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「細胞・脳機能研究の融合による神経疾患診断・治療法開発拠点の形成」 



 

はしがき 

 

順天堂大学大学院医学研究科老人性疾患病態・治療研究センター（老研センター）は、文

部科学省「平成23年度私立大学戦略的研究基盤形成支援事業研究プロジェクト」に、「細

胞・脳機能研究の融合による神経疾患診断・治療法開発拠点の形成予防・治療法開発拠点

の形成」をテーマに応募し、採択された。 

 老人性疾患病態・治療研究センター（老研センター）では、これまで、パーキンソン病

（PD）、アルツハイマー病（AD）等の加齢性神経疾患の分子遺伝学的な研究実績を重ねて

きた。特に、遺伝性PDの原因遺伝子としてパーキンを世界で初めて同定し、この遺伝子産

物であるパーキン分子がユビキチン−リガーゼ（E3酵素）であることを報告した。この発見

が元となり、異常なミトコンドリアの処理にこのパーキン分子が関与すること、すなわち

孤発性のPDを含め、その病態と異常なミトコンドリアとの関連性が分子レベルで語れるよ

うになってきた。このような時期に、本研究プロジェクトで5年間（平成23年度～27年度）

の支援を受けて、 “神経疾患診断・治療法開発を推進するため、優れた臨床実績を生かし

た私立医系大学独自の基礎臨床連携を強化し、“細胞機能研究”と“画像・生理学的脳機

能研究”を融合した新たな研究基盤センターを形成することを目的とした研究を進めるこ

とができたことの価値は非常に大きかった。さらに、高齢化社会に入った現在、医療の面

から高齢化社会に向き合うことは重要である。特に、疾患病態の解析、診断法の開発、新

たな治療法にどこまで切り込めるのか、を課題に５年間、向き合えたことは非常に恵まれ

ていたと考えている。 

 実際、本プロジェクトでは、ミトコンドリア、タンパク質分解等、老化に深く関わる細

胞機能の破綻と修復を疾患モデル動物で研究を進めた。脳機能研究では疾患候補遺伝子と

画像変化の関連や、SPECTやPETを用いた分子イメージングなどの、患者を対象とし、新た

な知見を得ることができた。ここに、本プロジェクトの成果を報告できることに深く感謝

すると共に、私たちが新たに得た知見が少しでも社会的に貢献できたとの評価を頂ければ

本望である。 
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平成２３年度～平成２７年度「私立大学戦略的研究基盤形成支援事業」 

研究成果報告書概要 
 

１ 学校法人名   順天堂                    ２ 大学名  順天堂大学                     

 

３ 研究組織名  老人性疾患病態・治療研究センター                                    

 

４ プロジェクト所在地  東京都文京区本郷２−１−１                                

 

５ 研究プロジェクト名 細胞・脳機能研究の融合による神経疾患診断・治療法開発拠点の形成                                

 

６ 研究観点   研究拠点を形成する研究                                     

 

７ 研究代表者 

研究代表者名 所属部局名 職名 

服部信孝 大学院医学研究科 教授 

 

８ プロジェクト参加研究者数  １１ 名 （その他平成２７年度の時点で、ポスドク ９名、リサー

チアシスタント ３名、連携研究者（奨励研究者２３名）、外部連携研究者（兼評価委員） ３名） 

 

９ 該当審査区分    理工・情報     生物・医歯     人文・社会  

 

１０ 研究プロジェクトに参加する主な研究者 

 

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 

服部信孝 

大学院医学

研究科・神

経学・教授 

ミトコンドリア, ユビキチ

ン・プロテアソームに着目し

たパーキンソン病の病態解明

と治療戦略    

細胞機能標的治療による

パーキンソン病の克服 

内山安男 

大学院医学

研究科・老

人性疾患病

態・治療研

究 セ ン タ

ー、センタ

ー長 

オートファジー／リソソーム

による神経回路網の品質管理

とその破綻 

神経疾患における神経回

路網の品質管理異常と治

療による正常化をイメージ

ングで検証する        

櫻井隆 

大学院医学

研究科・薬

理学 

βアミロイド産生・分解調節

系における細胞内輸送・神経

活動依存性の解析 

βアミロイド産生・分解

系の解析によりアルツハ

イマー病の病態解明と創

薬標的探索を進める             

平澤恵理 

大学院医学

研究科老人

性疾患病態

治療研究セ

ンター・先

任准教授 

細胞外環境による細胞の分

化・増殖の制御 

細胞外マトリックス等の条

件検討により脳疾患細胞

治療に有利な細胞外環境

を示す 
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樋野興夫      

      

大学院医学研

究科・病理・腫

瘍学 教授      

      

神経細胞の分化・移動・腫瘍化・

幹細胞性—特に結節性硬化症の原

因遺伝子 Tsc2 を起点として— 

Tsc2 分子の研究成果を生

かし神経細胞における腫

瘍化と幹細胞性の維持機

構を解明する 

新井一 

大学院医学研

究科・脳神経外

科学 

脳腫瘍発生分子機構における神

経細胞の腫瘍化と幹細胞性   

グリオーマをモデルとし

て神経細胞の幹細胞性の

メカニズムを標的とした

治療を開発する 

高久智生 
大学院医学研

究科・血液学 

骨髄幹細胞ニッチ環境研究によ

る成体神経新生メカニズム      

骨髄幹細胞ニッチ環境の

三次元可視化とその機能

解明を行い、成体神経新

生システムに応用する。 

池田勝久 

大学院医学研

究科・耳鼻咽喉

科学・教授 

聴覚・平衡覚にかかわる細胞品質

管理機構の正常とその破綻 

聴覚・平衡覚にかかわる

細胞品質管理機構の可視

化、脳機能疾患との関連

性を示す        

宇賀貴紀 

大学院医学研

究科・神経生理

学・先任准教授 

多点電極を用いた神経活動記録

法の整備 

モデル動物での神経ネッ

トワークを