongly positively 
charged lysozyme.  These considerations are 
symbolically summarized in Table 2.  The mode of 
binding has often been explained in terms of electro-
static interaction between the lysozyme and the 
charged surface15,20,24).  Although the pH of saliva is 
usually buffered to neutral pH, a locally low pH could 
be caused by some bacterial acidic metabolites or due 
to a temporary decrease in pH by some food or 
beverage.  This would then cause the lysozyme on 
the dental material surface10) to be released into the 
oral cavity, as long as the binding is electrostatic.
　　The addition of salt (50 mM NaCl) tended to 
suppress lysozyme adsorption at all types of sensor 
surfaces.  Ionic atmosphere arising from added salt 
causes the Coulomb potential near a charged particle 
or surface to decay rapidly as a function of the 
distance from the particle or surface, an effect which 
is known as Debye shielding.  For a point charge of q 
placed in a medium with a dielectric constant  
of ε, the electrostatic potential U is given as  

U (r) = 　     q　      exp (－r/λD) 
                      4πεr  as a function of both  

the distance r and the Debye length λD.  λD is 
specifically expressed as:

　　　  　1000F 2Σ ci zi 2
　λD =（ 　　　　　　　  ）

－1/2

　　　　　       εRT

where F is Faraday constant (charge on one mole of 
electrons), ci is ionic concentration of ions of type i in 
mol/L, zi is valency of ions of type i, ε is dielectric 
constant of the medium, R is gas constant (mole 
Boltzmann constant), and T is temperature25).

　　In this expression, I =  1  Σ ci zi 2           2
is the ionic  

strength.  Therefore, the exponential factor in the 
equation for U is related to the shielding effect by 

the ionic atmosphere in that the effective range of 
the potential is of the order of λD.
　　Since lysozyme is positively charged under the 
investigated pH conditions and is very small ―  
almost spherical in shape (4.5 nm × 3 nm × 3 nm), 
it might be approximated to an isotropic point 
charge.  On this assumption, the current 
experimental condition using a 1:1 electrolyte (NaCl) 
at 50 mM would render the shielding range to be 1.4 
nm.  This meant that a very close proximity between 
lysozyme and the sensor surface was necessary for 
an electrostatic interaction to occur in the presence 
of the salt.  This situation would closely resemble the 
human oral condition since the salt concentration of 
saliva (including some artificial ones) is reported to 
be around 50 mM26).
　　At the present moment, we have no specific data 
on the surface charges (zeta potential values) for the 
sensors used.  Moreover, we could not evaluate quan-
titatively the effects of Coulomb interactions.  
Nonetheless, the inhibited adsorption of lysozyme by 
added salt, as well as the pH dependence of 
adsorption behavior, strongly supported the existence 
of electrostatic interaction between lysozyme and the 
sensor surfaces.  From the obtained results, the 
adsorption efficacy in the oral environment was 
thought to be inferior to a salt-free experimental 
condition, although some traces of lysozyme might 
still remain on the oxide surfaces.  The extent of 
adsorption was expected to be influenced by lysozyme 
in a dose-dependent fashion and reversible in the 
presence of salt (Fig. 4).  In addition, it was revealed 
that adsorption was more suppressed by added salt 
for a weaker electrostatic attraction (TiO2 sensor) 
than for a stronger one (SiO2 sensor) (Table 1).
　　In absolute contrast to SiO2 or TiO2 sensor, there 
was no oxide and thus no charges on the surface of 
Au.  Therefore, the adsorption of lysozyme on the Au 
surface could not be simply explained in terms of 
electrostatic attraction.  In fact, the adsorption on Au 
sensor presented quite different features from the 
oxide ones.  For example, the large-scale adsorption 
on Au sensor was pH-insensitive in the absence of 
salt.  However, in the presence of salt, lysozyme 
adsorption was unambiguously hindered at pH 7.  
Furthermore, the lower adsorption at pH 7 than at 
pH 3 was an opposite feature to the oxide sensors.  
Another finding was that D was pH-dependent for 
the Au sensor, while it was salt concentration-
dependent for the oxide sensors.  D did not change at 
all at pH 7 despite an apparently large-scale 
adsorption as indicated by the large decrease in f.  A 
possible explanation was that lysozyme was adsorbed 
on the Au surface in the form of a very stiff layer by 
some non-electrostatic attractive force, and that the 
attraction could be weakened by an increased ionic 
strength (or a decreased dielectric constant) of the 

Material (pI) pH 3 pH 7

SiO2 (1.9a) － －－

TiO2 (6.3a) ＋ －

lysozyme (11.1b) ＋＋ ＋

a from Ref 23
b from Ref 8
＋ or － indicates a sign of the expected charge; its number 
shows relative strength of the charge.

Table 2 Charges borne at different pH conditions 
predicting adsorption
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surrounding medium.
　　A common dental material for which an antibac-
terial function is desired is the acrylic denture base 
resin.  A possible way to achieve such a property is to 
prepare an acrylic resin with some anionic moiety.  
Since it is known that poly(methacrylic acid) is 
capable of adsorbing lysozyme27), it may be effective 
to prepare an anionic copolymer of methacrylic acid 
(or other acidic monomer) and methyl methacrylate, 
to which the oppositely charged lysozyme could bind.  
In this case, the molar fraction of acidic monomer 
should be carefully chosen so as not to spoil the 
mechanical property of the polymer as a denture 
base resin.  Such a modified methacrylic polymer 
surface could then be evaluated for the adsorption of 
lysozyme ― again by the QCM-D method but using a 
sensor crystal with spin-coated polymer.  This is a 
potential approach since the charged polymer-
lysozyme interaction has been successfully monitored 
by QCM-D for some anionic synthetic polymers15,24).
　　As seen in Table 1, an adsorption of lysozyme as 
small as 10 ng/cm2 (4×1011 molecules/cm2) was 
detected for the SiO2 sensor in the presence of 50 mM 
NaCl at pH 3.  Assuming a projection area of ca. 10 
nm2 for a lysozyme molecule (4.5 nm × 3 nm × 3 
nm) in monolayer adsorption, surface coverage was 
estimated to be approximately 4％.  On the other 
hand, a maximum adsorption (237 ng/cm2 or 1×1013 
molecules/cm2) for the SiO2 sensor in the absence of 
salt at pH 7 suggested a full coverage.  Assuming 
that the ionic strength by 50 mM salt was similar to 
that in saliva, it was suggested that: (1) the 
adsorption efficacy of lysozyme would be reduced in 
the oral environment; and (2) decrease in pH might 
release the electrostatically adsorbed lysozyme from 
the material surface.
　　The highly sensitive QCM-D has been shown to 
be helpful in disclosing the adsorption behavior 
(adsorption amount and adsorption state) of not only 
macromolecules as shown in this study, but also 
molecules as small as adhesive monomers, on some 
dental material surfaces.  On these grounds, more 
creative and elaborate applications of QCM-D are 
expected in the near future.

CONCLUSIONS

The adsorption behaviors of lysozyme on Au, SiO2, 
and TiO2 sensors were investigated at different pH 
conditions and salt concentrations using a QCM-D 
technique.  Very notably, each type of sensor surface 
was dentally related.  Affinity of lysozyme to sensor 
surfaces was in the order of Au > SiO2 > TiO2 sensor.  
For oxide surfaces, the pH-dependent surface charge 
seemed to be a crucial factor for adsorption.  In other 
words, at a pH where the sensor surface and the 
lysozyme were oppositely charged, a pronounced 

adsorption of lysozyme occurred, and vice versa.  
Since adsorption was suppressed by added salt, it 
was strongly suggested that the nature of adsorption 
on oxide surfaces was, at least partly, electrostatic.  
Based on the findings in this study, it is 
recommended that more advanced and specific 
studies of lysozyme adsorption using actual dental 
materials be developed and carried out, as well as 
the evaluation of antibacterial efficacy by virtue of 
the adsorbed lysozyme on the materials.
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Abstract The effect of Ni (II) ions on macrophages is

not well understood. The purpose of this study was to

examine the dose-dependent effects of Ni (II) ions up to

1,000 lmol/L on production of three inflammatory cyto-

kines (TNF-a, IL-1b and IL-6), superoxide dismutase

(SOD) and nitric oxide (NO) by murine macrophage-like

RAW264 cells with (+) or without (-) lipopolysaccharide

(LPS) -stimulation. Ni (II) ions caused LPS (-) RAW264

cells to slightly increase production of TNF-a and IL-6,

proportionally to the Ni (II) ion concentration while IL-1b
was not produced, and to slightly increase production of

SOD and NO. It can be concluded that Ni (II) ions dose-

dependently increased the inflammatory and oxidative

stress conditions of LPS (-) RAW264 cells. LPS-stimu-

lation caused RAW264 cells to produce in abundance the

three inflammatory cytokines, SOD and NO. Ni (II) ions

dose-dependently reduced the three cytokine quantities and

NO amounts in LPS (+) RAW264 cells, while dose-inde-

pendently increasing SOD amounts. It was noted that

Ni (II) ions dose-dependently reduce the resistance power

against bacteria of LPS (+) macrophages, because the

production of volatile NO—bacteria killer is diminished

proportionally to the Ni (II) ion concentration.

1 Introduction

Ni (II) ions are easily released from medical and dental

alloys containing Ni in body fluids [1, 2]. Ni (II) ions and

Ni (II) ion-bound proteins are easily absorbed by mac-

rophages, the key to the body’s self-defense, and Ni (II)

ions tend to accumulate in their nuclei [3] and damage

DNA (e.g. through bonds between Ni (II) ions and DNA)

[4]. As a result, signaling pathways such as Nrf2 [5] are

activated so that inflammatory cytokines [5] and free

radicals [6] are generated, giving rise to cellular damage,

inflammatory reaction, cellular death, immune reaction

and eventually carcinogenesis [7]. The production of

inflammatory cytokines and free radicals by macrophages

exposed to Ni (II) ions is not, however, well understood

[8, 9].

When stimulated with LPS of gram-negative bacteria

present in dental plaque, macrophages are activated

through the NF-kappaB signaling pathway via Toll-like

receptor 4 and produce abundant inflammatory cytokines

and free radicals [10]. Few researchers have examined the

effects of Ni (II) ions on inflammatory cytokines and free

radicals produced by LPS-stimulated macrophages [11].

As for inflammatory cytokines, TNF-a, IL-1b and IL-6

are well known to cause systematic pathological symptoms

(e.g. periodontitis) [12]. Oxidative stress can be evaluated

by superoxide dismutase (SOD) and nitric oxide (NO).

When superoxide (O2
-) is generated to attack or dissociate

xenobiotic matters (e.g. bacteria), SOD, a scavenger of

superoxide, is concomitantly produced [13]. In this study,

the amount of SOD production was regarded as a secretion

scale of superoxide because enzyme SOD was easily

measured while superoxide, with a short life, is very

difficult to accurately quantify [14]. Another free radical,

volatile NO, is produced to protect cells against intruding
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bacteria with LPS, but its excessive production has a

detrimental effect on the viability of cells [15].

The purpose of this study was, therefore, to examine the

dose-dependent effects of Ni (II) ions up to 1,000 lmol/L

on the production of three inflammatory cytokines (TNF-a,

IL-1b and IL-6) and two oxidative stress scales (SOD and

NO) by murine macrophage-like RAW264 cells with or

without LPS-stimulation, and to evaluate their clinical

meaning.

2 Materials and methods

2.1 Culture of RAW264 cells

RAW264 cells (RCB0535, Riken Biosource Center Cell

Bank, Tsukuba, Ibaraki, Japan) were routinely cultured in

a-minimum essential medium (Cat. No. 10099, Invitrogen,

Carlsbad, CA, USA) supplemented with 10% fetal bovine

serum (Cat. No. 10099-141, Invitrogen, Carlsbad, CA, USA),

2% antibiotics (penicillin–streptomycin–amphotericin, Cat.

No. 15240-096, Invitrogen, Carlsbad, CA, USA) and 0.1 mM

non-essential amino acid solution (Invitrogen, Carlsbad, CA,

USA) in a 5% CO2 incubator at 37 �C. After confluence, cells

were collected by trypsinization with phosphate buffered

saline solution (PBS(-)) containing 0.08% trypsin (Cat. No.

15090-046, Invitrogen, Carlsbad, CA, USA) and 0.14%

EDTA (Cat No. 15576-010, Invitrogen, Carlsbad, CA, USA)

and sub-cultured by 1:3 ratios for an additional 14 days while

the medium was exchanged twice a week.

2.2 Preparation of culture media with Ni (II) ions

and LPS

Nickel (II) chloride anhydrous (Code No. 19035-0401,

Jyunsei Chemical Co., Tokyo, Japan) was dissolved in super-

pure water at the concentration of 0.2 mol/L (Ni (II) stock

solution) and sterilized by membrane filtration. By diluting

this stock solution, media containing Ni (II) ions with

concentrations of 0, 50, 200, 500 and 1,000 lmol/L were

prepared. For LPS-stimulation, a commercial LPS

(Esherichia coli O26, DIFCO Lab., Detroit, MI, USA) dis-

solved in sterile PBS (-) solution was added to the media at a

final concentration of 1 lg/mL. This high concentration LPS

was selected to cause RAW264 cells to actively produce

inflammatory cytokines such as TNFa, IL-1b and IL-6 [16].

2.3 Cell culture with or without Ni (II) ions and LPS

RAW264 cells (1 9 105) were first seeded on the 24-well

microplates filled with 1 mL LPS (-) control medium

without Ni (II) ions, followed by culturing for 1 h so that

cells adhered to the wells. The medium was then exchan-

ged for ten test media with or without LPS and Ni (II) ions.

There were ten kinds of test culture media: LPS (-)

0 lmol/L Ni (II) ion, LPS (-) 50 lmol/L Ni (II) ions, LPS

(-) 200 lmol/L Ni (II) ions, LPS (-) 500 lmol/L Ni (II)

ions, LPS (-) 1,000 lmol/L Ni (II) ions, LPS (+) 0 lmol/L

Ni (II) ion, LPS (+) 50 lmol/L Ni (II) ions, LPS (+)

200 lmol/L Ni (II) ions, LPS (+) 500 lmol/L Ni (II) ions,

LPS (+) 1,000 lmol/L Ni (II) ions (n = 6 for each culture

condition); and cells were cultured for one day.

2.4 Measurements of DNA contents

Cells cultured for one day were washed with 1 mL PBS (-)

solution twice, collected by cell scrapers, centrifuged,

resuspended in 200 lL PBS (-) solution with 1 wt%

Triton X100 and homogenized for 30 s (Physcotoron

NS-310E, Microtec Nition, Funabashi, Chiba, Japan). The

DNA contents in cell lysate were then measured with a

Fluorescent DNA quantitation kit (Biorad, Hercules, CA,

USA) and a fluorometer (Versafluor, Biorad, Hercules, CA,

USA).

2.5 Cytokine assays

Three cytokines’ (TNF-a, IL-1b and IL-6) amounts in the

culture supernatant were examined with Mouse TNF-a,

IL-1b and IL-6 ELISA Kits (EMTNFA, EMILB and

EMIL6, respectively; Pierce Endogen, Rockford, Ill., USA)

and a microplate reader (Model 680, Biorad Co., Hercules,

CA, USA).

2.6 SOD measurements

SOD production of the cells, thawed in a -30 �C freezer,

was measured using a SOD Assay Kit (S311, Doujin

Chemical, Kumamoto, Japan) and a plate reader.

2.7 Nitrite assay

The NO production of RAW264 cells secreted into the

culture supernatant was measured by the Griess method.

Briefly, 100 lL supernatants were transferred into the

96-well microplates, and 100 lL Griess reagents (1% sul-

fanilamide/0.1% naphtylethylenediamine dihydrochroride/

2.5% H2PO4) (Sigma Aldrich Japan, Tokyo, Japan) were

added, which converted nitrite into a deep purple azo

compound. Absorptions were then measured at 550 nm
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using a microplate reader to determine the NO level, using

the pre-determined calibration line between NO concen-

trations and their optical absorption [17].

2.8 Statistics

Statistical analysis was performed by computer software

(StatView-J 5, SAS Institute, Cary, N.C., USA) with the

unpaired t-test.

3 Results

3.1 Effects of Ni (II) ions on DNA contents

of RAW264 cells with or without

LPS-stimulation

Figure 1 shows the effects of the Ni (II) ion concentrations

on DNA contents of LPS (-) and LPS (+) RAW264 cells.

DNA amounts of LPS (-) RAW 264 cells (white columns)

declined with increasing the Ni (II) ion concentration. The

DNA content of LPS (-) RAW264 cells cultured in the

media with 500 lmol/L Ni (II) ion declined to about half

(IC50) that cultured in control medium (LPS (-) without

Ni (II) ions). On the other hand, those of LPS (+) RAW264

cells (black columns) remained almost constant, irrespec-

tive of the Ni (II) ion concentration.

3.2 Effects of Ni (II) ions on three inflammatory

cytokine productions of RAW264 cells

with or without LPS-stimulation

Figure 2 indicates the effects of the Ni (II) ion concen-

trations on production of three inflammatory cytokines

(TNF-a, IL-1b and IL-6) by LPS (-) RAW264 cells. LPS

(-) RAW264 cells always produced tiny amounts of

TNF-a whose secretions increased dose-dependently

proportional to the Ni (II) ion concentration, did not

generate any IL-1b, and formed minute quantities of IL-6

dose-dependently when the Ni (II) ion concentration was

more than 500 lmol/L. Figure 3 shows the effects of the

Ni (II) ion concentrations on production of three inflam-

matory cytokines (TNF-a, IL-1b and IL-6) by LPS (+)

RAW264 cells. LPS (+) RAW264 cells produced abun-

dant TNF-a whose amounts were quasi-constantly

abundant for Ni (II) ion concentrations less than

200 lmol/L and declined with further increasing the Ni

(II) ion concentration from 200 to 1,000 lmol/L; small

amounts of IL-b which increased dose-dependently in the

Ni (II) ion concentration range from 0 to 500 lmol/L but

declined at the Ni (II) ion concentration of 1,000 lmol/L;

and generated high IL-6 which was also quasi-constant

when the Ni (II) ion concentration was less than

500 lmol/L but declined at the Ni (II) ion concentration

of 1,000 lmol/L.

Fig. 1 The effects of the Ni (II) ion concentrations on DNA contents

of LPS (-) and LPS (+) RAW264 cells, expressed as mean values

with standard deviations (bar). Note: n = 6 for each condition.

NS = statistically not different (P [ 0.05). All other pairs of mean

values in the LPS (-) group had statistically significant difference

(P \ 0.05)

Fig. 2 The effects of the Ni (II) ion concentrations on production of

three inflammatory cytokines (TNF-a, IL-1b and IL-6) by LPS (-)

RAW264 cells, expressed as mean values with standard deviations

(bar). Note: n = 6 for each condition. NS = statistically not different

(P [ 0.05). All other pairs of mean values of two cytokines (TNF-a
and IL-6) had statistically significant difference (P \ 0.05)
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3.3 Effects of Ni (II) ions on SOD production

of RAW264 cells with or without

LPS-stimulation

Figure 4 shows the effects of the Ni (II) ion concentrations

on SOD production of LPS (-) and LPS (+) RAW264 cells.

LPS (-) RAW 264 cells always secreted SOD (white

columns) with its amount increased by Ni (II) ions. SOD

amounts of LPS (-) RAW264 cells cultured in the media

containing 50 and 200 lmol/L Ni (II) ions exceeded about

20% that of LPS (-) control cells without Ni (II) ion

while those cultured in the media containing 500 and

1,000 lmol/L Ni (II) ions doubled or tripled that of LPS (-)

control cells without Ni (II) ions. On the other hand, SOD

amounts of LPS (+) RAW264 cells (black columns) cul-

tured in 50, 200, 500 and 1,000 lmol/L Ni (II) ions were

similar to each other, and about 50% greater than that of

LPS (+) control RAW264 cells without Ni (II) ions.

3.4 Effects of Ni (II) ions on NO secretion of RAW264

cells with or without LPS-stimulation

Figure 5 indicates the effects of the Ni (II) ion concentra-

tions on NO production of LPS (-) and LPS (+) RAW264

cells. LPS (-) RAW 264 cells also always produced NO

(white columns) with their amounts increased about 20%

by Ni (II) ions, irrespective of the Ni (II) ion concentration.

On the other hand, LPS stimulation significantly increased

NO production (black columns) from RAW264 cells (LPS

(+) 0 lmol/L Ni (II) ion), compared with control cells (LPS

(-) 0 lmol/L Ni (II) ion). The NO production of LPS (+)

RAW264 cells, however, dramatically declined stepwise

with increasing the Ni (II) ion concentration up to

1,000 lmol/L.

Fig. 3 The effects of the Ni (II) ion concentrations on production of

three inflammatory cytokines (TNF-a, IL-1b and IL-6) by LPS (+)

RAW264 cells, expressed as mean values with standard deviations

(bar). Note: n = 6 for each condition. NS = statistically not different

(P [ 0.05). All other pairs of mean values of each cytokine had

statistically significant difference (P \ 0.05)

Fig. 4 The effects of the Ni (II) ion concentrations on SOD

production of LPS (-) and LPS (+) RAW264 cells, expressed as

mean values with standard deviations (bar). Note: n = 6 for each

condition. NS = statistically not different (P [ 0.05). All other pairs

of mean values in the LPS (-) group and the LPS (+) group had

statistically significant difference (P \ 0.05)

Fig. 5 The effects of the Ni (II) ion concentrations on NO production

of LPS (-) and LPS (+) RAW264 cells, expressed as mean values

with standard deviations (bar). Note: n = 6 for each condition.

NS = statistically not different (P [ 0.05). Any other pairs of mean

values in the LPS (-) group and the LPS (+) group had statistically

significant difference (P \ 0.05)
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4 Discussion

The elution of Ni ions from dental Ni-containing alloys is

literarily considered first. Costa et al. [18] reported that

immersion of type 304 stainless steel in neutral (pH = 6.75)

artificial saliva for 42 days resulted in the elution of Ni (II)

ions in the range of about 0.1 lmol/L. Wataha et al. [19]

reported that when Ni-containing alloys are placed in a

highly acidic environment with pH ranging from 1 to 7,

which simulates sites of carious dentin infected by bacteria,

elution of Ni (II) ions was intensified by more than ten to

hundred fold, possibly reaching the concentration range of

about 1–10 lmol/L. The cell culture test period in this study

was 1 day (24 h) while the tissue-irritating phenomenon by

eluted Ni (II) ions often occurs after long-term contact

between Ni (II) ions and cells, often in the range of months

or years. The cell culture experiment conducted here is a

somewhat accelerated test, increasing the Ni (II) ion con-

centration based on the idea that a higher Ni (II) ion dose

experiment for short period (one day) could simulate lower-

dose Ni (II) ion cytotoxicity over a long period [18, 20]. For

these reasons, the concentration levels from 0 to 200 lmol/

L, which were sublethal and less than IC50, might be of

scientific and clinical significance. This way of thinking

seemed to be supported by the report of Bergman et al. [21]

indicating that nickel–chromium dental alloys implanted in

mice released over 100 ppm (1,700 lmol/L) Ni (II) ions

into the tissue capsule around the implant and elevated Ni

(II) ion levels in tissues distant from the implants.

The effect of LPS is secondly considered. The in vitro

cell culture condition is very clean and unrealistic, without

bacteria. In the actual oral environment (i.e., in the clinical

condition), however, gram-negative oral bacteria with LPS

are always present in dental plaque, and, if oral care is

neglected, significantly multiply and attack the teeth and

surrounding tissues through hard tissue erosion by acid and

activation of the NF-kappaB signaling pathway leading to

an inflammation reaction by host cells (e.g. macrophages),

causing caries and periodontitis, respectively [12].

Ni-containing alloys are undoubtedly attacked by acid [19,

22] and inflammation reaction containing superoxide so

that Ni (II) ions are eluted in vivo. The effect of LPS is,

therefore, an important consideration in the evaluation of

Ni (II) ion cytotoxicity, but little has been clarified to date

[16, 21].

Experimental results obtained are reviewed here sepa-

rately, dependent on the absence or presence of LPS, as

follows.

For LPS (-) RAW264 cells, Ni (II) ions dose-depen-

dently reduced DNA contents, reflecting the situation that

Ni (II) ions dose-dependently accumulated in nuclei [3] and

damaged DNA, thereby decreasing the cell number (i.e.,

DNA contents). Ni (II) ions also dose-dependently

increased two cytokine (TNF-a and IL-6) secretions while

IL-1b was not produced. TNF-a appeared to be a very

sensitive cytokine, followed by IL-6 whilst IL-1b was most

sluggish. The reasons for the difference in production of

these three cytokines by Ni (II) ions and their clinical

meaning are not yet well-understood [20] are still under

evaluation. The increase in SOD (i.e., SOD1 (Cu, Zn))

production [13] with the addition of Ni (II) ions might

reflect active SOD production to dissociate superoxides

that phagocytize Ni (II) ion-containing-protein-complex.

The free Ni (II) ions generated might then combine with

intracellular de-toxication proteins such as metallothionein

[23], but excessive Ni (II) ions might diffuse into the

nucleus and damage DNA. The increase in NO production

by Ni (II) ions was small (about 20%, irrespective of the Ni

(II) ion concentration) and might reflect a stress reaction

[24].

For LPS (+) RAW264 cells, the DNA contents remained

quasi-constant irrespective of the Ni (II) ion concentration,

possibly due to cell cycle arrest [15], so that duplicating

DNA was protected from superoxide and volatile NO,

killers of invading bacteria with LPS [25]. LPS (+) RAW

264 cells produced TNF-a, about 3,000 times more than

that by control LPS (-) RAW264 cells. Activation of the

NF-kappaB signaling pathway by LPS [10] accounted for

the high production of the three cytokines (TNF-a, IL-1b
and IL-6) by LPS (+) RAW264 cells. The decline of the

three cytokine production by Ni (II) ions might stem from

the dose-dependent interference (blockage) in the signaling

pathway by Ni (II) ions [26]. The mechanism underlying

this phenomenon needs to be examined in detail in the

future. The increment in two cytokines (TNF-a and IL-6)

by LPS (-) RAW264 cells exposed to Ni (II) ions in the

concentration range from 0 to 1,000 lmol/L was extremely

small compared with those produced by counterpart LPS

(+) RAW264 cells that declined with the addition of Ni (II)

ion concentration. With LPS stimulation, it was reported

that in addition to SOD1 high amounts of SOD2 (Mn) were

produced as a stress reaction product against LPS [27].

Although SOD1 and SOD2 were not separately measured

in this study, it appeared that Ni (II) ions and LPS

increased the SOD1 and SOD2 amounts, respectively,

constituting the total SOD amounts (= SOD1 + SOD2).

High NO production by LPS (+) RAW264 cells is regu-

lated by the expression of inducible nitric oxide synthetase

(iNOS) mRNA, which is present downstream of the

NF-kappaB signaling pathway [27]. The Ni (II) ion-dose-

dependent decline of NO by LPS (+) RAW264 cells might

also be attributable to the dose-dependent interference

(block) by Ni (II) ions in the signaling pathway [28] and

resultant reduction in the expression of (iNOS) mRNA.

The exact mechanism relating to NO production under the

influence of both Ni (II) ions and LPS-stimulation is still
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unclear and needs to be studied in the future as well. It

should be noted at this point that the power of bacteria-

disinfection by NO is reduced for LPS (+) RAW264 cells

when exposed to Ni (II) ions, dose-dependently. It was

postulated that low-dose Ni (II) ions eluted from Ni-con-

taining dental alloys might worsen the clinical condition of

patients who suffer from periodontitis, because the disin-

fectant power of NO against bacteria rapidly declines in a

highly Ni(II)-ion-dose-dependent and dose-sensitive man-

ner, and bacteria attack might be accelerated.

In summary: (i) Ni (II) ions dose-dependently slightly

increased inflammatory and oxidative stress conditions in

the minimum states of LPS (-) RAW264 cells; (ii) LPS-

stimulation alone caused cell cycle arrest, and considerably

intensified productions of three inflammatory cytokines,

SOD and NO for RAW264 cells; and (iii) Ni (II) ions dose-

dependently reduced production of three cytokines,

increased SOD secretion but decreased the disinfectant

power of NO of LPS (+) RAW264 cells.
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Abstract This study was performed to microscopically

observe and measure inflammatory cytokine production by

human macrophages phagocytosing submicron titanium

(Ti) particles. Observations with secondary electron

microscopy (SEM), SEM/electron probe microanalysis

(EPMA) and transmission electron microscopy (TEM)

indicated that macrophages [phorbol-12-myristate-

13-acetate (PMA)-differentiated THP-1 cells] at 24 h in

culture actively phagocytosed and accumulated submicron

Ti particles in intracellular phagosomes, in which refine-

ment of Ti particles occurred. The macrophages were also

cultured for 24 h in four media with and without submicron

Ti particles and lipopolysaccharide (LPS; components of

bacteria). Whilst neither stimulus reduced cell viability,

submicron Ti particles and LPS activation independently

and synergistically caused the macrophages to produce

three inflammatory cytokines (TNF-a, IL-1b and IL-6) at

high levels in the culture supernatants. The inflammatory

and osteolysis conditions caused by macrophages phago-

cytosing submicron Ti particles would be worsened by

challenge with LPS in patients wearing Ti prostheses.

1 Introduction

Bulk titanium (Ti) is widely used as a prosthetic material

for dental and medical applications (e.g., dental implant

and bone–plate–screw assemblies) due to its good

mechanical strength, corrosion resistance and biocompati-

bility [1]. The drawback of Ti is its weak resistance to wear

and fretting [2]. Phagocytosis of submicron Ti wear parti-

cles from prostheses, which are smaller than the cell, cause

macrophages to produce inflammatory and pro-osteoclas-

togenic cytokines, including TNF-a, IL-1b and IL-6,

leading to inflammation, osteolysis and loosening of

implants [3]. Gram-negative bacteria are also always

present in the oral environment, and multiply considerably

if oral care is neglected. The cell walls of these bacteria

contain lipopolysaccharide (LPS), and activate macro-

phages by recognition of LPS and a subsequent cell sig-

nalling cascade to secrete these three cytokines [4], which

leads to pathological conditions (e.g., periodontitis and

osteoclastogenesis in dental patients) [5]. Patients who

require dental implants are often over 50 years old [6] and

are highly susceptible to bacterial LPS attack due to peri-

odontitis. However, few comparative studies have been

performed on the production of these cytokines by mac-

rophages when stimulated by submicron Ti particles and/or

soluble LPS alone or in combination [3].

The intracellular morphological changes of macro-

phages phagocytosing submicron Ti particles have not

been examined in detail [3, 7]. In addition, the changes in
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submicron Ti particles themselves due to phagocytosis by

macrophages have not been examined in depth [3].

The present study was performed to morphologically

observe phagocytosis of submicron Ti particles by human

macrophages [phorbol 12-myristate 13-acetate (PMA)-

differentiated THP-1 cells] by optical microscopy, scan-

ning electron microscopy (SEM), SEM/electron probe

X-ray microanalysis (EPMA) and transmission electron

microscopy (TEM), and to evaluate the production of three

cytokines in these cells stimulated by submicron Ti parti-

cles and by LPS alone and in combination.

2 Materials and methods

2.1 Preparation of sub-micron Ti particles

Raw fine pure Ti particles less than 2 lm in size in water

(purity = 95% minimum; Soekawa Chemicals, Tokyo,

Japan) were sonicated, followed by natural setting of larger

particles and collection of small particles in water. These

powders in water were sterilised by autoclaving prior to

mixing with the culture medium. Portions were then dried

naturally on double carbon tape on aluminium stubs, and

observed by SEM (S-4700; Hitachi, Ibaraki, Japan). The

particle size distribution was checked with a laser diffrac-

tion/scattering particle-size analyser (Microtrac UPA150;

Nikkiso, Tokyo, Japan).

2.2 Observation of human macrophages phagocytosing

submicron Ti particles by optical microscopy,

SEM, SEM/EMPA and TEM

The human monocytic cell line THP-1 (RCB 1189; Riken

Cell Bank, Tsukuba, Japan) was cultured in RPMI1640

medium (Invitrogen, Carlsbad, CA, USA) supplemented

with 10 vol.% foetal bovine serum (Cat. No. 10099-141;

Invitrogen) and antibiotics (penicillin–streptomycin–

amphotericin, Cat. No. 15240-096; Invitrogen) in an

incubator under an atmosphere of 5% CO2/95% air at

37�C.

THP-1 cells (1 9 106) were differentiated into macro-

phages by culturing for 48 h in medium supplemented with

200 nM PMA [8] (Sigma-Aldrich Japan, Tokyo, Japan)

(1 ml) in two single-chamber slide glasses (5700-001;

Iwaki, Tokyo, Japan). The media were then exchanged

with fresh media [i.e., control medium without PMA

(Control) and medium with suspended Ti particles

(0.5 wt%, 0.94 vol.%) (SM-Ti)], and culture was continued

for an additional 24 h. The cells in one chamber slide glass

were then washed twice with phosphate-buffered saline

(PBS) (-) solution, infiltrated with n-butyl alcohol, freeze-

dried and coated with osmium, followed by SEM obser-

vation. The cells in the other chamber slide glass were also

washed twice with 2.5% glutaraldehyde/0.1 M PBS (-)

solution, fixed in 1% OsO4/0.1 M PBS (-) solution,

dehydrated through a graded alcohol series, infiltrated and

cured with epoxy resin and sliced horizontally parallel to

the chamber slide using a diamond blade. Sections 1 lm

thick were stained with toluidine blue, and observed under

an optical microscope (CK-30; Nikon, Tokyo, Japan). They

were also analysed chemically by SEM/EPMA (JXA-

8900L; JEOL, Tokyo, Japan). Sections 70 nm thick were

observed morphologically by TEM (H-7100; Hitachi).

2.3 Measurements of cell viability and production

of three inflammatory cytokines by human

macrophages with and without submicron

Ti particles and LPS

Human macrophages (PMA-differentiated THP-1 cells)

(1 9 106) were also cultured in four media (1 ml) (four

replicates, respectively), that is., control medium without

PMA (Control), medium with suspended submicron Ti

particles (SM-Ti), medium with LPS [LPS (?)] and med-

ium with both submicron Ti particles and LPS [LPS (?)

SM-Ti], in 24-well microplates (3020-024; Iwaki) for 24 h.

For LPS stimulation, a commercial LPS (Escherichia coli

O26; Difco, Detroit, MI, USA) was added to the culture

media at a final concentration of 1 lg/ml. Cell viability

was measured with a Cell-counting Kit 8 (Doujin-Chemi-

cal, Kumamoto, Japan) and a microplate reader (Model

680; Bio-Rad, Hercules, CA, USA) to determine whether

phagocytosis of submicron Ti particles and LPS stimula-

tion were cytotoxic to the macrophages examined. The

cells were collected using cell scrapers, dissolved and

homogenised in 1 wt% Triton X-100 containing PBS (-)

solution and centrifuged; DNA contents in the supernatants

were examined with a double-strand DNA assay kit

(Quant-iT PicoGreen; Invitrogen) and a fluorometer

(FP-6300; JASCO, Tokyo, Japan). The concentrations of

the three cytokines (TNF-a, IL-1b and IL-6) in the culture

supernatants were measured using ELISA kits (RPN5967,

RPN5971 and RPN5968, respectively, Amersham Biotrak

Easy ELISA; GE Healthcare, Piscataway, NJ, USA)

according to the standard protocols. All cell culture mea-

surements were carried out in four replicates with two

repetitions (total number n = 4 9 2 = 8). The secreted

levels of three inflammatory cytokines were normalised to

the amounts of DNA. Statistical analysis was performed

using StatView-J 5 (SAS Institute, Cary, NC, USA) with

the unpaired t-test.
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3 Results

3.1 Characterisation of Ti particles employed

SEM micrographs (Fig. 1) indicated that the Ti particles

added to the culture medium were irregular in shape and

less than 1.0 lm in size. The laser particle size analyser

confirmed that these particles had a mean size of 0.24 lm

with standard deviation of 0.10 lm, whilst the minimum

and maximum sizes were 0.04 lm and 1.64 lm, res-

pectively (95% of particles \1.00 lm; 90% particles

\0.50 lm) (Fig. 2). Therefore, the Ti particles used were

judged to be in the submicron size range.

3.2 Observation of macrophages phagocytosing

submicron Ti particles

Control macrophages tended to agglomerate and secrete

extracellular matrix (ECM), as shown in the SEM image in

Fig. 3a. In the presence of submicron Ti particles, macro-

phages showed marked changes in their morphological

characteristics. The macrophages actively phagocytosed

these particles by extending many projections outward with

little production of extracellular matrix, as indicated in

SEM micrographs (Fig. 3b). Whilst almost all of the Ti fine

particles were eliminated around macrophages, leaving a

zone labelled (-) SM-Ti in the figure, many Ti fine par-

ticles remained intact on the glass surface away from the

macrophages, labelled as (?) SM-Ti (Fig. 3b). Optical

microscopic observation of 1-lm sections of toluidine

blue-stained macrophages phagocytosing submicron Ti

particles indicated that particles accumulated and localised

in some confined areas (Fig. 4). SEM/EPMA analysis of

Fig. 1 SEM micrograph of the submicron Ti particles used

Fig. 2 Particle size distribution of the submicron Ti particles used

Fig. 3 SEM micrographs of a control human macrophages (Control)

and b human macrophages phagocytosing submicron Ti particles

(SM-Ti). ECM, extracellular matrix; (-) SM-Ti, zone without

submicron Ti particles; (?) SM-Ti, zone with submicron Ti particles
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1-lm sections of macrophages phagocytosing submicron

Ti particles confirmed that these particles consisted of Ti

(Fig. 5). In composite images, Ti particles appeared opaque

white or black against the grey cell background (Fig. 5a).

On EPMA, Ti appeared blue to red depending on the

composition level according to the scale shown on the

right-hand side of Fig. 5b.

TEM observations of 70-nm sections of macrophages

indicated that phagocytosed submicron Ti particles were

transferred to and collected within many intracellular

phagosomes (Fig. 6a). The nuclei of the macrophages were

free from inclusions of fine Ti particles (Fig. 6a). Consid-

ering the original size of the submicron Ti particles

(Fig. 2), refinement of Ti particles down to \0.5 lm was

universally observed (Fig. 6b) with phagocytosis by human

Fig. 4 Optical microscopic images of 1-lm sections of human

macrophages phagocytosing submicron Ti particles (SM-Ti). Note:

The cells were stained with toluidine blue. The black puncta are

submicron Ti particles

Fig. 5 SEM/EPMA images of

human macrophages

phagocytosing submicron Ti

particles (SM-Ti). a SEM

composite image. b EPMA

colour chart of element Ti.

Note: Particles in the macro-

phages were identified as Ti

Fig. 6 TEM micrographs of human macrophages phagocytosing

submicron Ti particles a at lower and b higher magnifications
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macrophages in culture for 24 h. In two TEM images at the

highest magnification (Fig. 7), the dense (residual) Ti

particles (high contrast, black) was reduced to the order of

1–10 nm embedded in the larger grey ambiguous grain

zones (low contrast). These zones were previously fully

occupied by submicron Ti particles but became porous,

indicating dissolution of submicron Ti particles in the

phagosomes.

3.3 Cell viability

The cell viabilities of human macrophages cultured in four

media [Control, SM-Ti, LPS (?) and LPS (?) SM-Ti] were

essentially identical (Fig. 8) (P [ 0.05), indicating that

phagocytosis of submicron Ti particles and LPS stimula-

tion were not cytotoxic to the macrophages examined.

3.4 Inflammatory cytokine production

Control macrophages (Control) secreted the minimum

amount of TNF-a (Fig. 9). The macrophages phagocytos-

ing submicron Ti particles (SM-Ti) showed secretion of

high levels of TNF-a (66-fold higher than the Control). The

macrophages also produced high levels of TNF-a (48-fold

higher than the Control) when stimulated by LPS [LPS

(?)]. Dual stimulation with submicron Ti particles and LPS

[LPS (?) SM-Ti] resulted in a further increase in the

production of TNF-a (85-fold higher than the Control).

Mean values of any two combinations were significantly

different (P \ 0.01).

Control macrophages (Control) also showed the mini-

mum amount of IL-1b (Fig. 10). The macrophages

phagocytosing submicron Ti particles (SM-Ti) showed

significantly enhanced production of IL-1b (47-fold higher

than the Control). When stimulated with LPS, the amount

of IL-1b produced by the macrophages [LPS (?)] was

5-fold greater than that of the Control. Dual stimulation

with submicron Ti particles and LPS [LPS (?) SM-Ti] also

resulted in a considerable increase in production of IL-1b
to 101-fold higher than the Control. Mean values of any

two combinations were significantly different (P \ 0.01).

Control macrophages (Control) did not produce IL-6

(Fig. 11). Macrophages phagocytosing submicron Ti par-

ticles (SM-Ti) showed moderate production of IL-6. When

stimulated with LPS, the macrophages [LPS (?)] showed

Fig. 7 TEM micrographs of submicron Ti particles in phagosomes of

human macrophages at the highest magnification

Fig. 8 Cell viabilities of human macrophages cultured for 24 h in

four media: control medium (Control), medium with added submicron

Ti particles (SM-Ti), medium stimulated with LPS [LPS (?)] and

medium with submicron Ti particles and LPS [LPS (?) SM-Ti]. Data

are expressed as mean values with standard deviation in parentheses

of eight measurements (n = 8): Control, 1.17(0.04); SM-Ti,

1.14(0.10); LPS (?), 1.16(0.02); LPS (?) SM-Ti, 1.10(0.07). * Mean

values of any two combinations were not significantly different at

a = 0.05 level of significance (NS)
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slightly higher levels of IL-6 production (19%) than

SM-Ti. Dual stimulation with submicron Ti particles and

LPS [LPS (?) SM-Ti] resulted in a significant increase in

production of IL-6 to 2.8-fold greater than that of SM-Ti.

Mean values of any two combinations were significantly

different (P \ 0.01).

4 Discussion

The mechanism of transport of Ti particles into the mac-

rophages from the surface into the interior with vigorous

extension of the projections is not well understood (Fig. 3)

[9]. The results in the present study indicated that submi-

cron Ti particles were phagocytosed by macrophages and

intracellularly localised in confined areas (i.e., phago-

somes) as visualised by optical microscopy (Fig. 4), SEM/

EPMA (Fig. 5) and TEM (Fig. 6). In addition, the sizes of

most individual submicron Ti particles were refined to

within the range of 1–10 nm after phagocytosis (Figs. 6, 7),

although submicron Ti particles larger than 0.5 lm were

present before phagocytosis (Figs. 1, 2). The refinement of

submicron Ti particles in macrophages is not unexpected

because Ti particles dissolve at acid pH, and the phago-

some is a low-pH environment with the presence of active

oxygen species (superoxide anion radicals) [10]. Ti parti-

cles were speculated as having been successively dissolved

by H? ions, superoxide and hydroxyl radicals, but were

then instantaneously reconstituted to refined metallic Ti or

titanium dioxides within and close to the phagosomes.

Such refinement and chemical alteration may contribute to

Fig. 9 TNF-a production by human macrophages cultured for 24 h in

four media: control medium (Control), medium with added submicron

Ti particles (SM-Ti), medium stimulated with LPS [LPS (?)] and

medium with submicron Ti particles and LPS [LPS (?) SM-Ti]. Data

are expressed as mean values with standard deviations in parentheses

of eight measurements (n = 8): Control, 80.4(3.2); SM-Ti,

6215.5(404.7); LPS (?), 4966.3(666.0); LPS (?) SM-Ti,

8045.7(830.3) pg/DNA (lg). Mean values of any two combinations

were significantly different (P \ 0.01)

Fig. 10 IL-1b production by human macrophages cultured for 24 h

in four media: control medium (Control), medium with added

submicron Ti particles (SM-Ti), medium stimulated with LPS [LPS

(?)] and medium with submicron Ti particles and LPS [LPS (?)

SM-Ti]. Data are expressed as mean values with standard deviations

in parentheses of eight measurements (n = 8): Control, 16.8(4.8);

SM-Ti, 918.0(64.9); LPS (?), 104.9(0.2); LPS (?) SM-Ti,

1996.7(208.3) pg/DNA (lg). Mean values of any two combinations

were significantly different (P \ 0.01)

Fig. 11 IL-6 production by human macrophages cultured for 24 h in

four media: control medium (Control), medium with added submicron

Ti particles (SM-Ti), medium stimulated with LPS [LPS (?)] and

medium with submicron Ti particles and LPS [LPS (?) SM-Ti]. Data

are expressed as mean values with standard deviations in parentheses

of eight measurements (n = 8): Control, 0(0); SM-Ti, 409.6(12.4);

LPS (?), 487.9(23.2); LPS (?) SM-Ti, 1138.4(65.1) pg/DNA (lg).

Mean values of any two combinations were significantly different

(P \ 0.01)
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the exclusion of digested finer Ti particles from the body

via the blood circulation through the liver, lung and spleen

[11]. These findings, however, contradict those of a pre-

vious study by Xing et al. [12] suggesting that the shape

and size of Ti particles remained unchanged in phagosomes

whilst the surface chemistry was altered. The LPS-stimu-

lated macrophages phagocytosed submicron Ti particles in

a similar manner to the phagocytosis of LPS (-) macro-

phages reported here (SM-Ti) (data not shown).

PMA-differentiated THP-1 cells were utilised in this

study as human macrophages because they are often used

in the evaluation of particle-induced inflammation and

osteolysis, especially in evaluations of failed artificial total

hip joint replacements [7]. In orthopaedics, phagocytosis of

wear debris is known to cause induction of inflammatory

cytokine expression by macrophages (TNF-a, IL-1b and

IL-6), provoking systematic symptoms, including osteoly-

sis, around prostheses via osteoclastogenesis [3, 13]. The

wear debris varies not only in composition (e.g., polyeth-

ylene, Ti, Ti–6Al–4V, Co–Cr alloy [14] and apatite) but

also size (millimetre, submicron, nanometre [15]). Varia-

tions in the size and composition of wear debris may alter

the phagocytosis activity of macrophages [16, 17]. Sub-

micron Ti particles were evaluated in this study because Ti

has been utilised in dentistry as a prosthetic metal in

implants and oral surgery. In addition, the submicron size

is less than half that of the macrophages, and the macro-

phages show very high phagocytotic activity against par-

ticles in this size range [18].

Recent Ti prostheses employ surface modification

treatments, such as surface roughening [19], micropat-

terning [20] and rutile oxidisation [21]. All such treat-

ments, however, appear to increase the frequency and

amount of wear debris from Ti prostheses [22]. The

adverse effects of submicron Ti particles on macrophages

must therefore be clarified, considering the recent increase

in usage of Ti prostheses. Retrieval analyses indicated

transfer of Ti particles from dental Ti prostheses to the

surrounding tissues [22, 23].

Our experimental results clearly indicated that submi-

cron Ti particles themselves and LPS stimulation were not

cytotoxic (Fig. 8), but that these two stimuli could

independently increase the production levels of three

inflammatory cytokines, whilst combined stimulation syn-

ergistically intensified the production of these cytokines

(Figs. 9, 10, 11), leading to severe adverse tissue reactions

such as inflammation and osteolysis [24]. The cell culture

test is usually performed under clean conditions without

LPS, but the actual oral environment contains many con-

taminants, including LPS. Therefore, considering the

effects of bacterial contamination is important, especially

because of the adverse effects of submicron Ti particles on

the tissues surrounding both dental Ti implants and Ti

bone–plate–screw assemblies set in the mandible and

maxilla [23].

The macrophages were activated not only by LPS

stimulation, but also by phagocytosis of submicron Ti

particles. The former is derived from the cross talk between

LPS and Toll-like receptor 4 (TLR4), resulting in pro-

duction of three cytokines by activation of NF-jB, often

defined as a Toll-like receptor signalling pathway [4, 25].

The latter appears to be due to oxidative stress (superoxide)

occurring during phagocytosis of submicron Ti particles

[26], followed by damage to the surface membrane lipid

layers, activation of NF-jB [27] and production of three

cytokines. However, the latter process has not been clari-

fied in detail and should be evaluated in future studies.

Although the two stimuli, phagocytosis of submicron Ti

particles and LPS stimulation, have different entry points in

their pathways, they share NF-jB, and are thereby capable

of independently and synergistically increasing production

of the three inflammatory cytokines. We confirmed the up-

regulation of NF-jB genes by macrophages stimulated

with submicron Ti particles and LPS by quantitative real-

time PCR. QC (relative quantity) values for NF-jB genes

of macrophages cultured for 6 h in control medium (Con-

trol), medium with submicron Ti particles (SM-Ti), med-

ium with LPS [LPS (?)] and medium with both LPS and

submicron Ti particles [LPS (?) SM-Ti] were 1.0, 2.0, 3.9

and 3.2, respectively [28], suggesting that both submicron

Ti particles and LPS significantly up-regulated expression

of NF-jB genes in the macrophages.

All three inflammatory cytokines, but especially IL-1b,

are known to increase the number and accelerate the dif-

ferentiation of osteoclasts [29], leading to periodontitis [5].

The reason why phagocytosis of submicron Ti particles

produced higher levels of IL-1b than LPS stimulation is not

clear, and further studies to address this question are nee-

ded. The production and release of IL-1b have been

reported to be stimulated by either pathogen-associated

molecular pattern molecules (PAMPs) or damage-associ-

ated molecular pattern molecules (DAMPs) [30]. LPS and

phagocytosis of submicron Ti particles may be associated

with PAMPs and DAMPs, respectively, and DAMPs may

induce higher levels of IL-1b than PAMPs.

Further research into osteoclasts as well as macrophages

exposed to submicron Ti particles are also required to both

gain a better understanding and develop ways to avoid

bone resorption around Ti prostheses. In clinical dentistry,

studies have suggested that peri-implantitis may be caused

by submicron Ti wear debris derived from Ti implants [22],

and that the symptoms of periimplantitis would be wors-

ened as a result of pathological reactions due to inflam-

matory cytokines produced by macrophages in cases with

periodontitis. Therefore, the occlusal contact condition

should be checked continuously in dental patients with Ti
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implants to minimise excessive contact and stress con-

centrations that cause and accelerate submicron Ti particle

separation and to continuously check the oral hygiene

conditions to minimise bacterial invasion with LPS around

the implants. Similar risks have been reported in the use of

endotoxin adherent/contaminated orthopaedic implants

[31, 32]. Bone–plate–screw assemblies may also be sus-

ceptible to this endotoxin problem. Care should be taken to

remove endotoxins when applying dental Ti implants and

bone–plate–screw assemblies in clinical dentistry.
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Abstract. Th巴� purposeof this study was to examine gene expressions of macrophage phagocytizing sub-μTi particles by 
a DNA chip. Human monocytic cell line THP-I was differentiated into macrophages by culturing for two days in medium 
supplemented with 200 nM phorbol ester (PMA). The macrophageswere then cultured in four media: medium without PMA 
(control); medium with suspended sub-μTi particles (0.5 wt%); medium with 1.0I1 g/m11ipopolysaccharide (LPS); and medium 
with LPS and Ti particles. After 6 hOllrs' culture， total RNA were extracted and gene expressions were evaluated by DNA 
allergy chip with 205 all巴� rgyand inftammation related gene spots. We found that phagocytosis of sub-11 Ti particles and LPS 
independently and synergistically up-regulated 17 inflammation-related genes more than two-fold. The extensive expressions of 
fourgenes (CCL1， 1L1B， 1L6 and 1L8) were further con自� rmedby real-tim巴� quantitativePCR. It turned out that dual stiml】� lation 
of LPS and Ti particles most up-regulated three genes (lLl B， 1L6 and 1L8)， followed by LPS while Ti particles moderately 
but least increased， suggesting that phagocytosis ofsub-μTi particles induces moderate inflammation with its degre巴|巴� ssthan 
LPS， but phagocytosis of sub-iJ Ti particleshasthe potential to worsen inflammation caused by LPS-stimulated macrophages. 

Keywords: Macrophage， sub-μtitanium particl巴� s，� phagocytosis， gene expression， DNA allergy chip 

1. Introduction 

Bulk titanium (Ti) is used in dental and medical prostheses (e.g. dental implant and bone-plate-screw 

assembly) because of its good mechanical strength， corrosion resistance and biocompatibility.The weak-

point of Ti is the lack of resistance against wear and fretting. Sub-IJ Ti wear particles， smaller than 

the cell， deviating from prostheses sometimes cause macrophages through phagocytosis of particles to 

*Addr巴� ssforcorrespondence: Masayuki Taira， PhD，Department ofDental Materials Science and Technology，1wate Medical 
University School of Dentistry， 1-3-27 Chuo-dori Morioka， 020-8505， Japan. Tel ・� +8119651511I，� Ext. 4217;Fax:+81 19 
65J 8407; E-maiJ: mtaira@iwate-med. jp.ac.
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produce inftammatory cytokines， including TNF-α， IL-1，8 and IL-6， leading to osteolysis and loosening 

of the prosthesis [1]. In the oral environment，gram-negative bacteria are always present. These bacteria 

have lipopolysaccharide (LPS) in the surface cell walls. If oral care is neglected， gram-negative bacteria 

develop significantly， activating macrophages by the recognition of LPS and a subsequent cell signaling 

cascade to also secrete these three cytokines leading to periodontitis and osteoclastogenesis [2] of dental 

patients. Patients who use dental implants are often more than 50 years old and subject to LPS attacks 

of the bacteria due to periodontitis. However， few studies have comparatively evaluated these cytokine 

productions by macrophages when stimulated by sub-μTi particles， by soluble LPS， and by both sub-μ 

Ti particles and LPS. The productions of these cytokines are directly regulated by gene expressions of 

the macrophages [3].百� 1esegene expressions have not been well examined to date. Meanwhile， a DNA 

allergy chip possessing 205 gene spots has been recently developed， allowing allergy-and-inftammation-

related reactions of body-self-defense cells including macrophages to be evaluated at the gene expression 

level [4]. 

The pu中� oseof this investigation was， therefore， to evaluate gene expressions of the macrophages 

stimulated by sub-μTi particles alone， by LPS alone and by both sub-μTi pa口� iclesand LPS，employing 

the DNA allergy chip. The expressions of selected genes were further confirmed by quantitative real-time 

PCR. 

2. Materials and methods 

2.1. Preparation of sub-μ 刀� particles 

Raw fine Ti particles less than 2μm in size in water (Soekawa Chemicals) were sonicated， followed 

by natural settling of larger particles and collection of sub-μ( <1μm) size particles in water. These 

powders in water were sterilized by autoclave prior to mixing in the culture medium. 

2.2. Cell culture 

Human monocytic cell line THP-1 (RCB 1189， Riken Cell Bank) (1 x 108) was differentiated into 

macrophages by culturing for two days in RPMIl 640 media supplemented with 10% fetal bovine serum 

and 200 nM phorbol-12-myristate-13-acetate (PMA) (Sigma-Aldrich Japan) (1 0 ml) in 100 mm culture 

dishes，and cultured for 6 hours using four media: control medium without PMA (Control); medium with 

suspended sub-μTi particles (0.5 wt%) (SM-Ti); medium with LPS (LPS (+))， and medium with both 

sub-μTi particles and LPS (LPS (+) SM-Ti). For LPS-stimulation， a commercial LPS (Escherichia coli 

026， DIFCO Lab.) was added to the culture media at a final concentration of 1μg/ml. 

2.3. Gene expression analyses with DNA allergy chip 

Total RNAs (at least 10 μg) were extracted from the cells using TRIZOL reagent (1 nvitrogen). A com-

pany (Kurabo) conducted DNA microarray analyses， namely reverse transcription， labeling， microar-

ray hybridization， scanning and raw data analyses. For the hybridization， a human DNA allergy chip 

(Genopal ARIH-GX， Mitsubishi Rayon) with 205 allergy-and-inftammation-related gene spots was 

used. 
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2.4. Quantitative rea/-time PCR 

The expressions of seven genes (CCL1， IL1 B， IL6， IL8， ICAM1， TNF and NFKBl) and one house-

keeping gene (GAPDH) were also con自� rmedby quantitative real-time PCR (Dice Real Time System 

TP800， Takara Bio)， using SYBR premix Ex Taq and specific primer sets (Takara Bio) (η= 2 for each 

cDNA template). 

3. Results 

DNA allergy chip analysis clari自� edthat 17 genes (gene names = CCL 1，CCL3，CCL4， CD44，ICA恥� 11，� 

IL1 B， IL6， IL8， IL1 5RA， NFKB1， PBEF1， SOCS3， TNF， TNFAIP3， TNFRSF5/CD40， TRAF1， VAVl) 

of the macrophages were up-regulated more than 2-fold by phagocytosis of sub-μTi particles (SM-Ti) 

relative to the control macrophages (Control). Table 1 shows the expression levels of these genes and 

three house-keeping genes (GAPDH， RPS5 and RPL3 2) of the macrophages cultured in four media， 

namely Control， SM-Ti， LPS (+) and LPS (+) SM-Ti. The right-hand values are the fold change of the 

gene expression of the macrophages cu¥t ured in SM-Ti， relative to the control macrophages (Control). 

The fold changes of the (bottom) three house keeping genes were virtually 1， suggesting that the fold 

change comparison of the 17 selected genes between SM-Ti and Control was properly standardized by 

the expressions of the three house-keeping genes. No genes were down-regulated less than 0.5 fold by 

SM-Ti， relative to the Control. 

Out of 17 genes，we selected 7 genes whose expressions were significantly increased by SM-Ti (CCL1， 

IL1 B， IL6， IL8 and TNF) or that had significantly important roles in the inftammation reaction (l CAMl 

and NFKB 1)， and one house keeping gene (GAPDH) for quantitative real-time PCR analyses. Table 2 

indicates the relative quantities (QC) of these 8 genes of the macrophages cu¥t ured in four media，namely 

Control， SM-Ti， LPS (+) and LPS (+) SM-Ti， clarified by quantitative real-time PCR. The data were 

normalized to the expressions of GAPDH by the ~~Ct method. It became evident from Table 2 that four 

genes (CCLl， ILl B，IL6 and IL8) were actually considerably up-regulated by SM-Ti， but up-regulations 

of three genes (l CAM1， TNF and NFKBl) of SM-Ti were small with relative quantities Ie ss than 2 

and were not statistically significantly different (p > 0.05) from those of the Control (relative quantity 
1) (Type NS in Table 2). In other words， the expressions of the fonner four genes (CCLl， IL1 B， 

IL6 and IL8) were日� rmlyveri自� edby both DNA allergy chip and quantitative real-time PCR. Figure 1 

shows the relationships in the gene expression comparison between DNA allergy chip and quantitative 

real-time PCR for the macrophages cultured in two media such as Control and SM-Ti. Generally， the 

higher the fold changes in the gene expression of SM-Ti/Control by DNA allergy chip，the higher the QC 

(1 by quantitative real-time PCR 
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Table 1 

Signal intensities of 17 genes of macrophages up-regulated more than 2-fold by sub-f.I Ti particles (SM-Ti) and three house-
keeping genes， verified by DNA allergy chip 

Gene Description Accession No Medium Fold 

naπle Control SM-Ti LPS 

(+) 

LPS 

(+) 

SM-Ti 

change 

of 

SM-Ti/ 

Control 

CCLl Chemokine (C-C motif) NM 002981. 117 1262 3129 2500 10.8 

ligand 1 (CCLl)， 

mRNA 

CCL3 Chemokine (C-C motif) NM  002983. 10603 30451 43520 61672 2.9 

ligand 3 (CCL3)， 2 

mRNA 

CCL4 Chemokine (C一� C motif) NM 002984. 4681 9534 16543 22905 2.0 

ligand 4 (CCL4)， 2 

transcript variant 1， 

mRNA 

CD44 CD44 molecule (I ndian NM 000610. 1762 3948 3726 4551 2.2 

blood group) (CD44)， 3 

transcript variant 1， 

mRNA 

ICAMl Intercellular adhesion NM 00020卜� 940 2761 3925 3588 2.9 

molecule 1 (CD54)， 

human rhinovirus 

receptor (ICAM 1)， 

mRNA 

ILl B Interleukin 1，beta NM 000576. 1590 14409 14473 20586 9.1 

(ILl B)，mRNA 2 

IL6 Interleukin 6 NM 000600. 62 247 115 365 4.0 

(interferon，beta 2) 

(I L6)， mRNA 

IL8 Interleukin 8 (I L8)， NM 000584. 425 8294 13455 20584 19.5 

mRNA 2 

ILl 5RA Interleukin 15 receptor， NM 002189 55 130 173 198 2.4 

alpha (ILl 5RA)， 2 

transcript variant 1， 

mRNA 

NFKBI Nuclear factor of kappa NM 003998 509 1219 1413 1744 2.4 

light polypeptide gene 2 

enhancer in B-cells 1 

(p 1 05) (NFKB 1)， 

mRNA 

PBEFI Pre-B-cell colony NM 005746. 59 352 290 409 6.0 

enhancing factor 1 2 

(PBEFI)， mRNA 
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Table 1 

(Continued) 

Gene Description Accession No. Medium Fold 

nan】巴� Control SM-Ti LPS 

(+ ) 

LPS 

( +) 

SM-Ti 

change 

of 

SM-Ti/ 

Control 

SOCS3 Suppressor of cytokine NM 003955. 106 421 524 653 4.0 

signaling 3 (SOCS3)， 3 

mRNA 

TNF Tumor necrosis factor NM 000594 166 409 784 828 2.5 

(TNF superfamily， 2 

member 2) (TNF)， 

mRNA 

TNFAIP3 Tumor necrosis factor， NM 006290. 159 461 699 783 2.9 

alpha-induced protein 3 2 

(TNFAIP3)， mRNA 

TNFRSF5/CD 40 CD40 molecule， TNF NM 001250. 425 1728 2185 2656 4.1 

receptor superfamily 4 

member 5 (CD40)， 

transcript variant 1， 

mRNA 

TRAFI TNF NM 005658 98 456 764 974 4.6 

receptor-associated 3 

)，factor 1 (TRAF 1 

mRNA 

VAVL Vav 1 oncogene NM 005428. 138 297 330 416 2.2 

(VAVI)， mRNA 2 

House keeping genes 

GAPDH Glyceraldehyde-3-phos NM 002046 31784 33399 28185 30619 1.1 

phate dehydrogenase 3 

(GAPDH)， mRNA 

RPS5 Ribosomal protein S5 NM 001009. 10577 12107 10531 11712 1. 1 

(RPS5)， mRNA 3 

RPL3 2 Ribosomal protein L3 2 NM 000994. 257 282 288 267 1. 1 

(RPL3 2)， transcript 3 

variant 1， mRNA 

NOle: Data were obtained from the macrophages cultured in four m巴� dia，� i.e目� Control，� SM-Ti， LPS (+) and LPS (十) SM-Ti. 

4. Discussion 

In another experiment， we found that the macrophages (PMA-differentiated THP-l cells) actively 

phagocytized sub-μTi particies added to the medium and actually secreted three inflammatory cytokines 

(TNF-α，� IL-Is and IL・� 6)in the culture supernatant [5]. We undertook this study to unveil the underlying 

mechanism of these cytokine productions so that the influence of sub-ド� Tiparticles on not only the 

macrophage itself but also the surrounding tissue (e.g. leukocyte) could be better understood at the gene 

1. expression leve 
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Table 2 

Relative quantities of 7 selected genes and GAPDH gene of th巴� macrophagescultured in four media，i.巴.� Control，SM-Ti，LPS 
(+) and LPS (+) SM-Ti， clari自巴� dby quantitative realtimePCR 目� 

Gene name Medium Typ巴� (SM-Ti/ Control) 

Control SM-Ti LPS (+) LPS (+) SM-Ti 

CCLI 1 (0.1) 66.5 (1 1.3) 216.8 (29.2) 147.0 (1 7.4) B 

ILIB 1 (0.3) 12.1 (3.2) 16.2(4.4) 27.2 (7 .0) A 

IL6 1 (0.2) 441. 8 (1 28.3) 1597.3 (429.7) 2188.8 (667.9) A 

JL8 1 (0.3) 33.6 (9.6) 80.4 (21. 9) 138.5 (42.4) A 

ICAMI 1 (0.2) 1. 8 (0.3) 3.2 (0.5) 3.4 (0.5) NS 

TNF 1 (0.1) 1. 4 (0.3) 4.0 (0.3) 4.1 (0.5) NS 

NFKBI 1 (0.1) 2.0 (0.4) 3.9 (0.6) 3.2 (0.4) NS 

GAPDH 1 (0.2) 1 (0.2) 1 (0.2) 1 (0.1) 

Note: The data were normalized to the expressions of GAPDH， and depicted by mean values with standard deviations in the 
parenthesis 
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The DNA allergy chip is a sophisticated means to simultaneously analyze the expression of relatively 

large-numbered (205) genes of body defense cells. It consists of a three-dimensionally cut hollow (slide 

glass)自� ber，� inside of which the DNA probe is fixed at the end，providing the probe (oligonucleotide) a 

certain degree of conformational freedom. Consequently，hybridization with complimentary nucleotides 
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，in four mediaIL8) ofIhe macrophages cultured，IL6，IL1B，1Relalive quanlilies (QC) offourgenes (CCL 2. Fig. i.e.Control， 
SM・Ti，LPS (+) and LPS (+) SM-Ti，c1arified by quanlilalive real-lIme PCR. 

in the sample becomes more effective，with a high degree ofsensitivity [4]. 

Caution is，however，needed here. DNA array analysis provides a simultaneous screening test ofgene 

expressions of many genes (often，η1). Itis，however，strongly anticipated to be able to confirm 

the expressions of selected important small-numbered genes by different techniques repeatedly [6]. We 

therefore conducted quantitative real-time PCR analyses of7 selected genes and one house-keeping gene 

(GAPDH)，concluding thattheexpressions offourgenes (CCLl，ILlB，IL6 and IL8) ofthe macrophages 

were actually significantly up-regulated by SM-Ti (Table 2). 

lt was speculated that phagocytosis of sub-μTi particles (SM-Ti) provoked a moderate systematic 

inftammation reaction at the gene expression level，butdid notcause any acute cell death or early allergic 

reaction.This reaction appeared to follow the normal inftammation process that included (i)chemotaxis 

of leukocytes from the blood vessels to the inftammation sites assigned to 2 genes (CCL1and IL8) and 

(ii) production of inftammatory cytokines directly regulated by respective gene expressions (i.e.IL1B 

and IL6 genes) that facilitate the elimination of bacteria or foreign substance [7]. Phagocytosis of sub-ド� 

Ti particles (SM-Ti) caused up-regulation ofthese four selected genes (CCL1， ILlB，IL6 and IL8) ofthe 

macrophages，but their roles in inftammation appear to be limited because of low QC values compared 

with inftammation caused by LPS. LPS (LPS (+)) was a powerful e百'ectoron inftammation reaction 

of macrophages because it up-regulated not only the 4 selected genes but also 3 other genes such as 

ICAM1((iii) for adhesion molecules)，NFKB1(known as Nf-K， B，acenter in (iv) the signal transduction 

causing inftammation) and TNF (other inftammatory cytokine) (Table 2).Dual stimulation ofSM・Tiand 

LPS (LPS (+) SM-Ti) further increased the gene expressions of 3 genes (IL1B，IL6 and IL8) (Type A 
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in Table 2) or maintained the high level gene expression of CCL1 gene (Type B in Table 2) relative to 

LPS (+). 

It was postulated that wear debris deviating from Ti implants might worsen the inflammation in pa-

tients who already su百"er� from periodontitis with abundant LPS. We thus stress the need to avoid the 

formation of wear debris from dental and medical prostheses made of Ti by considering implant design 

and surface hardening treatments [8] etc. so that intensi日� edperi-implantitis could be avoided. 

Signaling pathway (gene expression) analyses of the macrophages cultured in four media (Control， 

SM-Ti，LPS (+) and LPS (+) SM-Ti) are also needed in order to better understand the step-wise mole-

cular mechanism of their gene expressions， hopefully clarifying why two types (A and B) in the gene 

expression tendency for 4 genes (CCL1， IL1 B， IL6 and IL8) (Table 2) are produced. 
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Abstract

AtlA is a major cell-lytic enzyme called autolysin in Streptococcus mutans. In this

study, we identified the atlg gene-encoding autolysin (Atlg), consisting of 863

residues from Streptococcus sobrinus 6715DP, and confirmed lytic activity of

recombinant Atlg by zymography of S. sobrinus cells. An atlA-inactivated mutant

was constructed in S. mutans Xc, and the atlg gene product was characterized by

plasmid complementation. Microscopic analysis, saliva-induced aggregation assay

and autolysis assay of static cultures in air revealed that the atlg gene product

partially complemented the role of AtlA. Furthermore, the capability of biofilm

formation of the atlA-deficient mutant cultivated in air was restored by plasmid

comprising the atlg gene. These findings suggest that Atlg may be involved in cell

separation and biofilm formation in S. sobrinus.

Introduction

Streptococcus mutans and Streptococcus sobrinus are cario-

genic agents isolated from human dental decay (Loesche,

1986). In S. mutans, an autolysin protein, AtlA, consists of

979 amino acids (Shibata et al., 2005) and has been

designated Smu0630 (Brown et al., 2005; Ahn & Burne,

2006) and Aml (Yoshimura et al., 2006). This surface-

associated protein is involved in cell separation, biofilm

formation and genetic competence (Brown et al., 2005; Ahn

& Burne, 2006). This enzyme with lytic activity on pepti-

doglycan seems to be an N-acetylmuramidase, and

the enzyme consists of three domains: a signal peptide

in the N-terminus, a putative cell-wall-binding domain in

the middle and a catalytic domain in the C-terminus

(Yoshimura et al., 2006). The putative cell-wall-binding

domain and catalytic domain are required for full activity

of AtlA (Ahn & Burne, 2006). In the predicted cell-wall-

binding domain are five 15-residue repetitive sequences

(RP1–5) (Yoshimura et al., 2006). Two isoforms of AtlA,

107- and 79-kDa proteins, have been identified (Shibata

et al., 2005) and the 79-kDa protein is considered a mature

form (Ahn & Burne, 2006). This processing requires a

protein encoded by thmA in the atlA operon (Ahn & Burne,

2006) and is regulated by the VicRK two-component system

(Ahn & Burne, 2007). AtlA and Vic pathways are central to

the response of S. mutans to an oxidative environment (Ahn

& Burne, 2007).

Limited information on autolysin of S. sobrinus is avail-

able: two proteins, 78 and 90 kDa, have been identified as

relatively strong and significantly weak activities of autolysis,

respectively (Yoshimura et al., 2004). To clarify autolysins of

S. sobrinus genetically, we performed degenerate PCR and

gene-walking and identified an autolysin gene designated

atlg for autolysin of S. sobrinus (serotype g). As we could not

obtain an atlg mutant of S. sobrinus by allelic homologous

recombination, we characterized the function of atlg gene

products using plasmid complementation on an S. mutans

atlA defective mutant.

Materials and methods

Bacterial strains and growth conditions

Streptococcus sobrinus 6715DP (serotype g) (Hamada et al.,

1983) and S. mutans Xc (serotype c) (Koga et al., 1989) were

FEMS Microbiol Lett 291 (2009) 17–23 c� 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved



propagated at 37 1C with brain heart infusion (BHI) broth

(Difco). For selection of antibiotic-resistant colonies after

genetic transformation, erythromycin (10mg mL�1) or spec-

tinomycin (1 mg mL�1) was added to media as needed. For

microscopic analysis, cells were grown at 37 1C statically in

air, agitating on a shaker at 150 r.p.m. in an aerobic atmo-

sphere, or under anaerobic conditions using AnaeroPacks

(Mitsubishi Gas Chemical, Japan). For assays of autolysis,

biofilm formation and saliva-induced aggregation, cells were

cultured at 37 1C statically in air. Escherichia coli BL21(DE3)

(Novagen) was grown at 37 1C in Luria–Bertani broth.

Identification of atlg gene from S. sobrinus

Chromosomal DNA of streptococci was isolated using the

PUREGENETM DNA Yeast and Gram-Positive Bacteria Kit

(Gentra Systems). To obtain a portion of the atlg gene, we

performed PCR with degenerate primers designed to ampli-

fy a region between the putative cell-wall-binding region

and catalytic domain based on the sequence of the atlA of

S. mutans Xc (Shibata et al., 2005): S33-AYSNHSGYG (50-G

CNTAYWSNAAYCAYWSNGGNTAYGG-30); S21-NAAAW

QYT (50-GTRTAYTGCCANGCNGCNGCRTT-30). A 1.3-kb

fragment of PCR was cloned into pGEMs-T Easy vector

(Promega), sequenced and confirmed as a part of the atlg

gene. To retain the flanking region of the fragment, a DNA

library for gene-walking was constructed using a Universal

Genome Walker Kit (Clontech), and PCR was performed

with gene-specific primers and an adaptor primer, AP1,

provided with the kit (Clontech). PCR products were

directly sequenced using a 3130 Genetic Analyzer (Applied

Biosystems).

Construction of atlA inactivated strain

By allelic homologous recombination, the atlA gene of

S. mutans Xc was disrupted by deletion (905–2365 nucleo-

tides from the start of the gene) and insertion of the

erythromycin gene from an E. coli–Streptococcus shuttle

vector pVA838 (Macrina et al., 1982). Inactivation of the

atlA gene was confirmed by sequencing.

Plasmid complementation

A plasmid pDLS3 comprising a 576-bp upstream region of

the atlg gene and intact atlg gene was constructed. Briefly,

PCR was performed with primers H-S58F (50-TCCAAAGC

TTGAAGGGCGGGGAAGAAACA-30, underlined HindIII

site) and B-S59R (50-TCGCGGATCCTCTTGATAGGCTT

ATTCTTAGACCA-30, underlined BamHI site). The 3205-

bp fragment amplified by PCR and the spectinomycin-

resistant E. coli–Streptococcus shuttle vector pDL278

(LeBlanc et al., 1992) were digested with HindIII and

BamHI and ligated. The construct was confirmed by

sequencing. Natural transformation of S. mutans cells was

performed (Perry et al., 1983) and the selected transfor-

mants were confirmed by PCR and direct sequencing.

Expression and purification of recombinant Atlg

An expression plasmid for recombinant Atlg (residues

32–863) with a histidine hexamer tag at the C-terminus

was constructed as follows: primers S53 (50-AATATACA

TATGGATGAAACGACAGGAGTTCAAGCGGA-30, under-

lined NdeI site) and S54 (50-AAAATGCTCGAGGACCAAA

CGGCCAGTGTAGTCAATACT-30, underlined XhoI site)

were used in PCR to amplify the atlg gene. The PCR product

was further treated with NdeI and XhoI and cloned into the

expression vector pET-21a (1) (Novagen). The sequence of

the plasmid was confirmed on both strands. Recombinant

Atlg was expressed in E. coli and then purified using an Ni-

NTA column (Qiagen).

Zymographic analysis

Autolytic proteins of cells were extracted in 4% (w/v)

sodium dodecyl sulfate (SDS) solution as described pre-

viously (Yoshimura et al., 2004). For zymography, hydro-

fluoric acid (HF)-treated streptococcal cells were prepared

as described previously (Shibata et al., 2005) with slight

modification. Before polymerization of running gel, HF-

treated cells were mixed with acrylamide gel solution and the

cell suspension was adjusted to an OD600 nm of 1.0. Proteins

(10mg) were separated on 7.5% acrylamide gels comprising

HF-treated cells. After the electrophoresis, gels were washed

with distilled water four times for 30 min and then soaked in

phosphate-buffered saline (PBS) with 1 mM CaCl2 and

1 mM MgCl2. The gels were incubated at 37 1C for 12 h.

Microscopic observation

Cells grown for 16 h in BHI broth under the indicated

conditions were observed using differential interference

contrast with a confocal laser-scanning microscope LSM

510 (Carl Zeiss) at the Center for Electron Microscopy and

Bio-Imaging Research Central Research Laboratories, Iwate

Medical University. Chain lengths were counted from 50

randomly selected chains under the microscope.

Saliva-induced aggregation assay

Aggregation of cells induced by unstimulated whole saliva

was analyzed as described previously (Ahn et al., 2008).

Briefly, cells grown for 16 h were harvested by centrifuga-

tion, washed twice with PBS and suspended in PBS to an

OD600 nm of 0.6. Unstimulated whole saliva was mixed from

two volunteers, clarified by centrifugation and filtrated.

Bacterial suspension (900 mL), filtrated saliva (100mL) and

100 mM CaCl2 (5mL) were mixed and incubated at 37 1C for
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2 h. Turbidity of bacterial suspension was measured at

600 nm, and aggregation activity was represented by the

percent decrease in OD600 nm.

Autolysis assay

The autolysis assay was carried out as described previously

(Shibata et al., 2005). Briefly, cell suspensions of S. mutans

Xc derivatives were adjusted to an OD550 nm of 0.9 and

incubated at 44 1C; turbidity of cell suspensions was mon-

itored at 550 nm.

Biofilm assay

Biofilm assay was performed in flat-bottomed 96-well poly-

styrene cell culture plates (TPP, Switzerland). Bacterial cells

(1.0� 104 CFU) were cultured in 200mL of BHI broth with

or without the addition of 1% (w/v) carbohydrates, glucose,

sucrose or maltose for 16 h at 37 1C. Wells were washed once

with distilled water and stained with 1% (w/v) crystal violet

solution for 10 min. Wells were washed three times and air

dried for 10 min. Adhered crystal violet was solubilized with

ethanol and was measured at A595 nm.

Statistical analysis

Saliva-induced aggregation assay was analyzed by one-way

ANOVA. Multiple comparisons were performed using the

Bonferroni correction at Po 0.05.

Nucleotide sequence accession number

The nucleotide sequence of the atlg gene has been deposited

in GenBank under accession number AB302403.

Results

Sequence analysis

In the 6599-bp sequenced region, one incomplete ORF,

ORF1 and four complete ORFs, ORF2–5, were predicted, as

shown in Fig. 1a. The deduced amino acid sequence of

ORF1 showed homology (94.8% identity) to the C-terminal

region of a GTP-binding protein LepA (SMU.1394) of

S. mutans UA159, a completely sequenced strain (Ajdić

et al., 2002). Using the BLAST program (Altschul et al.,

1990), homology search against the predicted proteins of

S. mutans UA159 revealed that ORF2 (atlg) showed homol-

ogy (39.9% identity and 68.8% similarity) to AtlA and

ORF3, ORF4 and ORF5 showed homology (62.2%, 59.2%

and 68.9% identities) to the putative pore-forming peptide

(ThmA, SMU.692), hypothetical protein (SMU.695) and

cytidylate kinase (SMU.696), respectively. In contrast,

homologous genes coding for SMU.688, SMU.690 and

SMU.691 were not observed in the sequenced region in

S. sobrinus 6715DP compared with atlA gene loci of

S. mutans UA159 (not shown) and Xc (Fig. 1a). Thus, the

adjacent region of atlg was divergent from that of atlA.

Fig. 1. (a) Comparison of the genetic loci of the

autolysin gene between Streptococcus sobrinus

6715DP and Streptococcus mutans Xc. Arrows

indicate open reading frames (ORFs). Filled arrows

show autolysin genes atlg (orf2) and atlA, and two

shaded arrows represent genes orf3 and orf4 for

ThmA (putative pore-forming peptide) and

hypothetical protein, respectively. Numbers inside

and between arrows indicate the size of ORFs and

intergenic region, respectively, in base pairs. The

locus of atlA originated from sequence information

of S. mutans Xc (accession number AB194064)

(Shibata et al., 2005). (b) Comparison of structural

domains between Atlg and AtlA. Percent similarities

of the deduced amino acid sequences of the

domains are represented. Repeating sequences are

shown as RP1 to 4 in Atlg and RP1 to 5 in AtlA.

Amino acid positions are relative to the first

methionine of Atlg or AtlA. (c) Comparison of

amino acid sequences between the RP2–4 region

of Atlg (residues 286–498) and the RP2–5 region of

AtlA (residues 302–610). Repeating sequences of 15

residues are shown as thick bars. A 96-amino-acid

deletion was observed in the putative

cell-wall-binding domain of Atlg, corresponding to

the region around RP3 of AtlA. Asterisks and dots

represent identical and similar residues, respectively.

Dashes show gaps for alignments.
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A putative promoter sequence, TTAACG-N19-TAGATT,

could be identified 30 bp upstream from the start codon for

atlg. The predicted product of atlg was an 863-amino-acid

protein with a molecular weight of 93344.48 and a pI of

4.69. A 30-amino-acid signal sequence was predicted in the

N-terminus by the SIGNALP 3.0 program (Bendtsen et al.,

2004) (Fig. 1b). Four 15-residue repeats (RP1–4) were

observed in the putative cell-wall-binding region (positions

195–209, 286–300, 393–407, 484–498) of Atlg in contrast to

five repeats in AtlA (Yoshimura et al., 2006). Amino acid

sequence alignment using the program MACVECTOR 7.2 (Mac-

Vector) indicated that 96 residues were deleted in the

putative cell-wall-binding domain of Atlg, which corre-

sponds to the region containing RP3 (position 407–421) of

AtlA (Fig. 1c). The C-terminal region (position 662–863)

was predicted to be a catalytic domain homologous to

glycoside hydrolase family 25 in the CAZy database (http://

www.cazy.org/). Between Atlg and AtlA, homology analysis

of three regions, signal sequence, putative cell-wall-binding

domain and catalytic domain, showed 53.6%, 63.7% and

89.1% similarities, respectively (Fig. 1b). This finding in-

dicated strong similarity at the catalytic domain between

Atlg and AtlA.

Zymographic analysis

To clarify the products of atlg for an autolysin, purified

recombinant Atlg was evaluated with SDS extracts of

S. mutans Xc and S. sobrinus 6715DP by SDS-polyacryl-

amide gel electrophoresis and zymography on gels contain-

ing HF-treated S. sobrinus cells (Fig. 2a and b). Two 107- and

79-kDa bands were observed in SDS extracts of S. mutans

(Fig. 2b, lane 1). A 72-kDa band was detected in SDS

extracts of S. sobrinus (lane 2). A 104-kDa band was

observed in recombinant Atlg (lane 3). These findings

indicated that Atlg could lyse HF-treated S. sobrinus cells.

Furthermore, we observed similar lytic activities of Atlg and

SDS extracts of S. sobrinus on gels comprising HF-treated

S. mutans Xc cells (Fig. 2c). Thus, Atlg could lyse HF-treated

S. mutans cells.

Microscopic analysis

We characterized the atlg gene product in an atlA-inacti-

vated mutant, DatlA, of S. mutans Xc using plasmid

complementation. Under static cultivation in air (Fig. 3a),

elongated chain formation (shown as the mean� SD;

96.7� 46.3 cells per chain) and clumps were observed in

DatlA(pDL278) cells compared with Xc(pDL278) cells

(2.5� 1.3 cells per chain). In contrast, comparative shorter

chain formation (4.0� 2.7 cells per chain) was found in

DatlA(pDLS3) cells, the atlA-deficient mutant comprising

pDLS3, as observed in Xc(pDL278) cells. Thus, atlg gene

products could change the filamentous formation of the

atlA mutant to the shorter chains under static cultivation

in air.

To examine the effect of oxygen on plasmid complemen-

tation, we assessed DatlA(pDLS3) cells cultivated under

Fig. 2. (a) SDS-polyacrylamide gel electrophoresis patterns of 4% SDS

extracts and recombinant Atlg on Coomassie brilliant blue staining. (b)

Zymographic analysis on gels comprising HF-treated Streptococcus

sobrinus 6715DP cells. (c) Zymographic analysis of gels comprising HF-

treated Streptococcus mutans Xc cells. Lanes: 1, 4% SDS extracts of

S. mutans Xc; 2, 4% SDS extracts of S. sobrinus 6715DP; 3, purified

recombinant Atlg; M, molecular size marker. Proteins (10 mg) were

separated by electrophoresis and lytic bands were developed at 37 1C

after 12-h incubation. The arrow indicates the position of recombinant

Atlg (104 kDa in size). The arrowhead represents the position of the lytic

active band of 4% SDS extracts of S. sobrinus 6715DP (72 kDa in size).

Fig. 3. Differential interference contrast microphotographs of Strepto-

coccus mutans Xc derivatives. (a) Cells were cultured statically in BHI

broth at 37 1C in air and observed under a confocal laser scanning micro-

scope. Xc(pDL278), wild-type cell containing pDL278; DatlA(pDL278),

atlA-deficient mutant of Xc comprising pDL278; DatlA(pDLS3), atlA-

deficient mutant of Xc containing pDLS3, the plasmid carrying atlg gene

and its predicted promoter region. (b) DatlA(pDLS3) cells were grown in

BHI broth under aerobic (AE) or anaerobic (AN) conditions. For aerobic

growth, cells were cultured at 37 1C with agitation using a shaker

(150 r.p.m.). For anaerobic culture, an anaerobic system was used. Scale

bars: 10 mm. Data are representative of three independent experiments.
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aerobic or anaerobic conditions (Fig. 3b). Under aerobic

conditions, DatlA(pDLS3) cells showed shortened chains

(6.2� 4.8 cells per chain), similar to the finding of static

cultures in air. Under anaerobic conditions, the cells showed

comparative filamentous chains (30.1� 19.7 cells per

chain). Furthermore, we examined Xc(pDL278) and

DatlA(pDL278) cells cultivated under aerobic or anaerobic

conditions. In spite of the presence or absence of oxygen,

Xc(pDL278) and DatlA(pDL278) cells retained shortened

and elongated chains, respectively (not shown). The chain

length of Xc(pDL278) cells showed 2.7� 2.0 and 4.5�
2.8 cells per chain under aerobic and anaerobic conditions,

respectively. Chain length of DatlA(pDL278) cells showed

82.6� 47.5 and 98.2� 45.0 cells per chain under aerobic and

anaerobic conditions, respectively. Thus, atlg could not fully

complement the defect of atlA under anaerobic conditions.

For subsequent complementation analyses, we used static

cultures of three Xc derivatives.

Saliva-induced cell aggregation assay

Next, atlg gene function was studied by saliva-induced cell

aggregation assay. In the absence of saliva, no significant

differences of self-aggregation in three studied cells were

observed (Fig. 4). In the presence of saliva, DatlA(pDL278)

cells and DatlA(pDLS3) cells were more efficient at aggregat-

ing than Xc(pDL278) cells (Po 0.001). Notably, the aggre-

gation activity of DatlA(pDLS3) cells was lower than that of

DatlA(pDL278) cells (Po 0.05). This finding indicated that

atlA deficiency was not completely complemented with atlg

in the presence of saliva.

Autolytic analysis

Autolytic activity was examined at 44 1C, which is the

optimal temperature for lytic activity of AtlA in S. mutans

Xc (Shibata et al., 2005). After the 48-h incubation period

(Fig. 5), autolysis was observed in Xc(pDL278) cells and

DatlA(pDLS3) cells, whereas no marked decrease of turbid-

ity was observed in DatlA(pDL278) cells. This finding

demonstrated that Atlg could act as an autolysin of

S. mutans.

Biofilm assay

The capability of biofilm formation was evaluated in the

three cells (Fig. 6). When Xc(pDL278) cells were grown

statically in air, cells formed poor biofilm in BHI alone,

albeit BHI is an enriched medium containing 0.2% (w/v)

glucose, but formed obvious biofilms with the addi-

tion of 1% (w/v) glucose, sucrose or maltose. In con-

trast, DatlA(pDL278) cells hardly formed biofilms with

Fig. 4. Saliva-induced aggregation of Streptococcus mutans Xc deriva-

tives. In the absence (PBS) or presence (UWS) of saliva, aggregation of

the cell suspension at 37 1C was measured at OD600 nm. Assays were

performed five times and error bars represent SDs. In the absence of

saliva, there were no significant differences in self-aggregation of three

cells. In the presence of saliva, significant differences were detected by

one-way ANOVA between DatlA(pDL278) and Xc(pDL278) (Po 0.001),

between DatlA(pDLS3) and Xc(pDL278) (Po 0.001) and between

DatlA(pDL278) and DatlA(pDLS3) (Po 0.05).

Fig. 5. Autolytic activity of Streptococcus mutans Xc derivatives. Cell

suspensions were incubated at 44 1C. Lytic activity was monitored at

OD550 nm of the cell suspension. Data are representative of three

independent assays performed in triplicate. Error bars represent SDs.

Fig. 6. Biofilm assay of Streptococcus mutans Xc derivatives. Bacterial

cells were cultivated in BHI broth with or without 1% (w/v) additional

carbohydrates, glucose, sucrose or maltose on 96-well polystyrene cell

culture plates. Biofilms were stained with 1% (w/v) crystal violet and an

A595 nm was measured. The results express mean values and SDs of

quadruplicate samples.
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supplemented glucose or maltose, whereas DatlA(pDL278)

cells formed biofilms with supplemented sucrose. The

biofilm formation of DatlA(pDLS3) cells was similar to that

of Xc(pDL278) cells with the addition of glucose or maltose,

suggesting that atlg could restore the defects of the atlA-

deficient mutant of S. mutans regarding biofilm formation.

Discussion

In this paper, we described the first identification of the atlg

gene and proximal regions in S. sobrinus. In S. mutans, the

gene encoding SMU.688, also called Smu0629, which is

required for efficient expression and processing of AtlA

(Ahn & Burne, 2007), is located in the region just upstream

of atlA (Shibata et al., 2005; Ahn & Burne, 2007). We

revealed that the gene encoding SMU.688 homolog was not

located upstream of atlg in the region, suggesting that gene

regulation of atlg may be different from that of atlA.

As genetic manipulation was difficult in S. sobrinus

6715DP, we characterized the atlg gene product in an atlA

mutant of S. mutans Xc. In our complementation tests, the

plasmid harboring the atlg gene partially complemented the

atlA defect in S. mutans. Furthermore, we demonstrated by

zymography that Atlg was an autolysin of S. sobrinus and

could act as an autolysin, as did AtlA. This is supported by

the observation in autolytic analysis.

It is known that oxygen affects autolysis of S. mutans cells

(Ahn & Burne, 2007). Our morphological analysis of cells

showed that the atlg gene could partially complement the

defect of atlA under aerobic conditions but not fully under

anaerobic conditions. Thus, oxygen may affect complemen-

tation of the plasmid harboring the atlg gene in S. mutans

cells. One explanation is that gene expression of atlg and/or

function of Atlg might be repressed in the atlA mutant of

S. mutans under anaerobic conditions. Another explanation

is that the resistance to autolysis by autolytic proteins of

S. mutans and/or Atlg might occur in atlA mutant cells

under anaerobic conditions. This explanation is partially

supported by the observation of the significant resistance of

atlA mutant to autolysis under anaerobic conditions (Ahn &

Burne, 2007). Further study of the expression of atlg in atlA

mutant under different atmospheric conditions is needed.

The property of aggregation stimulated by saliva is an

important trait of S. mutans. This aggregation of S. mutans

is involved with a cell surface protein antigen I/II, also called

P1 (Koga et al., 1990). Furthermore, atlA deficiency affects

proper localization of antigen I/II, which demonstrated that

antigen I/II was readily extracted with a nonionic detergent

in the atlA mutant of S. mutans cells but not in wild-type

cells (Ahn & Burne, 2006). In our study, atlg could not fully

complement atlA defects in the presence of saliva. It is

tentatively speculated that atlg gene products may be

associated with proper localization of cell surface proteins

(i.e. antigen I/II) in the atlA mutant. Further investigations

would clarify the involvement of autolysins with localization

of cell surface proteins.

The previous work demonstrated that atlA defect reduces

the ability to form a biofilm in BHI broth with 1% (w/v)

glucose and sucrose (Shibata et al., 2005). In our study, atlA

mutant formed less biofilm in BHI broth with glucose and

formed similar levels to wild-type cells in BHI broth with

sucrose. This difference may reflect divergent culture condi-

tions: in the assay of Shibata et al. (2005), cells were cultured

in 7.3% CO2 environment, whereas, in our assay, cells were

cultured in air.

In conclusion, we identified the atlg gene and revealed that

Atlg was an autolysin of S. sobrinus and that atlA deficiency in

S. mutans was partially complemented with atlg. Our results

suggest that Atlg may be associated with cell separation and

biofilm formation in S. sobrinus. To develop lytic enzymes

selective for S. mutans and S. sobrinus, we are studying lytic

specificity of AtlA and Atlg against oral streptococci.
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Ajdić D, McShan WM, McLaughlin RE et al. (2002) Genome

sequence of Streptococcus mutans UA159, a cariogenic dental

pathogen. P Natl Acad Sci USA 99: 14434–14439.

Altschul SF, Gish W, Miller W, Myers EW & Lipman DJ (1990)

Basic local alignment search tool. J Mol Biol 215: 403–410.

Bendtsen JD, Nielsen H, von Heijne G & Brunak S (2004)

Improved prediction of signal peptides: SignalP 3.0. J Mol Biol

340: 783–795.

Brown TA Jr, Ahn SJ, Frank RN, Chen YYM, Lemos JA & Burne

RA (2005) A hypothetical protein of Streptococcus mutans is

critical for biofilm formation. Infect Immun 73: 3147–3151.

Hamada S, Koga T & Okahashi N (1983) Characterization of a

mutant of serotype g Streptococcus mutans strain 6715 lacking

dextran-induced agglutination. Zbl Bakt Hyg Abt 1 Orig A 254:

343–351.

FEMS Microbiol Lett 291 (2009) 17–23c� 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

22 A. Yamada et al.



Koga T, Asakawa H, Okahashi N & Takahashi I (1989) Effect of

subculturing on expression of a cell-surface protein antigen by

Streptococcus mutans. J Gen Microbiol 135: 3199–3207.

Koga T, Okahashi N, Takahashi I, Kanamoto T, Asakawa H &

Iwaki M (1990) Surface hydrophobicity, adherence, and

aggregation of cell surface protein antigen mutants of

Streptococcus mutans serotype c. Infect Immun 58:

289–296.

LeBlanc DJ, Lee LN & Abu-Al-Jaibat A (1992) Molecular, genetic,

and functional analysis of the basic replicon of pVA380-1, a

plasmid of oral streptococcal origin. Plasmid 28: 130–145.

Loesche WJ (1986) Role of Streptococcus mutans in human dental

decay. Microbiol Rev 50: 353–380.

Macrina FL, Tobian JA, Jones KR, Evans RP & Clewell DB (1982)

A cloning vector able to replicate in Escherichia coli and

Streptococcus sanguis. Gene 19: 345–353.

Perry D, Wondrack LM & Kuramitsu HK (1983) Genetic

transformation of putative cariogenic properties in

Streptococcus mutans. Infect Immun 41: 722–727.

Shibata Y, Kawada M, Nakano Y, Toyoshima K & Yamashita Y

(2005) Identification and characterization of an autolysin-

encoding gene of Streptococcus mutans. Infect Immun 73:

3512–3520.

Yoshimura G, Komatsuzawa H, Kajimura J, Fujiwara T, Ohara M,

Kozai K & Sugai M (2004) Zymographic characterization of

bacteriolytic enzymes produced by oral streptococci. Microbiol

Immunol 48: 465–469.

Yoshimura G, Komatsuzawa H, Hayashi I, Fujiwara T, Yamada S,

Nakano Y, Tomita Y, Kozai K & Sugai M (2006) Identification

and molecular characterization of an N-acetylmuraminidase,

Aml, involved in Streptococcus mutans cell separation.

Microbiol Immunol 50: 729–742.

FEMS Microbiol Lett 291 (2009) 17–23 c� 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

23An autolysin gene, atlg, from Streptococcus sobrinus



Community Dent Oral Epidemiol 2009; 37: 241–249
All rights reserved

� 2009 John Wiley & Sons A/S

Relationship of quantitative
salivary levels of Streptococcus
mutans and S. sobrinus in mothers
to caries status and colonization
of mutans streptococci in plaque
in their 2.5-year-old children
Kishi M, Abe A, Kishi K, Ohara-Nemoto Y, Kimura S, Yonemitsu M. Relationship
of quantitative salivary levels of Streptococcus mutans and S. sobrinus in mothers to
caries status and colonization of mutans streptococci in plaque in their 2.5-year-
old children. Community Dent Oral Epidemiol 2009; 37: 241–249. � 2009 John
Wiley & Sons A ⁄ S

Abstract – Objectives: The aim of this study was to assess the relationships of
quantitative salivary levels of Streptococcus mutans and S. sobrinus in mothers with
the colonization of mutans streptococci (MS) in plaque and caries status in their
2.5-year-old children. Furthermore, the dynamics of caries status in the children
was evaluated in a 2-year follow-up survey. Methods: After oral examination of 54
mother-and-child pairs, the saliva samples from the mothers and the plaque
samples from the children were collected. The levels (log DNA copies ⁄ ml saliva)
of S. mutans and S. sobrinus were quantified using real-time polymerase chain
reaction (PCR) assays, while MS in the plaque samples were detected using a
cultivation method. In addition, 50 of the 54 children participated in a 2-year
follow-up survey of caries prevalence. Results: In the 2.5-year-old children, the
percentage of dft-positive subjects and mean number of dft were significantly
higher in the MS(+) group when compared with the MS()) group. Findings from
the 2-year follow-up survey indicated that MS(+) subjects had a persistently
higher mean number of dft at 4.5 years. The 2.5-year-old children were divided
into three groups based on the quantitative levels of salivary S. mutans and S.
sobrinus in their mothers: those whose mothers had low levels of S. mutans (<4 log
DNA copies ⁄ ml) and S. sobrinus (<2) (group 1); those whose mothers had a high
level of S. mutans (‡4) and low level of S. sobrinus (<2) (group 2); and those whose
mothers had high levels of both (‡4 and ‡2, respectively) (group 3). Among the
three groups, the percentages of MS(+) and dft-positive children were highest in
group 3 and lowest in group 1. Furthermore, multiple logistic regression analyses
revealed that grouping the mothers based on salivary level of S. mutans and
S. sobrinus was an efficient means to predict both MS colonization (OR = 2.96) and
prevalence of dental caries (OR = 9.39) in children at 2.5 years of age.
Conlusions: In the 54 mother-and-child pairs tested, the maternal salivary levels
of S. mutans and S. sobrinus determined by real-time PCR were significantly
related to MS colonization in plaque as well as dental caries in their children at
2.5 years of age. Thus, determination of maternal levels of both organisms using
the present cut-off values is proposed as an efficient method to indicate the risks of
maternal transmission of MS and childhood dental caries.
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Streptococcus mutans and S. sobrinus are the mutans

streptococcal (MS) species recovered from human

oral microflora. In individual subjects, the occur-

rence of S. mutans is normally higher than that of

S. sobrinus. Both species of MS are the bacterial

pathogens cited as causative agents of human

dental caries, and their early acquisition leads to

a high frequency of dental caries in children (1–8).

The major reservoir from which children acquire

these organisms is their mothers (9, 10). Although

MS are preferentially found in supragingival

plaque, detached microbes from supragingival

plaque or feeble adherent colonies on mucosal

surfaces can also be recovered in saliva (11, 12). The

salivary MS in mothers have been implicated as the

major source for the maternal transmission of MS

(13–15). Studies conducted with culture methods

demonstrated that the higher the salivary level of

MS in mothers the earlier the colonization of these

organisms in their children (11, 16, 17), and that a

reduction in the salivary level of MS in mothers can

inhibit or delay the acquisition of caries in their

children (17).

Recently, it has become possible to quantify

S. mutans and S. sobrinus with a high level of

accuracy using real-time polymerase chain reaction

(PCR) techniques (18, 19). In most studies using the

real-time PCR, however, the precise cut-off levels

of salivary MS in mothers ascribable to oral

colonization of maternal transmission leading to

caries incidence in their children remain to be

elucidated (20–27).

In this study, quantitative levels of salivary

S. mutans and S. sobrinus in 54 mothers were

detected by means of a real-time PCR method,

and the relationships to the colonization of MS in

plaque as well as caries status in their 2.5-year-old

children were investigated. Furthermore, a 2-year

follow-up survey of dental caries in the same

children at the age of 4.5 years was performed to

assess the dynamics of caries status (caries inci-

dence).

Materials and methods

Subjects
The subjects were the pairs of a mother and her 2.5-

year-old child who was born in 1999 at a certain

town (the population at that year was 9091) in

Iwate prefecture, Japan. All the 94 children were

registered for a health examination program that

was conducted by the public health department of

the town and administered free of charge. Among

the registered children, 71 children were adminis-

tered the oral health program: 54 pairs of mother

and child and 17 children with attendants who

were not their mothers. The 54 mother-and-child

pairs provided informed consent according to a

protocol approved by the Ethics Committees of

Iwate Medical University School of Dentistry

(approval no. D-01059), and participated in this

study.

None of the subjects was suffering from any

infectious or systemic diseases, nor had they

received antibiotic medication within 3 months

prior to the examination. The mean age of the

mothers at the birth of their children was 29.8 ± 5.8

(mean ± SD) years. The children included 29 boys

and 25 girls, of whom 29 were firstborn and 25 born

second or later. Of the 54 children, 31 were cared

for during the day primarily by their mothers at

home, while the other 23 attended day-care centers

on a regular basis. Furthermore, 50 of the 54

children participated in the 2-year follow-up sur-

vey to determine the incidence of dental caries at

the age of 4.5 years. During that 2-year period, all

the children received fluoride applications accord-

ing to instructions provided by the public health

service program of the town government (twice a

year from 0 to 3 years, once a year from age 4 to

6 years).

Quantification of salivary S. mutans and
S. sobrinus in mothers
Whole saliva samples were collected from the

mothers after 3 min of paraffin stimulation, and

genomic DNA was isolated from 1.0 ml of each

sample using a Wizard Genomic DNA purification

kit (Promega Co., Madison, WI, USA) as previously

described (28). The real-time PCR assays of S.

mutans and S. sobrinus were performed with a

TaqMan system using a modification of the method

described by Yoshida et al. (19). In brief, an

S. mutans-specific primer pair (forward, 5¢-GCCTA

CAGCTCAGAGATGCTATTCT-3¢; reverse, 5¢-GC

CATACACCACTCATGAATTGA-3¢) and a probe

(5¢-FAM-TGGAAATGACGGTCGCCGTTATGAA

TAMRA-3¢) targeting the gtfB gene, and an

S. sobrinus-specific primer pair (forward, 5¢-TTCA

AAGCCAAGACCAAGCTAGT-3¢; reverse, 5¢-CC

AGCCTGAGATTCAGCTTGT-3¢) and a probe

(5¢-FAM-CCTGCTCCAGCGACAAAGGCAGC-TA

MRA-3¢) targeting the gtfT gene were used. The

amplification was carried out using an ABI PRISM

7900 (Applied Biosystems, Foster City, CA, USA).
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Standard curves were generated by the known

weight of genomic DNA purified from S. mutans

MT8148 and S. sobrinus 6715. The salivary levels of

MS were expressed as the logarithm number of

DNA copies (log DNA copies) per 1.0 ml of the

saliva sample. Our preliminary experiments using

culture methods revealed that 1 pg DNA of S.

mutans MT 8148 was equivalent to 2.66 log DNA

copies and to 200 CFU, which is agreement with

the data of Yano et al. (18) and Yoshida et al. (19).

Detection of colonization of MS in plaques
of children
At least 1 h after the last food intake, plaque

samples were collected from the buccal surfaces of

the upper and lower incisors of the 54 children by

swabbing with sterile cotton buds, which were

immediately immersed into 1.0 ml of sterile phys-

iological saline (pH 7.0). The plaque samples were

then dispersed using a Vortex mixer (Scientific

Industries, New York, USA) for 30 s, and serially

diluted with sterile physiological saline; 0.1 ml of

each diluted sample was plated onto MSB agar

plates (29), which were incubated at 37�C for 24 h

under anaerobic conditions using a GasPak 100

System (BBL: Becton Dickinson and Company,

Franklin Lakes, NJ, USA) for culturing MS. MS

were identified as in previous studies (12, 30, 31) by

their colony morphology on MSB agar plates,

gram-staining and the biochemical characteristics

of the isolates including mannitol and sorbitol

fermentation tests and the adhesive ability to a

glass surface.

Oral examinations
Dental caries status was examined in the mothers

and their children by a well-trained examiner

according to the method of the World Health

Organization (32). The incidence of dental caries in

the children was expressed as the subtracted dft

score, Ddft [(dft score at 4.5 years old) ) (dft score

at 2.5 years old)].

Statistical analysis
The relationships between DNA copy numbers of

S. mutans and S. sobrinus in the mothers, and

between each DNA copy number and the maternal

decayed, missing, and filled teeth (DMFT) score

were assessed by linear regression analyses with

Pearson’s correlation coefficients. Comparisons of

the mean numbers of DMFT and decayed teeth

(DT), and levels of MS were conducted by t-tests.

The association of the maternal group (determined

by the salivary levels of S. mutans and S. sobrinus)

versus the colonization status of MS in the children

was assessed using a chi-squared test. For a

multifactorial analysis of the colonization of MS

in the children, multiple logistic regression analysis

was performed. All statistical analysis procedures

were conducted using SPSS 11.5J (SPSS Inc.,

Chicago, IL, USA).

Results

Quantitative levels of salivary S. mutans
and S. sobrinus, and caries status in mothers
In the 54 mothers tested, S. mutans was detected in

all the saliva samples, though the quantitative

levels (log DNA copies) were distributed over a

wide range (1.74 to 7.28; mean ± SD = 4.85 ± 1.11)

(Fig. 1a). In contrast, S. sobrinus was found in 85.2%

(46 ⁄ 55) of the saliva samples and the quantitative

levels were significantly lower than those of S.

mutans (0 to 5.69; mean ± SD = 2.11 ± 1.49)

(P < 0.001) (Fig. 1b).

The mean numbers of DT, missing teeth, filled

teeth and DMFT were 0.47 ± 1.32, 0.29 ± 0.58,

12.2 ± 5.20 and 12.8 ± 5.25, respectively. A

subject-based analysis revealed a significant
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Fig. 1. Associations of caries status
(DMFT score) and quantitative levels
of salivary Streptococcus mutans (a)
and S. sobrinus (b) in the 54 mothers.
The quantitative levels are expressed
as log DNA copies per 1 ml of
each saliva sample. Solid lines show
fitting lines for salivary S. mutans
(R = 0.357, P = 0.009) and S. sobrinus
(R = )0.022, P > 0.05).

243

Maternal salivary MS levels and caries status in children



correlation between the DMFT score and the

quantitative level of salivary S. mutans (R = 0.357,

P = 0.009), but not S. sobrinus (R = )0.022) (Fig. 1).

When the detection results were converted to

binary (presence or absence of the bacterium),

there was no significant difference in the DMFT

and DT scores for S. sobrinus (P = 0.637 for DMFT

and 0.372 for DT) from saliva samples. This

analysis was not applicable for S. mutans, because

the organism was present in all the samples. When

the DT results were converted to binary (presence

or absence of active cavity), there was no signifi-

cant difference in both S. mutans and S. sobrinus

levels (P = 0.294 and 0.439, respectively, by t-test).

This analysis was not applicable for DMFT,

because all the mothers had one or more DMFT.

On the basis of individual salivary levels of

S. mutans and S. sobrinus, the mothers were divided

into three groups (Fig. 2): group M1 composed of

those with relatively lower levels of salivary

S. mutans (<4 log DNA copies per 1 ml of

saliva * 4.4 · 103 CFU ⁄ ml saliva) and S. sobrinus

(<2 log DNA copies per 1 ml of saliva * 70 C-

FU ⁄ ml saliva); group M2 composed of those with a

relatively higher level of S. mutans (‡4 log DNA

copies) and lower level of S. sobrinus (<2 log DNA

copies); and group M3 composed of those with

higher levels of both. None of the subjects showed

a lower level of S. mutans and higher level of

S. sobrinus, although there was a significant corre-

lation (R = 0.293, P = 0.031) between the salivary

levels of S. mutans and S. sobrinus.

Caries prevalence and the colonization of MS
in children
In the 2.5-year-old children, MS were detected in 31

of the 54 (57.4%) plaque samples (Table 1). The

percentage of children with dft as well as the mean
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Fig. 2. Group classification of mothers by salivary levels
of mutans streptococci from real-time polymerase chain
reaction (PCR) results. Dotted lines show the cut-off va-
lues used to divide the mothers into three groups: group
M1 with relatively lower levels of salivary Streptococcus
mutans (<4) and S. sobrinus (<2); group M2 with relatively
higher level of S. mutans (‡4) and lower level of S. sobr-
inus (<2); and group M3 with both higher levels. The solid
line indicates the fitting line of the correlation between
the salivary levels of S. mutans and S. sobrinus.

Table 1. Comparison of caries prevalence between children with and without colonization of mutans streptococci (MS)
in plaques

Colonization of MS at 2.5 years of age

MS (+) MS ()) P-valuea

At 2.5 years of age (n = 54)
No. children 31 (100%) 23 (100%)
No. children with:

dft = 0 (n = 45) 22 (71.0%) 23 (100%) 0.007
dft > 0 (n = 9) 9 (29.0%) 0 (0%)

Mean dft (±SD) (n = 54) 2.50 ± 3.06 0 0.026
Mean dft (±SD) for children with dft > 0 (n = 9) 4.44 ± 4.39 Not applicable Not applicable

At 4.5 years of age (n = 50)
No. children 31 (100%) 19 (100%)
No. children with:

dft = 0 (n = 16) 7 (22.6%) 9 (47.4%) 0.117
dft > 0 (n = 34) 24 (77.4%) 10 (52.6%)

Mean dft (±SD) (n = 50) 5.03 ± 4.79 2.63 ± 3.30 0.042
Mean dft (±SD) for children with dft > 0 (n = 34) 6.50 ± 4.46 5.00 ± 2.94 0.260

Change in dft
Ddftb for entire children (n = 50) 3.74 ± 3.86 2.63 ± 3.30 0.303
Ddft for children with dft = 0 at 2.5 years (n = 41) 4.13 ± 4.10 2.63 ± 3.30 0.215
Ddft for children with dft > 0 at 2.5 years (n = 9) 2.78 ± 2.82 Not applicable Not applicable

aComparisons between the children with [MS(+)] and without [MS())] mutans streptococci in plaque were conducted
using t-test to determine the difference of the mean values, and a chi-squared test to determine the difference of the
proportion.
bDdft indicates the increase in dft during the 2-year study period.
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number of dft in the 31 children showing the

colonization of MS in plaques [MS(+) children]

were significantly higher than those in the negative

children [MS()) children] (P = 0.007 and 0.026,

respectively). The results of the 2-year follow-up

survey indicated that the mean number of dft at

4.5 years in the MS(+) group was significantly

higher than that in the MS()) group (P = 0.042).

However, the prevalence rate for children with dft

and an increase in dft during the 2-year period

(Ddft) did not differ significantly between MS(+)

and MS()) groups (P = 0.117 for the prevalence

rate, P = 0.303 for Ddft).

Table 2 summarizes the caries prevalence in the

three children groups (group 1 to group 3) based

on the above three maternal groups at 2.5 and

4.5 years; the children whose mothers are in

groups M1, M2 and M3 are in the children groups

1, 2 and 3, respectively. The prevalence rates of the

2.5-year-old children with dft were significantly

different (P = 0.027) among the three groups, with

the highest rate (29.2%) observed in group 3 and

the lowest rate (0%) in group 1. In contrast, the

prevalence rate of the 4.5-year-old children with dft

was not significantly different among the three

groups, and the increase in dft was also not

significantly different (Table 2).

In addition, the mean numbers of dft at both 2.5

and 4.5 years of age were not significantly different

among the three groups. However, when compar-

ing the mean dft between the 2.5-year-old children

in group 1 and the other (groups 2 and 3) by t-test,

a significant difference was evident (mean number

of dft in group 1: 0; mean number of dft in the

other: 0.87; P = 0.026).

Colonization of MS in children and maternal
salivary levels of S. mutans and S. sobrinus
We assessed the colonization of MS in plaque

samples from the three groups of children at

2.5 years of age. The proportion of MS(+) children

was the highest (17 ⁄ 24; 70.8%) in group 3 and

Table 2. Caries prevalence in children groups, categorized based on salivary levels of Streptococcus mutans and S. sobrinus
in their mothers

Children groupa

Group 1 Group 2 Group 3 P-value

At 2.5 years of age
No. children (n = 54) 8 (100%) 22 (100%) 24 (100%)
No. children with:

dft = 0 (n = 45) 8 (100%) 20 (90.9%) 17 (70.8%) 0.027b

dft > 0 (n = 9) 0 (0%) 2 (9.1%) 7 (29.2%)
Mean dft (±SD) (n = 54) 0 0.96 ± 3.18 0.79 ± 1.91 0.628b

Mean dft (±SD) for children
with dft > 0 (n = 9)

Not applicable 10.5 ± 3.53 2.71 ± 2.81 0.213c

At 4.5 years of age
No. children (n = 50) 8 (100%) 19 (100%) 23 (100%)
No. children with:

dft = 0 (n = 16) 3 (37.5%) 6 (31.6%) 7 (30.4%) 0.742b

dft > 0 (n = 34) 5 (62.5%) 13 (68.4%) 16 (69.6%)
Mean dft (±SD) (n = 50) 3.63 ± 4.53 5.13 ± 1.17 3.48 ± 3.71 0.472b

Mean dft (±SD) for children
with dft > 0 (n = 24)

5.80 ± 4.49 7.46 ± 4.52 5.00 ± 3.48 0.277b

Change in dft
Ddftd for entire children without
dropout (n = 50)

3.63 ± 4.53 4.00 ± 3.94 2.65 ± 3.11 0.487b

Ddft for children with dft = 0
at 2.5 yrs (n = 41)

3.63 ± 4.53 4.06 ± 4.18 2.69 ± 3.18 0.596b

Ddft for children with dft > 0
at 2.5 years (n = 9)

Not applicable 3.50 ± 0.71 2.57 ± 3.20 0.709c

aThe children groups were divided based on the salivary levels of S. mutans and S. sobrinus in their mothers, which were
determined by real-time PCR results. Group 1, mothers with low levels of S. mutans (<4 log DNA copies ⁄ ml) and S.
sobrinus (<2); group 2, mothers with high level of S. mutans (‡4) and low level of S. sobrinus (<2); group 3, mothers with
high levels of both (‡4 and ‡2, respectively).
bComparisons among the three groups of children were conducted using one-way analysis of variance to determine the
difference of the means and a chi-squared test to determine the difference of the proportion.
cComparison between these two children groups were conducted using a t-test.
dDdft indicates the increase in dft during the 2-year study period (mean ± SD).
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lowest (3 ⁄ 8; 37.5%) in group 1 children, although

the differences among the groups were not signif-

icant (P = 0.065) (bi-variable testing in Table 3).

Then, multiple logistic regression analyses were

performed to analyze the variables related to

colonization of MS and possession of dft in the

children at 2.5 years old. When the colonization of

MS was used as the dependent variable (Table 3),

the efficient independent variables in the final

model of the step-wise procedure were the care

during the day (day-care) by the mother [odds ratio

(OR) = 7.68; P = 0.003] and children groups

divided by salivary levels of S. mutans and S. sobri-

nus (OR = 2.96; P = 0.024) in the mothers. When

the possessing of dft at 2.5 years of age was the

dependent variable (Table 4), the efficient indepen-

dent variables were the age of the mother

(OR = 1.22; P = 0.054) and the children groups

divided by salivary levels of S. mutans and S. sobri-

nus in the mothers (OR = 9.39; P = 0.003).

Discussion

In the present study, we investigated the relation-

ship between levels of salivary MS in mothers and

maternal transmission leading to caries incidence

in their children, and elucidated the cut-off levels

of salivary S. mutans and S. sobrinus in analyses of

54 mother-and-child pairs. Using a real-time PCR

method, the quantitative levels of salivary S. mutans

and S. sobrinus in the mothers were assessed in

relation to their caries status (DMFT) (Fig. 1). In the

54 mothers tested, both S. mutans and S. sobrinus

were frequently detected in the saliva samples

(100% and 85.2%, respectively), though the level of

S. mutans was significantly higher (P < 0.001),

which are in accordance with the previous studies

that used both culture (2, 3, 9–12) and real-time

PCR (18, 19) methods. In addition, the quantitative

level of salivary S. mutans, but not of S. sobrinus,

was significantly related to the caries status (DMFT

scores) in the mothers. In a subject-based analysis

of the salivary levels of S. mutans and S. sobrinus,

the mothers were divided into three groups: those

with low levels of salivary S. mutans (<4 log DNA

copies per 1 ml of saliva) and S. sobrinus (<2 log

DNA copies per 1 ml of saliva); those with a high

level of S. mutans and low level of S. sobrinus; and

those with high levels of both (Fig. 2).

In 54 2.5-year-old children, two parameters of

caries prevalence, the percentage of the children

with dft and the mean number of dft, were found

to be significantly higher in the MS(+) children

than in the MS()) children (Table 1), suggesting a

positive correlation between the colonization of MS

Table 3. Relationships of factors to mutans streptococci (MS) colonization in plaque samples obtained from children at
2.5 years of age

Variable

Bi-variable testinga Multiple linear regression analysis

MS (+) MS ()) P-value

Full model
Variables included in final
model

ORb 95% CIc P-value ORb 95% CIc P-value

Gender
Male 16 13 0.787 1.13 0.30–4.30 0.860
Female 15 10

Birth order
First 13 12 0.583 0.682 0.147–3.17 0.626
Other 18 11

Day-care provider
Mother 23 8 0.004 8.63 1.97–37.7 0.004 7.68 1.96–30.2 0.003
Other 8 15

Children group
Group 1 3 5 0.065 3.98 1.22–13.0 0.022 2.96 1.15–7.59 0.024
Group 2 11 11
Group 3 17 7

Age of motherd 29.7 ± 5.64 30.0 ± 4.22 0.825 1.08 0.913–1.23 0.913
DMFT of motherd 12.7 ± 5.67 13.0 ± 4.71 0.852 1.02 0.893–1.17 0.890

aA chi-squared test was used for gender, birth order, day-care provider and children groups. A t-test was used for age
and DMFT of the mother.
bOdds ratio.
cConfidence interval.
dData obtained in bi-variable testing are shown as mean ± SD.
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in plaque and the caries status of the children.

These findings are in accordance with earlier

studies using the culture method and the detection

kit (1, 11, 33–38). Our 2-year follow-up survey of 50

of the children at 4.5 years of age also indicated

that the mean number of dft in MS(+) children was

significantly higher than that in MS()) children

(P = 0.042, Table 1). These longitudinal findings

suggest that children with MS colonized by the age

of 2.5 years have a persistently higher caries status

(mean number of dft) at 4.5 years. However, our

results are limited by the sample size and potential

biases associated with microbiological data

obtained at a single time point, and no information

regarding diet variability, caries severity, caries

treatments, socioeconomic issues, effects of fluoride

application, and other such factors. In fact, all the

children received fluoride applications (twice

a year from 0 to 3 years and once a year from 4

to 6 years) in a public health service program

provided by the town government.

To assess the relationship of the mothers’ quan-

titative levels of salivary S. mutans and S. sobrinus

with the acquisition of MS as well as caries status in

their children, the percentage of MS(+) children at

2.5 years old and caries prevalence at 2.5 and

4.5 years old were compared among the three

children’s groups, which were classified based on

the quantitative levels of salivary S. mutans and

S. sobrinus in the mothers (Tables 2 and 3). At

2.5 years of age, our results showed that the

highest percentage of children with early acquisi-

tion of MS [MS(+) children] and the highest

number of children with dft were in group 3 (high

maternal salivary levels of both S. mutans and S.

sobrinus), while the lowest percentage of MS(+)

children and lowest number of children with dft

were in group 1 (low maternal salivary levels of

both S. mutans and S. sobrinus). However, at

4.5 years of age, results of the 2-year follow-up

survey showed no significant differences among

the three groups for prevalence rate and mean

number of dft, and increment of dft during the

study period. As the initial acquisition of MS in

children frequently occurs during the age of 19 to

31 months (13), it is supposed that the salivary

levels of S. mutans and S. sobrinus in the mothers

had already affected the colonization of MS as well

as dental caries incidence in their children at the

time of our initial investigation.

We obtained two logistic regression models

using various factors examined in our study as

independent variables for the 2.5-year-old children.

One was to account for the colonization of MS and

the other was to account for the possession of dft

(Tables 3 and 4, respectively). In both models,

children group by the salivary levels of S. mutans

and S. sobrinus in the mothers was efficient at the

Table 4. Relationships of factors related to possessing dft in children at 2.5 years of age

Variable

Bi-variable testinga Multiple linear regression analysis

n = 9 dft (+) n = 45 dft ()) P-value

Full model
Variables included in final
model

ORb 95% CIc P-value ORb 95% CIc P-value

Gender
Male 6 23 0.480 0.211 0.257–1.73 0.148
Female 3 22

Birth order
First 2 23 0.110 4.28 0.485–37.8 0.191
Other 7 22

Day-care provider
Mother 5 26 0.592 0.568 0.086–3.77 0.558
Other 4 19

Children group
Group 1 0 8 0.074 20.1 2.22–182 0.008 9.39 1.60–55.3 0.003
Group 2 2 20
Group 3 7 17

Age of motherd 31.3 ± 3.73 29.6 ± 5.01 0.350 1.33 1.00–1.76 0.047 1.22 0.997–1.49 0.054
DMFT of motherd 13.6 ± 6.91 12.6 ± 4.92 0.712 0.902 0.749–1.09 0.902

aA chi-squared test was used for gender, birth order, day-care provider and children groups. A t-test was used for age
and DMFT of the mother.
bOdds ratio.
cConfidence interval.
dData obtained in bi-variable testing are shown as mean ± SD.
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final step of the step-wise procedure, of which OR

were 2.96 (P = 0.024) in the former model and 9.39

(P = 0.003) in the latter model. Other efficient

variables selected were day-care by the mother in

the former model and the age of the mother in the

latter. It is noted that the relationship between the

high salivary levels of both S. mutans and S. sobrinus

in the mothers and the colonization of MS in their

children’s plaque leading to caries incidence was

clearly observed in the 54 mother-and-child pairs

with both models. As a result, we propose that

maternal levels of S. mutans and S. sobrinus

determined using the present cut-off values could

be used as indicators of risk of maternal trans-

mission of MS and childhood dental caries. How-

ever, further studies are required to determine the

precise process of the maternal transmission lead-

ing to caries incidence in children, as the present

findings are limited by the cross-sectional nature

of the study and the potential biases described

above.
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Effects of fosfomycin on Shiga toxin-producing Escherichia coli:
quantification of copy numbers of Shiga toxin-encoding genes and
their expression levels using real-time PCR
Antibiotic therapy for infection with Shiga

toxin-producing Escherichia coli (STEC) is

not generally recommended, because it is

thought to increase levels of released Shiga

toxin (Stx), leading to the severe

complication of haemolytic uraemic

syndrome (HUS) (Tarr et al., 2005).

However, the incidence of HUS in children

with STEC infection was found not to be

higher in Japan than in other countries,

despite the use of antibiotics such as

fosfomycin (FOM) (Ikeda et al., 1999;

IDSC, 2007). Furthermore, early

administration of FOM, as well as a new

quinolone, norfloxacin (NFLX), and

kanamycin, was recommended in the 1997

guidelines for medical treatment of STEC

O157 infection issued by the Ministry of

Health and Welfare of Japan. Hence, it

remains controversial whether the use of

antibiotics for STEC infection is effective

or harmful (Wong et al., 2000; Bennish et

al., 2006; Panos et al., 2006).

The production of Stx proteins is

considered to be closely related to the copy

numbers and expression levels of stx genes.

For example, quinolones have been

demonstrated to induce stx prophages,

which are associated with the production

of Stx proteins (Kimmitt et al., 1999;

Matsushiro et al., 1999). On the other

hand, FOM and gentamicin do not induce

the expression of stx2 (Kimmitt et al.,

2000). In accordance with those in vitro

results, Zhang et al. (2000) reported that

an administration of the quinolone

ciprofloxacin to mice infected with STEC

harbouring stx2 caused marked increases

in faecal Stx2 and the mortality rate,

whereas administration of FOM did not

have those effects. The results of those

studies suggest that the risk of sequelae

associated with antibiotic therapy for

STEC infection is closely related to the

antibacterial mechanism of each agent and

its effects on the stx genes. Herein, we

conducted a quantitative study of the

effects of FOM on the copy numbers and

mRNA expression levels of the stx genes,

by measuring the amounts in E. coli

O157 : H7 with real-time PCR. In addition,

we compared the effects of FOM with

those of NFLX and three other b-lactams.

FOM was obtained from Meiji Seika, NFLX

from Kyorin-Pharm, panipenem (PAPM)

from Sankyo, ceftazidime (CAZ) from Eisai

and aztreonam (AZT) from Tanabe

Seiyaku. MICs for the bacterial strain were

established using a micro-dilution method.

The 16 MICs of FOM, NFLX, PAPM, CAZ

and AZT for the strain were 1, 0.25, 0.25,

0.125 and 0.25 mg ml21, respectively.

The E. coli clinical strain O157 : H7 Iwate

M1-2, which produces Stx1 and Stx2, was

isolated during an STEC outbreak in the

Morioka area of Japan in 1996 (Ohara-

Nemoto et al., 1997; Ichinohe et al., 1999),

and the stx2 gene was maintained as a

prophage (Ohara-Nemoto et al., 1997).

For the present study, a single colony was

aerobically cultured at 37 uC in Luria–

Bertani broth overnight, then diluted 1 : 20

with fresh medium and further cultured at

37 uC in the presence of antibiotics at 16
MIC. After 1, 4, 8 and 12 h of cultivation,

the bacterial cells were harvested by

centrifugation and then immediately

stored at 280 uC.

On the following day of cultivation,

genomic DNA and total RNA were

purified as described previously (Ohara-

Nemoto et al., 2002; Sasaki et al., 2001). A

total of 1 mg RNA was mixed with 4 mM

oligo(dT)8-12 and incubated at 70 uC for

10 min, and then put on ice. Reverse

transcription (RT) reactions were

performed at 37 uC for 1 h to generate

cDNA in a 20 ml reaction mixture

consisting of 50 mM Tris/HCl (pH 8.3),

75 mM KCl, 3 mM MgCl2, 1 mM dNTP,

10 U RNasin and 2 U Superscript II

reverse transcriptase (Invitrogen). Primers

and probes for the genes of Stx1 subunit A

and Stx 2 subunit A (Jackson et al., 1987),

as well as of 16S rRNA, were designed

using the Primer Express software package

(Applied Biosystems) (Table 1). A total of

5 ng genomic DNA was used for real-time

PCR analysis of the copy numbers of the

genes, and 0.25 ml of the RT products was

used for analysis of the expression levels of

their mRNA. The amplification reaction

was performed with 25 ml TaqMan

universal PCR mix (Applied Biosystems)

as a reaction mixture, with the following

cycling parameters: 94 uC for 30 s, 55 uC
for 30 s and 72 uC for 30 s. The reactions

were performed using an ABI Prism 7700

sequence detection system (Applied

Biosystems). Standard curves for stx1, stx2

and 16S rRNA were obtained with the

corresponding full-length genes cloned

into pGEM-T Easy (Promega Biosystems).

The amounts of the stx genes and mRNA

were normalized by the copy numbers of

the 16S rRNA gene for each sample, then

compared with the control without

antibiotics. Statistical analysis was

performed using a Mann–Whitney U-test.

STEC was incubated with NFLX and FOM,

then the copy numbers and mRNA levels

of the stx genes were determined. NFLX

significantly increased the copy numbers of

the two stx genes at 4 h after antibiotic

treatment (Fig. 1a). In particular, stx2

DNA was dramatically increased by up to

three orders of magnitude as compared to

without the antibiotic. In accordance with

the increase in DNA copy numbers,

mRNA levels of stx1 and stx2 reached the

maximum at 4 h, and the amounts were 40

times and 3–4 orders of magnitude higher,

respectively, than those of the controls. In

contrast, the effects of FOM were

substantially distinct to those of NFLX.

After 1 h of treatment with FOM, a slight

increase in DNA copy numbers and stx1

and stx2 mRNA levels were observed, after

which those values significantly declined to

the final time point of 12 h (Fig. 1b).
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Since the maximal difference in effects of

FOM and NFLX on the induction of stx

genes was observed at 4 h after treatment,

the effects of three other b-lactams, i.e.

PAPM, CAZ and AZT, were examined

under the same conditions (Fig. 2). In

previous experiments, bacteria were

markedly killed after 4 h of incubation

with FOM at an MIC concentration of 16
(Tomita et al., 2007), as well as with NFLX,

PAPM, CAZ and AZT (data not shown).

With PAPM, the DNA copy numbers and

mRNA levels were markedly decreased in

the same manner as with FOM, whereas

CAZ only slightly reduced the DNA copy

numbers and scarcely changed mRNA

levels, and AZT had little effect on the

levels of the stx genes and their expression.

These results clearly demonstrated that the

effects on the levels of stx genes and their

expression were substantially different

among the tested antibiotics.

Results of quantitative real-time PCR analysis

in the present study showed that the effects of

antibiotics on the stx genes and mRNA levels

were quite different, as FOM and PAPM

significantly decreased the DNA copy

numbers and mRNA expression levels, while

CAZ and AZT had little effect on those. In

contrast, apparent induction of those genes

and their mRNA expression were

demonstrated with NFLX, in accordance

with other reports (Kimmitt et al., 1999;

Matsushiro et al., 1999). The effect of NFLX,

which inhibits DNA gyrase, is considered to

occur via an SOS response that induces

prophages in bacterial cells (Kimmitt et al.,

2000). Thus, it was speculated that

production of phage particles including the

stx2 gene markedly occurred in the strain

following NFLX treatment, causing a

significant expression of stx2 mRNA.

FOM, as well as the three other antibiotics

that did not induce the stx genes, inhibit

cell wall synthesis, thus the present results

could be reasonably explained by the

inhibitory mechanisms of these agents.

FOM specifically inhibits UDP-N-

acetylglucosamine pyruvate transferase,

which is involved in the early stage of cell

wall synthesis and induces cell lysis (Kahan

et al., 1974). The PAPM carbapenem binds

to penicillin-binding protein (PBP) 2, 1A

and 1B, and induces spheroplast formation

and cell lysis (Horii et al., 1998; Jackson &

Kropp, 1992). CAZ and AZT bind mainly

to PBP 3, one of the septation proteins

(Georgopapadakou et al., 1982), after

which lysis does not occur rapidly, though

elongation of the bacterial cells is induced.

The effects on the levels of the stx genes

and mRNA seemed to correlate with

bacterial cell lysis induced by these

antibiotics. Treatment with either FOM or

PAPM may cause rapid cell lysis of STEC

cells, which is not accompanied by

amplification of the stx genes present

either in prophage or other forms.

Therefore, we think that an early

administration of antibiotics for STEC

infection should be carefully reconsidered

from the aspect of the bactericidal effects

of the antibiotics. Taking into

consideration these effects, FOM therapy

may be valid for STEC infection and may

not increase the risk of HUS.
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Table 1. Primers and probes used in this study

Primer/probe Sequence (5§ to 3§) Product size

(bp)

stx1Af TCTCGACTGCAAAGACGTATGTAG 118

stx1Ar CCTGTGCCACTATCAATCATCAGTA

stx1Ap FAM-CGCTGAATGTCATTCGCTCTGCAATAGG-TAMRA

stx2Af GATGACACATTTACAGTGAAGGTTGA 125

stx2Ar TCACAGGTACTGGATTTGATTGTGA

stx2Ap FAM-TACTGGACCAGTCGCTGGAATCTGCA-TAMRA

16S rRNAf GGATTAGATACCCTGGTAGTC 728

16S rRNAr TACCTTGTTACGACTT

16S rRNAp FAM-TGACGGGCGGTGTGTACAAGGC-TAMRA

FAM, 6-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine.
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Fig. 1. Effects of NFLX and FOM on the levels of stx DNA and mRNA
expression. STEC cells were cultured with (a) NFLX or (b) FOM at 1� MIC at
37 6C. Genomic DNA and total RNA were purified from bacterial cells
harvested at 0 (white bars), 1 (grey bars), 4 (hatched bars), 8 (spotted bars) or
12 h (black bars) after incubation with the antibiotics. The numbers of gene
copies of stx1 and stx2 were determined using genomic DNA (5 ng DNA per
reaction), and stx1 and stx2 mRNA was determined using cDNA (0.25 ml RT
product per reaction) with quantitative real-time PCR. Each copy number was
standardized by the genomic copies for the 16S rRNA gene. The data are
shown as the mean of triplicates. Similar results were obtained from three
separate experiments.
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Fig. 2. Effects of antibiotics on the levels of stx DNA and mRNA expression.
STEC cells were incubated without or with NFLX, FOM, PAPM, CAZ or AZT at
1� MIC at 37 6C. After 4 h, the bacterial cells were harvested, and genomic
DNA and total RNA were purified. The numbers of gene copies of stx1 and
stx2 were determined using genomic DNA, and stx1 and stx2 mRNA
expression were determined using cDNA with quantitative real-time PCR.
Each copy number was standardized by the genomic copies for the 16S rRNA
gene. Data are shown as the mean plus SD of four samples from two separate
experiments. White bars, stx1 DNA; black bars, stx1 mRNA; grey bars, stx2

DNA; hatched bars, stx2 mRNA. *P¡0.05 and **P¡0.01, in comparison to
levels in the control medium.
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Colonization of periodontopathic bacteria is associated with increased risk of systemic diseases.

However, few studies have investigated the relationships between oral status factors and health-

related quality of life (HR-QOL) and the prevalence of such bacteria in elderly individuals. This

study investigated the prevalence of Porphyromonas gingivalis, Prevotella intermedia, Treponema

denticola and Tannerella forsythia in 165 community-dwelling functionally independent 85-year-

old Japanese individuals (93 dentate, 72 edentulous) and the relationship to oral status, including

oral malodour and HR-QOL. All four of the studied periodontopathic bacteria were found more

frequently in tongue coating samples from dentate than edentulous subjects, and the prevalence

of Porphyromonas gingivalis, Prevotella intermedia and Treponema denticola was significantly

related to the number of teeth with a periodontal pocket depth ¢4 mm. These results suggest the

existence of a stable circulation of periodontopathic bacteria between the gingival sulcus and

tongue coating over time with teeth. In addition, the presence of teeth with a deep pocket and

colonization of Treponema denticola were positively related to the level of CH3SH, whilst the

number of present teeth contributed positively to HR-QOL, especially with regard to mental

health. In conclusion, as the dentate state can retain colonization of periodontopathic pathogens

in the oral cavity, both periodontal treatment and tongue care are important for maintaining a

healthy oral status in the elderly, and possibly result in avoidance of risk for tooth loss and decline

in HR-QOL, as well as protecting from systemic diseases.

INTRODUCTION

Recent cohort analyses of late functioning and mortality risk
have indicated that oral health is significantly associated
with survival in elderly individuals (Thorstensson &
Johansson, 2009) and that tooth loss has an effect on
healthy eating and, consequently, seems to be correlated to
reduced longevity (Shimazaki et al., 2001; Hämäläinen et al.,
2003; Kitamura et al., 2009). A leading cause of the loss of
permanent teeth is periodontal disease initiated by a select
group of Gram-negative anaerobes, i.e. periodontopathic
bacteria including Porphyromonas gingivalis, Tannerella
forsythia, Prevotella intermedia and Treponema denticola,
which colonize and form biofilms in the oral cavity
(Anonymous, 1996). In addition to oral infectious diseases,

dentate status in elderly individuals is possibly related to the
risk of systemic diseases caused by oral bacteria, such as
aspiration pneumonia (Terpenning et al., 2001; Awano et al.,
2008), infective endocarditis (Ohara-Nemoto et al., 2005;
Lockhart et al., 2009), atherosclerotic coronary disease
(Herzberg & Meyer, 1996) and decreased kidney function
(Kshirsagar et al., 2007). Furthermore, the involvement of
periodontopathic pathogens has recently been emphasized
as a causative factor in the development of cardiovascular
diseases (Iwai et al., 2005). Therefore, a more detailed
investigation of the prevalence of these bacteria in the oral
cavities of elderly individuals has become important.

The preferred habitat of periodontopathic bacteria is
periodontal pockets; thus, the presence of teeth is a
permissive factor for colonization by these bacterial
organisms. Following the loss of all natural teeth, the
prevalence of Porphyromonas gingivalis and Tannerella

Abbreviations: HR-QOL, health-related quality of life; SF-36, Outcome
Study Short Form 36; VSC, volatile sulfur compound.
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forsythia on oral mucous membranes or in saliva is
significantly decreased (Danser et al., 1994; Cortelli et al.,
2008; Sachdeo et al., 2008), suggesting that dentate elderly
individuals have a higher risk of harbouring period-
ontopathic pathogens than those who are edentulous.

In addition to periodontal pockets, the tongue dorsum is
another permissive habitat for periodontopathic bacteria.
We demonstrated previously that the prevalence of one or
more of the species Porphyromonas gingivalis, Tannerella
forsythia, Prevotella intermedia and Treponema denticola
was relatively high (~70 %) in tongue coating, even in
periodontally healthy young adults (Kishi et al., 2002). In
addition, the amount of tongue coating and levels of
volatile sulfur compounds (VSCs), which are metabolites
of periodontopathic bacteria, were closely related to the
prevalence of Porphyromonas gingivalis. Based on these
observations and the fact that dentate status and salivation
vary widely among elderly individuals, tongue coating is
thought to be a suitable representative specimen for
evaluation of the colonization of periodontopathic bacteria
in the oral cavities of elderly people. In the present study,
we examined the prevalence of periodontopathic bacteria
in tongue coating samples obtained from 165 subjects aged
85 years and investigated the relationship with their oral
conditions, related variables, levels of VSCs and health-
related quality of life (HR-QOL).

METHODS

Subjects and oral examinations. We examined 165 subjects, each
of whom was 85 years old (71 males, 94 females; 93 dentate, 72
edentulous; Table 1), after obtaining informed consent for participa-
tion in the study. They were functionally independent and
community-dwelling residents of Iwate Prefecture, Japan. This study
protocol received ethical approval from the Ethics Committees of
Iwate Medical University School of Dentistry (approval no. D-01053).

Clinical measurements, including numbers of present teeth, decayed
teeth and decayed and filled teeth, as well as periodontal status, were
assessed. Remaining teeth without a crown but with a root were
counted as present teeth. Teeth with treated and untreated root caries
were considered to be filled and decayed teeth, respectively.
Periodontal status was assessed by a community periodontal index
(CPI), and the subjects were divided into those with periodontal
pocket depths ,4 mm and those with depths ¢4 mm. Dental caries

status as well as periodontal status assessed by CPI was determined

according to methods presented by the WHO (1997). No gender

differences were found among the oral health variables. In addition,

the amount of tongue coating was assessed as described below.

Sampling of tongue coating. Tongue coating samples were collected

as described previously (Kishi et al., 2002). Briefly, after expectorating

saliva, the tongue coating was removed from the circumvallate papilla

to the apex of the tongue dorsum using three strokes with a sterile

toothbrush. Collected samples were immediately immersed in sterile

PBS (pH 7.4) and dispersed by sonication on ice. After centrifugation

at 12 000 g for 15 min, the precipitate was resuspended in 1 ml ice-cold

PBS and centrifuged. This washing step was repeated three times. The

amount of tongue coating was calculated by measuring the optical

density of the dispersed suspension sample at 550 nm (OD550) with a

calibration curve (correlation between OD550 and wet weight of tongue

coating, r250.950), which was obtained in a preliminary examination.

The tongue coating samples were stored at 280 uC until use.

Bacterial species-specific PCR. Genomic DNA was purified from

the tongue coating samples using a Wizard Genomic DNA

Purification kit (Promega). 16S rRNA gene-based species-specific

PCR assays were performed to detect Porphyromonas gingivalis,

Prevotella intermedia, Treponema denticola and Tannerella forsythia, as

described previously (Kimura et al., 2002). To detect Streptococcus

mutans, a primer set for the gtfB gene (GenBank accession no.

M17361; 59-ATGGACAAGAAAGTGCGTTATA-39 and 59-GAAGTT-

TTGTCAACTGTAGTTG-39) was designed and synthesized. PCR

amplifications were performed in 20 ml reaction mixture containing

0.5 mg DNA and 0.2 mM each primer. Amplification of the 16S rRNA

gene with universal primers was confirmed for every DNA sample.

PCR was performed for 35 cycles of 94 uC for 30 s, 55 uC for 30 s and

72 uC for 30 s, and the products were separated by electrophoresis on

agarose gels. We examined the sensitivity of the PCR method using

serial dilutions of genomic DNA purified from appropriate type or

laboratory strains, and confirmed that 0.5–5 pg DNA corresponding

to approximately 102–103 c.f.u. was easily detected under the test

conditions, as reported previously (Kimura et al., 2002; Ikeda et al.,

2004).

Measurements of H2S and CH3SH concentrations. Concen-

trations of H2S and CH3SH, predominant sulfur compounds of oral

malodour, in mouth air were measured in 115 of the 165 subjects who

did not have any oral activities within 2 h before the sampling. Using

a previously reported method (Senpuku et al., 2004) with slight

modifications, the subjects held a 1 ml disposable syringe firmly in

their mouth for 30 s. Thereafter, 0.5 ml mouth air was collected with

the syringe and subjected to a portable gas chromatography device

(Oral Chroma CHM-1; Abilit). To examine the relationship with

QOL, oral malodour-positive subjects were classified as those with a

Table 1. Measurement groups to determine prevalence of bacteria and concentrations of VSC in subjects aged 85 years

The prevalence of the four tested periodontopathic bacteria and S. mutans was determined using a bacterial-species specific PCR. Concentrations of

H2S and CH3SH in mouth air were measured using gas chromatography. Numbers of teeth are given as means±SD (range).

Measurement groups Oral status Male/female Present teeth Decayed teeth Decayed and filled teeth

Prevalence of bacteria

(n5165)

Dentate (n593) 49/44 9.9±7.2 (1–26) 1.2±1.7 (0–8) 7.3±5.4 (0–23)

Edentulous (n572) 22/50 – – –

Concentrations of VSCs

(n5115)

Dentate (n549) 28/21 10.1±7.7 (1–26) 1.2±1.8 (0–8) 7.1±5.3 (1–19)

Edentulous (n566) 20/46 – – –

Oral status and periodontopathic bacteria in the elderly
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higher concentration of either H2S or CH3SH compared with the

human odour threshold [115 parts per billion (p.p.b.) for H2S and

26 p.p.b. for CH3SH] in their mouth air sample (Tonzetich & Ng,

1976).

Assessment of HR-QOL. To assess the HR-QOL of our subjects, we

used the Outcome Study Short Form 36 (SF-36) Health Survey

(Japanese edition, version 1.2; Fukuhara et al., 1998a, b) and

interviewed the subjects according to the manual provided with the

SF-36 (Fukuhara et al., 2001). The SF-36 contains the following eight

subscales: physical functioning, limitations in role functioning for

physical reasons (role – physical), bodily pain, general health, vitality,

social functioning, limitations in role functioning for mental reasons

(role – emotional) and mental health. Possible scores ranged from 0 to

100 for each subscale and were standardized to norm-based scores that

showed a deviation value (50±10) in comparison with the general

population in Japan. Two summary norm-based scorings (physical

component score and mental component score) were also calculated

according to the manual. Briefly, the eight subscales were summarized

after being adjusted by factor coefficients derived from principal

components analyses of the scores in a general Japanese population

sample. For all scales, higher scores indicated a better HR-QOL.

Statistical analysis. Statistical analyses were conducted using the

SPSS 15.0J software package. Differences in the rates of incidence of the

examined bacteria between edentulous and dentate subjects were

assessed using a chi-squared test. For dentate subjects, multiple

logistic regression analyses were performed to determine the most

significant factor related to the prevalence of bacteria. Comparisons of

H2S and CH3SH concentrations were made using a Kruskal–Wallis

test, and pairwise comparisons of the combination in each group were

made using a Mann–Whitney U test with Bonferroni correction. For

multifactorial regression analysis, the presence of periodontopathic

bacteria was treated as a binary variable, and oral status including H2S

and CH3SH concentrations was transferred to a rank, due to the

considerable distribution.

RESULTS AND DISCUSSION

Prevalence of periodontopathic bacteria in
tongue coatings of 85-year-old dentate and
edentulous individuals

PCR analyses showed that 114 (69.1 %) of our 165 subjects
harboured one or more species of periodontopathic
bacteria in their tongue coating samples. The prevalence
of periodontopathic bacteria was significantly higher in
dentate subjects (85/93, 91.4 %) compared with edentulous
subjects (29/72, 40.3 %) (P,0.001; Fig. 1). In contrast, the
rate of incidence of the cariogenic bacterium S. mutans was
not significantly correlated with either of the groups
(P50.087). Among the four species, Tannerella forsythia
was detected most frequently (104/165, 63.0 %), followed
by Porphyromonas gingivalis (83/165, 50.3 %), Treponema
denticola (62/165, 37.6 %) and Prevotella intermedia (41/
165, 24.8 %), and each of these prevalence rates was
significantly higher in the dentate than in the edentulous
subjects (P,0.001). The prevalence tendency in the dentate
elderly subjects closely resembled that reported previously
for periodontally healthy young adults (24.8±3.2 years
old; Kishi et al., 2002). In addition, the relatively high
prevalence of Tannerella forsythia was in accordance with

previous reports that used dental plaque and tongue
coating specimens (Kishi et al., 2002; Saito et al., 2009).
These observations suggested strongly that colonization by
periodontopathic bacteria in the tongue coating reaches an
equilibrium in individuals in their 20s and is maintained
throughout the dentate period until reaching old age.

There is limited information regarding the succession of
residential oral microflora according to age. With regard to
periodontopathic pathogens, Porphyromonas gingivalis and
Treponema denticola were scarcely detected in dental
plaque specimens obtained from young children under
13 years (Kimura et al., 2002). A prominent emergence of
Porphyromonas gingivalis and Prevotella intermedia was
observed in subjects older than 19 years, and the prevalence
rate remained nearly constant from 19 to 60 years (Cortelli
et al., 2008). Therefore, after considering the bacterial
prevalence shown in dental plaque and tongue coating
specimens, we speculate that an adequately stable circula-
tion of periodontopathic bacteria between the gingival
sulcus and tongue coating occurs over time in dentate
individuals. In addition, tooth loss, which is synonymous
with loss of the gingival sulcus, may affect the oral
microflora population, resulting in a significant decrease in
periodontopathic bacteria.

Colonization of mutans streptococci is closely related to
tooth eruption (Caufield et al., 1993). However, our
finding that the rate of incidence of S. mutans colonization
did not differ significantly between the dentate and
edentulous subjects (Fig. 1) indicated that this bacterium,
which initially and preferably colonizes tooth surfaces,
probably colonizes both the tongue coating and the
epithelial mucosa of elderly individuals. These results are
in accordance with a previous report, which found that the

Fig. 1. Prevalence of periodontopathic bacteria in 85-year-old
subjects with and without teeth. Detection of the four tested
periodontopathic bacteria and S. mutans was carried out using
species-specific PCR with genomic DNA purified from tongue
coating samples. The prevalence rates for each individual
bacterium and one or more periodontopathic bacteria are indicated
as open (edentulous subjects, n572) and closed (dentate
subjects, n593) bars. **, P,0.001, chi-squared test.
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prevalence of mutans streptococci in saliva (60–88 %) was
not significantly different among groups ranging from 20
to 80 years of age (Percival et al., 1991).

Relationship between prevalence of
periodontopathic bacteria in tongue coating and
periodontal status

To evaluate the permissive role of the gingival sulcus, the
relationship between bacterial colonization and number of
teeth with a periodontal pocket was analysed in the 93
dentate subjects (Fig. 2). The prevalences of Treponema
denticola (P50.012) and Porphyromonas gingivalis
(P50.024) were significantly higher in subjects with
periodontal pockets (¢4 mm) compared with those without
pockets (,4 mm). A higher prevalence of Prevotella
intermedia was also found in subjects with pockets, although
it was not significant (P50.086). On the other hand, the
prevalence of Tannerella forsythia and S. mutans was not
correlated with periodontal pocket depth (P50.137 and
0.535, respectively). These results suggested that the four
periodontopathic bacteria examined do not relate equally to
periodontal disease, and that Porphyromonas gingivalis and
Treponema denticola are the most likely to be related to the
disease. Furthermore, it was of interest that dentate status, as
shown in Fig. 1, was more significantly correlated with the
prevalence of the periodontopathic bacteria than the
presence of teeth with periodontal pockets, indicating that
the existence of teeth, and thus the existence of gingival
sulcus, is important to allow colonization by periodonto-
pathic bacteria in the oral cavity.

We also analysed the relationship of the presence of each
micro-organism in the dentate subjects with variables

including gender, frequency of tooth-brushing each day,
smoking habits and dental data [number of present teeth,
teeth with periodontal pockets ¢4 mm, teeth with active
caries (decayed teeth), decayed and filled teeth and amount
of tongue coating] using multiple logistic regression
analysis (Table 2). In the dentate subjects, the presence of
Porphyromonas gingivalis and Treponema denticola was
significantly associated with the number of teeth with
pockets ¢4 mm, whilst the presence of Prevotella inter-
media was closely related to the number of present teeth,
but not to pocket depth. No variable was associated with
the prevalence of Tannerella forsythia and S. mutans. These
results clearly demonstrated that Porphyromonas gingivalis
and Treponema denticola have a stronger relationship with
the development of periodontal diseases than Prevotella
intermedia and Tannerella forsythia.

Relationships among oral status, colonization of
periodontopathic bacteria and concentrations of
H2S and CH3SH in mouth air

We demonstrated previously that oral malodour is related to
the colonization of Porphyromonas gingivalis in tongue
coating samples obtained from periodontally healthy young
adults (Kishi et al., 2002). To investigate this relationship in
elderly individuals, the concentrations of H2S and CH3SH in
mouth air were measured in 115 of the 165 subjects (48
males, 67 females; 49 dentate, 66 edentulous; Table 1), who
did not have oral activities within the 2 h before the
examination. There were no significant differences with
regard to the numbers of present teeth, decayed teeth or
decayed and filled teeth between this group of subjects and
the others (n550; P50.985, P50.541 and P50.740,
respectively). Among this group, CH3SH concentrations
were significantly higher in the dentate subjects with
periodontal pockets ¢4 mm compared with dentate
subjects without pockets and edentulous subjects

Fig. 2. Prevalence of periodontopathic bacteria in dentate elderly
individuals with and without periodontal pockets. Detection of the
four tested periodontopathic bacteria and S. mutans was carried
out using species-specific PCR with genomic DNA purified from
tongue coating samples. The prevalence rates for each bacterium
and one or more periodontopathic bacteria are indicated by open
[dentate subjects without pockets (,4 mm), n549] and closed
[dentate subjects with pockets (¢4 mm), n544] bars. *, P,0.05,
chi-squared test.

Table 2. Variables related to prevalence of the four tested
periodontopathic bacteria in tongue coating from dentate
subjects (n593) shown by multiple logistic regression analysis

The P values given are from the final model of stepwise analysis. The

first step of the regression model included the following independent

variables: number of present teeth, teeth with periodontal pockets

(¢4 mm), teeth with active caries (decayed teeth), decayed and filled

teeth and amount of tongue coating.

Species Final model of multiple logistic

regression after stepwise procedure

Related variable P value

Porphyromonas gingivalis Number of teeth with pockets 0.010

Prevotella intermedia Number of present teeth 0.001

Treponema denticola Number of teeth with pockets 0.016

Tannerella forsythia No related variable found –

Streptococcus mutans No related variable found –

Oral status and periodontopathic bacteria in the elderly
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(P50.003) (Fig. 3). The same tendency was true for H2S
concentration, although the difference was not significant.

The relationships among H2S and CH3SH concentrations in
mouth air, colonization by the periodontopathic bacteria in
tongue coating and oral status were analysed using multiple
linear regression analysis (Table 3). The results showed that
both colonization by Treponema denticola and the number
of teeth with pockets ¢4 mm were significantly related to
CH3SH concentration in the dentate subjects (n549), whilst
none of the variables was related to H2S concentrations. The
correlation of number of teeth with periodontal pockets
indicated that there was a large subgingival niche available
for species colonization in those subjects. For the edentulous
subjects (n566), there were no correlations between
bacterial colonization and concentrations of H2S and
CH3SH found, whilst the amount of tongue coating was
closely related to H2S concentration.

Relationships between HR-QOL and oral status
factors

Previous studies have demonstrated that having a larger
number of present teeth is positively related to HR-QOL

(Akifusa et al., 2005; Hugo et al., 2009). In contrast, oral
malodour is considered to have a negative influence on HR-
QOL, as individuals who complain of halitosis have been
shown to have a reduced QOL (Kishi et al., 2005; Ng &
Leung, 2006). In the present study, we analysed the
relationship of HR-QOL with oral status factors. An SF-36
questionnaire was completed by 111 (47 dentate, 64
edentulous) of the 115 subjects whose VSC levels were
measured. A comparison of SF-36 scores between dentate
and edentulous subjects showed that the mental component
score was significantly higher in dentate (59.0±6.86) than
edentulous (55.6±7.33) subjects (P50.015 assessed by
Student’s t-test), indicating that remaining teeth contributed
positively to HR-QOL. When the number of present teeth,
having oral malodour and gender were used as independent
variables, multiple linear regression analyses revealed the
strongest correlation between the number of present teeth
and mental component score, although it was not significant.
In contrast, the presence of oral malodour did not have a
negative effect on HR-QOL, possibly because none of our
subjects complained of having halitosis.

In conclusion, the present results indicate that dentate
status in elderly individuals allows periodontopathic

Fig. 3. Concentrations of H2S and CH3SH in
mouth air samples collected from 85-year-old
subjects. The concentrations of H2S (a) and
CH3SH (b) were measured in edentulous
subjects (n566), dentate subjects without
periodontal pockets (,4 mm, n530) (”) and
with periodontal pockets (¢4 mm, n519)
(+). Values are shown as means with 95 %
confidence intervals. P values were calculated
using a Kruskal–Wallis test for comparisons
among the three groups. *, P,0.05 by Mann–
Whitney U test with Bonferroni correction.

Table 3. Variables related to concentrations of H2S and CH3SH in dentate and edentulous subjects
shown by multiple linear regression analysis

For dentate subjects, the first step of the regression model included the following independent variables:

colonization by Porphyromonas gingivalis, Prevotella intermedia, Treponema denticola and Tannerella forsythia,

number of present teeth, teeth with periodontal pockets ¢4 mm, teeth with active caries (decayed teeth),

decayed and filled teeth and amount of tongue coating. For edentulous subjects, the first step of the regression

model included the following independent variables: colonization by Porphyromonas gingivalis, Prevotella intermedia,

Treponema denticola and Tannerella forsythia and amount of tongue coating. P values are from the final model

of stepwise analysis.

Subjects VSC Related variable P value

Dentate (n549) H2S No related variable found –

CH3SH Colonization of Treponema denticola 0.024

Number of teeth with pockets 0.011

Edentulous (n566) H2S Amount of tongue coating 0.002

CH3SH No related variable found –

M. Kishi and others
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pathogens to colonize the oral cavity, possibly increasing
the risk of both periodontal and systemic diseases. Such
problematic particulars were most strongly correlated with
the number of teeth with periodontal pockets. Therefore,
treatment of periodontitis as well as tongue care is still
required for elderly individuals to maintain oral and
systemic health, as well as HR-QOL.
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データマイ 　　ングの手法を用いた定期歯科受診者の

受診中断に関わる要因の分析

杉浦　　剛　　岸　　光男

南　健太郎　　稲葉　大輔

相澤　文恵　　阿部　晶子

佐藤　一裕　　米満　正美

　概要：歯の喪失は定期的な機械的歯面清掃と口腔衛生指導により予防可能であることが報告されている．そこでデータ

マイニングの手法であるテキストマイニングおよび決定木分析を用いて定期歯科受診者の受診中断に関わる要因分析を

行った．大学付属病院予防歯科外来にて定期歯科受診者106名を対象に定期歯科受診に対する感想および要望，満足度

口腔関連QOLについて質問紙調査を行った．口腔健康関連QOLの評価にはGOHAI（General　Oral　Health　Assessment

Index）を用いた．また，受診者のカルテの記載より住所，年齢，性別などを調べた．ついで1年後に受診継続している

者（継続群75名）と6カ月以上受診を中断した者（中断群31名）に分類し，比較した結果，GOHAIの合計スコア，受

診継続期間が中断群で有意に低かった（P＜0。Ol）．次に継続群と中断群について決定木分析を行ったところ，　GOHAI合

計点が40点以下の者（11名）は81．8％（9名）が受診を中断していた，GOHAI合計点が41点以上の者は受診を継続す

る傾向がみられたが，感想文中に「安心」または「気持ちよい」と記述していなかった者はほとんどが受診を中断してい

た．結果より口腔関連QOLが低い者は定期歯科受診を中断してしまう傾向があり，定期歯科受診に対して「安心」また

は「気持ちよい」と感じている者は受診を継続する傾向にあると考えられた．

索引用語＝決定木分析，テキストマイニング，データマイニング，定期歯科受診，保健行動

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ロ腔衛生会誌611225－232，2011

　　　　　　　　　　　　　　　　　　　　　　　　　（受付：平成22年11月24日／受理1平成23年3月24日）

緒　　言

　近年わが国では「8020」運動や健康日本21の普及に

より，国民の口腔の健康増進に対する関心が高まってい

る．実際に健康日本21の「歯の喪失防止」のリスク低

減目標である「定期的な歯石除去や歯面清掃を受ける

者の増加（55～64歳）」については平成17年の中間報

告ですでに目標値の30％を上回り，43．2％の者が「定期

的に歯石除去，歯面清掃を受けている」と回答してい

る＊1．さらに平成17年歯科疾患実態調査では全年齢階

級において無歯顎者の割合の減少，20歯以上保有者率

の増加が報告され，「80歳における20歯以上保有して

いる者の割合20％以上」という健康日本21の「歯の喪

失防止」のアウトカム目標が達成されている1）．歯周病

による歯の喪失は定期的な機械的歯面清掃と口腔衛生指

導により予防可能であり2－4），定期歯科受診者の増加が

歯の喪失防止目標の達成に寄与している可能性は高い．

一方，定期歯科受診者がそれを中断した場合には，歯周

炎が発症，進行するリスクが高くなることも報告されて

いる5”9）．歯周病は40歳代以降の最大の歯の喪失原因で

ありlo），定期歯科受診の中断は，歯の喪失防止にとって

重要な負の要因となりうる．定期歯科受診行動には自己

の口腔内への知覚（主観的ロ腔健康状態；口腔健康関連

QOL）や口腔保健への意欲11’　12）に加え，歯科医療に対

する患者満足度13）が影響する．さらに患者満足度には，

歯科医師と患者の関係14），施設の立地条件15）など，さま

ざまな要因が関連することが報告されている．これら患

者の主観的な要因を評価するために，これまで数量化可

能なアンケートが多く用いられており，近年，患者の主

観的健康状態の評価に関しては，全身QOLと同様に口

腔健康関連QOLについても信頼性の高い質問紙が考案

されている16）・＊2．しかし，患者満足度のように関連要因

岩手医科大学歯学部口腔保健育成学講座口腔保健学分野
＊1 﨎ｶ科学審議会地域保健健康増進栄養部会：「健康日本21」中間評価報告書，2007年4月10日，http：／／www．kenkounippon21．gr．jp／kenkounippon

21／ugoki／kaigi／pdf／0704hyouka」tyukan．pdf（2010年9月22日アクセス）．
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が多岐にわたる場合，それらの探索においては自由回答

結果の解析が有効な手段と考えられる．近年マーケティ

ングの分野ではデータマイニングの手法を用いることに

より，パターン認識テクニックや統計手法を駆使し，自

由回答で得られたテキストなどから意味のある新たなパ

ターンおよび傾向を発見することを可能としている17）．

データマイニングの手法はマーケティングのみならず，

天文学，医療，生産工程管理などの分野にも応用可能で

あり，ソフトウェアの普及とハードウェアの進歩によ

り，現在，さまざまな分野で活用されている18）．

　そこで本研究ではデータマイニングの手法であるテキ

ストマイニングおよび決定木分析を用いて，岩手医科大

学付属病院予防歯科外来における定期歯科受診者の受診

中断に関わる要因を検討した．

対象および方法

　1．調査対象

　2008年12月から2009年2月に，岩手医科大学付属

病院歯科医療センター予防歯科外来に，定期歯科受診を

目的に来院した者のうち，本研究の目的および方法を

説明し同意を得られた成人106名（27～68歳；男性41

名，女性65名）を対象に無記名，自己記入方式で質問

紙調査を行った．対象者106名のうち初診患者は6名で

再診は100名であった．当科外来における対象者の受診

の間隔は状態に応じて1～3カ月とし，受診時には口腔

内診査，ブラッシング指導，機械的歯面清掃，必要に応

じてスケーリングを行い，要治療と診断された場合は他

科へ治療を依頼するか，遠距離の場合は近医での治療を

紹介している．当科外来には1年間（2008年度）のべ

約2，500名（1日平均9名）が受診し，そのうち159名

が初診患者であった．また，対象者を診察した歯科医

師は6名（臨床経験10～38年），担当の歯科衛生士は1

名（臨床経験34年）であった．

　2．質問紙調査

　調査には本研究のために作成した，定期歯科受診の感

想，定期歯科受診に対する要望，定期歯科受診に対する

満足度からなる質問紙を使用した．定期歯科受診に対

する要望および定期歯科受診の感想は自由回答形式とし

た．また満足度は「まったく満足していない」を0点，

「非常に満足している」を10点としたSD（Semantic

Differential）法の尺度を用いた．これらと同時に口腔健

康関連QOLをGOHAI（General　Oral　Health　Assess一

ment　lndex）日本語版19・　20）を用いて評価した．　GOHAI

は12項目からなり，ロ腔内の自覚症状を問う各項目

に「いつもそうだった（1点）」から「まったくなかっ

た（5点）」の5段階の順序尺度を用い，合計点を個人

のGOHAI得点とする評価尺度であり，　GOHAI得点

が高いほど口腔関連QOLが高いと評価される（範囲：

12～60点）．

　3．回答者の属性およびロ腔内状況

　アンケート調査時点における回答者の住所，年齢，性

別，定期歯科受診の継続期間，現在歯数，最大歯周ポ

ケット長，動揺歯の有無，他科への依頼の有無担当歯

科医師を診療録から調査した．

　4．受診継続群と中断群の分類

　調査期間終了から1年以上経過後（2010年3月）に

回答者の診療録を再度調査した．診療録の記載より，

2010年3月置時点で定期歯科受診を継続していた者を

受診継続群（継続群），定期歯科受診を6カ月以上中断

していた者を受診中断群（中断群）とした（図1）．な

お，本調査の対象者で調査期間終了から2010年3月の

間に6カ月以上受診を中断したのち，再度受診した者は

いなかった．

　5．分析方法

　継続群，中断群における住所，性別，動揺歯の有無，

定期歯科受診に対する要望の記載の有無，定期歯科受診

に対する感想の記載の有無他科への依頼の有無，担当

歯科医師について，X2検定またはFisherの直接確率検

定法で比較した．この際，住所は大学病院のある「市

内」と「市外」の2群に分類した．順序尺度変数あるい

は間隔尺度変数（年齢定期歯科受診の継続期間，現在

歯数，最大歯周ポケット長，GOHAI得点および定期歯

科受診に対する満足度）に関する継続群，中断群の比較

にはMann－WhitneyのU検定を用いた．また，自由回

答文である定期歯科受診に対する要望および定期歯科受

診の感想については，テキストマイニングソフトText

Analytics　for　Surveys　3（エス・ピー・エス・エスジャ

パン，東京）を用い，以下の方法で分析した．すなわ

ち，まず全テキストから頻出語を探索した後各署出語

について出現の有無をダミー変数に変換2i）した．この

際頻出語の定義は全テキスト中における出現頻度10

以上の語とした．その後，継続群，中断群における頻出

語の出現についてx2検定で比較した．また，ここで得

られたダミー変数は，後述の決定木分析でも独立変数と

＊2
`llen　PF：Assessment　of　oral　health　related　quality　of　1ife．　Health　Qual　Life　Outcomes　I：40，　open　access　j　ou：rnal；http二／／www．hqlo．com／content／

1／1／40（2010年9月22日アクセス）．

226

Presented by Medical*Online



2008年12月～2009年2月

アンケート・診療録調査期問

）丁　毎

2010年3月
（診療録再調査）

口・←・唖……・一・・…一

@
　
　
　
□
1
，

●順■，■8口■騨■B●■画■■騨瞬■膠■國■■■8■■幽■●口■臨■■■0」幽■●●印●菖●■■●■陰●幽0■0●■■0■■■胃巳幽瞬一6●脚量6●鳳●■順8■

@○…………・……・・一・……一・一・…・……・一一………一
@　　　　　　　　　　　　　　　　　　　　　　　1

t　　　　　　　　　　　　Y　　　　　　　　　l
@　　　　　　　　　　　Y
@　　　　　　　未受診6か月以上

@　　　　　　　　　　　　　o…一…・一一・一・　　□

○　　　　　　　　　　　　○一一・…・

@　　　　　　　　t　　　rl．

@　　　　　　　　　　　｝

@　　　　　　　未受診6か月未満

受
診
中
断
群

　　

ｨ一

受
診
継
続
群

　
　
→ー

ロアンケート調査（定期受診）

○アンケート調査後の定期受診

　　　　　　　　図1　受診継続群と中断群の定義

表1アンケート回答分布の比較

中断群

（N－31）

継続群

（N－75）

全体

（N－106）
P値b

性比（男性／女性）

市外からの通院者割合

動揺歯保有者率

要望の記載がある者の割合

感想の記載がない者の割合

他科へ依頼した者の割合

年齢

定期受診継続期間（年）a

現在歯数a

最大歯周ポケット長（mm）a

定期受診への満足度a

GOHAI得点a

O．82　（14／17）

32．30／o　（10／31）

29．00／o　（9／31）

　O％　（O／31）

12．90／o　（4／31）

1290／o　（4／31）

　50　（27－65）

　　2　（1－3）

　27　（24－28）

　　4　（3－4）

　10　（9－10）

　51　（40－56）

　O．56　（27／48）

32．00／o　（24／75）

24．00／，　（18／75）

10．70／o　（8／75）

10．70／，　（8／75）

　oo／o　（O／75）

　62　（38－68）

　　3　（2－12）

　26　（23－28）

　　3　（2－4）

　10　（9－10）

　56　（50－59）

　O．63　（41／65）

32．10／．　（34／106）

25．50／．　（27／106）

7．50／，　（8／106）

11．30／，　（12／106）

3．80／，　（4／106）

　60　（35－66）

　　3　（1－9）

　27　（24－28）

　　3　（3－4）

　10　（9－10）

　54　（48－58）

Nsb
N．sb

N．sb

N．sc

N．sc

〈O．OIC

N．Sd

〈O．Old

N．sd

Nsd
N．sd

〈O．Old

a表中の数値は中央値（25％値一75％値）を表す，

b　x2検定

CFisherの直接確率法

d　Mann－Whitney　U検定

して使用した．

　続いて，定期歯科受診継続の有無を目的変数その他

のすべての値を独立変数として決定木分析を行った．決

定木の分岐は以下の方法で得た．すなわち，各分岐点で

分割される前の群（親ノード）のすべての独立変数につ

いて目的変数とのx2値をそれぞれ求め，そのうちx2値

が最も大きい独立変数を因子として親ノードを2分割

した．独立変数が順序尺度あるいは間隔尺度の場合に

はx2値が最大となるカットオフ値を求め，同様の分割

を行った．これらの計算方法にはCHAID（Chi－squared

Automatic　Interaction　Detection）を用いた18）．本分析

では親ノードの最小数を10，分割後の群（子ノード）

の最小数を5と定め，ノードに含まれる回答数がそれら

最小数を下回った場合に分析終了とした．また，有意水

準を危険率5％とし，ノード内の独立変数と目的変数と

のすべての組合せで，X2検定の危険率が5％以上となっ

た時点でも，分析終了とした．

　すべての統計解析にはPASW　Statistics　l8（エス・

ピー・エス・エスジャパン，東京）を使用した．CHAID

を用いた決定木分析は欠損値も1つのカテゴリーとして
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表2　自由回答文における頻出語の出現率の比較

頻出語
中子芋

（N－31）

継続群

（N－75）

全体

（N－106）
P値

「よい」

「歯」

「歯みがき」

「指導」

「安心」

「感謝」

「定期健診」

「丁寧」

「気持ちよい」

「きれい」

「口」

22．6　（7／31）

19．4　（6／31）

19．4　（6／31）

25．8　（8／31）

6．5　（2／31）

6．5　（2／31）

9．7　（3／31）

16．1　（5／31）

32　（1／31）

9．7　（3／31）

　O　（O／31）

26．7　（20／75）

25．3　（19／75）

21．3　（16／75）

17．3　（13／75）

25．3　（19／75）

24．0　（18／75）

21．3　（16／75）

17．3　（13／75）

13．3　（10／75）

10．7　（8／75）

13．3　（10／75）

25．5　（27／106）

23．6　（25／106）

20．8　（22／106）

19．8　（21／106）

19．8　（21／106）

18．9　（20／106）

17．9　（19／106）

17．0　（18／106）

10．4　（11／106）

10．4　（11／106）

9．4　（10／106）

Nsa

N．sa

N．sa

N．sa

〈O．Osb

N．sb

N．sb

N．sb

N．sb

N．sb

〈O．05b

a　x2検定

bFisherの直接確率法

扱い，決定木分析以外の分析は欠損値を含むデータは分

析ごとに除外した．

　6．倫理的な配慮

　対象者には研究への参加は自由意志であり，不参加に

よるデメリットはないこと，記入した質問紙の回収箱へ

の提出をもって同意が得られたものとみなす旨を説明し

た．質問紙の内容と診療録の記載事項とを連結させるた

め，回収された質問紙は連結可能匿名化を行い，個人情

報の保護に配慮した22）．

結　　果

　1．受診中断群と継続群のアンケート回答の比較

　アンケート回答者のうち，1年後に受診中断していた

者は29．2％（31名）であった．継続群と中断群の性比，

市外からの通院者，動揺歯を有する者，当科外来への要

望の記載のある者，定期歯科受診に対する感想の記載

のない者，他科へ依頼した者，担当歯科医師，の各割

合をX2検定またはFisherの直接確率法で比較したとこ

ろ，中断群に男性が多く，当科外来への要望を持つ者は

継続群に多い傾向にあったが，有意な差はみられなかっ

た．他科へ依頼した者の割合は中断群に多く，有意な差

がみられた．また，担当歯科医師による差は認められな

かった（X2検定，　P値0．267）．一方，年齢定期歯科受

診の継続期間，現在歯数最大歯周ポケット長，定期

歯科健診に対する満足度および，GOHAI得点をMann－

Whitney　U検定で比較した結果，中断群において定期

歯科受診の継続期間が短く，GOHAI得点が低いという

有意な差が認められた（表1）．

　2．受診中断群と継続群における頻出語の比較

　対象者106町中94名に定期歯科受診に対する感想の

記載があった．すべての文章を探索した結果，得られた

頻出語は11語であった．個々の回答者の自由記載文章

中にそれら頻出語が出現する割合を，頻出語ごとに受診

中断群と継続群で比較した．その結果，「安心」，「ロ」

という語の出現率が受診継続群で有意に高かった（表

2）．また，各群の自由記載文章の文字数は受診中断群で

平均32文字（標準偏差26，範囲0～124），受診継続群

で平均50文字（標準偏差35，範囲：0～191）であっ

た．一方，定期歯科受診に対する要望の記載のある者は

8名であったため，頻出後の抽出は行わなかった．記載

の内容は「待ち時間」「歯学部学生の見学」などについ

てであった．

　3．決定木分析による受診中断要因の探索

　全対象者106名を第1の親ノード（ノード0）とし

て，決定木分析を行った結果，得られた樹形図を図2に

示す．本分析により得られた子ノードの総数は6（ノー

ド1～6）であり，そのうち分岐の終点となるノード

（ターミナルノード）の数は4（ノード1，4，5，6）であっ

た．また，樹形図は最深で第3階層までに分岐した．

　ノード0が分岐する要因として選択されたのは

GOHAI得点であり，得点が40点以下あるいは欠損値

である群（ノ・・一一一一ド1）と40点より大きい群（ノード2）

に分岐した．受診中断群が81．8％（9／11名）を占める

ノード1はターミナルノードとなった．ノード2は中断

群が23．2％（22／95名）であり，さらに次の階層に分岐

した．ノード2が分岐する要因として選択されたのは頻
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ノード0　　　％　　n

中断群　　29．2　31

p続群　　70．8　75

合計　　100．0　106

　　　　1
　　GOHAI合計
調整P値O．OOI　X2＝16．394　df＝1

　　　≦40．0，欠損値　　　　　　　　　　＞40．0

ノード1　　％　　n

中断群　　81．8　　9

p続群　　192　　2

合計　　　10．4　　11

ノード2　　　％　　n

中断群　　23．2　22

p続群　　76．8　73

合計　　　89。6　95

冒

　　頻出語「安心」
調整P値0．039×2＝4274df＝1

　　　　　　　　　　なし　　　　　　　　　　　　　　あり

ノード3　　　％　　N

中断群　　27。6　21

p続群　　72．4　55

合計　　　71．7　　76

置

　　頻出語「気持ちよい」
調整P値0．036　λlz＝4．397　df＝1

ノード4　　　％　　n

中断群　　5．3　　1

p続群　　94，7　18

合計　　　179　　19

　　　　なし　　　　　　　　　　　　　あり
ノード5　　　％　　N

中断群　　31．8　21

p続群　　6＆2　45

合計　　　62．3　　66

ノード6　　　％　　n

中断群　　0．0　　0

p続群　100．0　10

合計　　　9．4　10

図2　決定木分析による樹形図

出語「安心」の有無であった．すなわち，GOHAI得点

が40点を超える者は継続受診する者が多いが，その中

で自由回答に「安心」という語がない場合（ノード3：

受診中断者の割合：27．6％）には，ある場合（ノード4：

受診中断者の割合：5．3％）に比べて受診中断者が多かっ

た．ノード4は第2階層でターミナルノードとなった

が，ノード3はさらに第3階層に分岐した．ノード3が

分岐する要因は頻出語「気持ちよい」の有無であった．

すなわち，GOHAI得点が40点を超えている者の中で，

自由回答に「安心」という語がなく，かつ「気持ちよ

い」という語もない場合（ノード5）は，31．8％が受診

中断するのに対し，自由回答に「安心」という語（ノー

ド4）または「気持ちよい」という語（ノード6：受診

中断者の割合；0％）がある場合はほとんど受診中断が

生じていなかった．

考　　察

1．定期歯科受診中断に関わる要因

本研究において，受診中断に関わる要因としてはじめ

に選択されたのはGOHAI得点で評価した口腔の主観的

健康状態であった．Afonso－Souzaら12）は，ブラジルに

おけるPerceived　Oral　Health（POH）を用いた調査で，

定期歯科受診者に口腔の主観的健康状態の良好な者が多

いことを報告している．また，Sandersら23）はオースト

ラリアにおけるOHIP（Oral　Health　Impact　Profile）一14

を用いた調査で，口腔の主観的健康状態が不良な者ほど

歯科受診頻度が低いことを報告している．POH，　OHIP－

14ともにGOHAIと高い相関があることが報告されて

おり24一26），本研究ではブラジル，オーストラリアでの研

究と同様の結果が得られたものといえる．さらにわが国

においては安藤ら27）が，定期歯科受診者は良好な歯科

保健行動をとり，歯科保健に対する意識が高いことを報

告している．同様に藤井らZZ）は職域における口腔保健

活動に長期間参加している者はGOHAIスコアが高値で

あり，セルフケアや口腔の健康保持に対する自信をもっ

ていることを報告している．以上のことから，口腔の健

康関連QOLと歯科受診の頻度や継続性の関連は普遍性

が高いものと考えられた．

　健康関連QOLは，一般に医療的介入に対する患者報

告型アウトカム評価指標として用いられる29）．それゆえ，

口腔の健康関連QOLと継続歯科受診との関連は，継続

歯科受診しているから口腔の客観的健康状態が良好とな

り，それに伴い主観的健康状態も向上するという因果の

方向性でとらえられる．本研究では中断群と継続群の間

に現在歯数，動揺歯の有無，最大歯周ポケット長に有意

な差は認められなかったが，中断群はGOHAI得点が有

意に低く，他科へ依頼した者が全員受診中断していたこ

とから，口腔内の状態が全般的に継続群よりも不良であ

る可能性が示唆された．

　一方，本研究においてテキストマイニングで得られた

頻出語が示すのは，歯科受診のプロセスへの患者からの

評価であると考えられる．本研究において，受診継続群

に頻出語「口」「安心」「気持ちよい」の出現率が高かっ

た．さらに「安心」「気持ちよい」が決定木分析で受診

継続要因として選択された．これは，定期歯科受診で受

ける行為を肯定的に評価する者は受診を継続し，反対に

これらの評価を受診のプロセスで感じない者は受診を中

断する傾向にあることを示していると考えられた．

　2．決定木分析について

　決定木分析はデータの探索，分類スコアリングに幅

広く用いられ，連続変数もカテゴリカル変数も同様に扱

うことができる．また，樹形図をたどることにより結果

の解釈も容易である18）．そのほかに重回帰分析やロジス

ティック回帰分析の前段階として説明変数の選択にも有
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効である30）．決定木分析のアルゴリズムは何種類か使用

されているが，本研究で用いられたCHAIDは目的変数

に対するすべての独立変数についてx2検定を行い，そ

の中で最も大きなx2値が得られた項目で二分し，以下

同様に繰り返すという手法である．検定の繰り返しによ

る第一種の過誤の増大を抑えるため，Bonferroniの不

等式によってP値を調整している．決定木分析にあた

り，結果が煩雑にならぬよう通常は階層数に制限を設け

る平定（分岐を中止）を行うが，今回は階層数が3で停

止したため，勢定は行わず分析結果をそのまま採用し

た．

　上記の条件で行った決定木分析ではじめに選択された

GOHAI得点が40点以下であることは，先に述べたよ

うに受診中断要因ではなく，継続受診していない結果と

してGOHAI得点が低くなる関係が考えられる．　Naito

ら20）は口腔内の主観的健康状態がきわめて低い者，あ

るいは70今代無歯顎者のGOHAI得点を平均38．7点と

報告していることから，GOHAI得点が40点以下とい

うのはカットオフ値として非常に低い値である．一方，

GOHAI得点が41点以上で自由回答に「安心」または

「気持ちよい」という語がある場合には受診中断の可能

性が低い結果となった．受診継続していない結果とし

てGOHAI得点が低くなると考えた場合，　GOHAI得点

が40点以下というきわめて低いカットオフ値で分割さ

れた群は定期歯科受診の継続期間も短かったと推察され

る．したがって，x2値が最大となるカットオフ値を求

め，親ノードを自動的に分割していく決定木分析の手法

では，GOHAI得点40点以下というカットオフ値を設

定したために定期歯科受診の継続期間が決定木分析の分

岐に選択されなかったと考えられた．しかし，受診中断

群は定期歯科受診の継続期間が有意に短く（表1），定

期歯科受診の継続期間は受診継続に関わる重要な要因で

あることが示された．これらを併せて考えると，定期受

診がある程度継続しなければ，その効果を主観的に感じ

る可能性が低く，当初の継続を維持するには診療プロセ

スへの肯定的評価が必要であることが示唆された．

　定期受診に関連する要因にはこれまでに示した主観

的評価以外にもさまざまな要因が考えられる．Afonso－

Souzaら12）はロ腔の主観的健康状態以外に，学歴や収入

などの社会経済的な要因が定期歯科受診に影響している

可能性を指摘し，Tamakiら13）は職種と定期歯科受診と

の関連を示唆している．また，岡崎ら31＞は定期歯科受

診中断の要因として仕事や転勤家庭の都合が多いこと

を報告している．しかし本研究での主要な分析手法であ

るテキストマイニングは，歯科の領域でも患者満足度調
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査32・　33）や学生評価34）に応用されるなど，従来の分析法で

は対象とできなかったデータを検討可能にする利点をも

つ半面，あくまでも仮説探索型に用いるべきであるとさ

れている．すなわち，その結果を踏まえて定量調査を実

施し，仮説検証を行うことが望ましい35）．また，決定木

分析についても，その後の重回帰分析やロジスティック

回帰分析の前段階として説明変数の選択にも有効であ

る30）とされている．そのため，本研究では社会経済的

な要因についての検討は行わなかったが，「診療初期段

階における患者側の診療プロセスへの評価が，定期歯

科受診の継続性に関連する」という仮説を得ることがで

きた．今後　この仮説を定量的に検証していくうえで社

会経済的な要因も考慮することが重要であると考えられ

た．また，本研究で得られた仮説をもとに「患者側の診

療プロセスへの評価」を定量的に検証する評価項目の作

成と「定期歯科受診の継続性」に関する調査を継続して

いくことが必要であると考えられた．調査の継続により

得られた結果は歯科医療従事者にフィードバックして，

わが国における定期歯科受診行動の定着と国民のQO：し

の向上に寄与していきたい．

　本研究の一部は，第59回日本口腔衛生学会・総会（平成

22年10月7日，新潟）において発表した．本研究の一部は

文部科学省オープンリサーチプロジェクト（2007－2011）か

らの補助金によって行われた．
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Factor　Analysis　of　Discontinuation　of　Regular　Dental　Check－ups　by　Patients

　　　　　　　　　　　　　　　　　　　　　Using　Data－mining　Methods

Go　SUGIURA，　Mitsuo　KISHI，　Fumie　AIZAWA，　Akiko　ABE，　Kentaro　MINAMI，

　　　　　　　　Daisuke　INABA，　Kazuhiro　SATO　and　Masami　YONEMITSU

Division　of　Oral　Health，　Department　of　Developmental　Oral　Health　Science，

　　　　　　　　　　　　　School　of　Dentistry，　lwate　Medical　University

　　Abstract：　Reports　indicate　that　tooth　loss　can　be　prevented　through　regular　mechanical　tooth　cleaning

and　guidance　on　oral　hygiene．　ln　response　to　this，　in　the　present　study，　factor　analysis　was　conducted

on　the　discontinuation　of　regular　dental　check－ups　using　data－mining．　Questionnaires　were　administered

to　106　patients　receiving　regular　dental　check－ups　through　the　outpatient　preventive　dental　services

of　a　university　hospital．　The　content　of　the　questions　was　related　to　feelings，　requests，　and　satisfaction

regarding　regular　dental　check－ups，　as　well　as　the　oral　health－related　quality　of　life　（QOL）．　The　General

Oral　Heal廿【Assessment　Index（GOHAI）was　used　to　assess　the　oral　health－related　QOL．　Additionally，　the

sex，　age，　and　residence　of　the　patients　were　obtained　through　medical　records．　Patients　were　grouped

into　two：　respondents　who　had　continued　to　receive　dental　check－ups　after　one　year　（continuation　group：

n＝75），　and’　those　who　had　discontinued　check－ups　after　more　than　six　months　（discontinuation　group：

n＝31）．　A　comparison　of　these　groups　showed　that　the　discontinuation　group　scored　significantly　lower

on　the　・GOHAI　than　the　continuation　group　〈P〈O．Ol）．　Furthermore，　a　decision　tree　analysis　of　the　groups

revealed　that，　among　those　who　scored　＄40　points　on　the　GOHAI　（n＝11），　829／o　（n＝9）　of　such　respondents

had　discontinued　check－ups．　Respondents　who　scored　一：z41　points　on　the　GOHAI　were　more　likely　to　have

undergone　continued　check－ups．　However，　most　of　those　who　did　not　describe　check－ups　as　“safe”　and

“comfortable”　had　discontinued　treatment．

　　The　results　indicate　that　those　with　a　low　oral　health－related　QOL　tend　to／　discontinue　regular　dental

check－ups，　and　those　who　feel　“safe”　and　“comfortable”　about　regular　dental　check－ups　appear　more

likely　to　continue　attending　such　check－ups．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　J　Dent　Hlth　61：　225－232，　2011

Key　words：　Decision　tree　analysis，　Text　mining，　Data－mining，　Regular　dental　check－ups，　Health　behavior

　Reprin’　t　requests　to　G．　SUGIURA，　Division　of　Oral　Health，　Department　of　Developmental　Oral　Health

Science，　School　of　Dentistry，　lwate　Medical　University，　1－3－27　Chuo－dori，　Morioka，　lwate　020－8505，　Japan
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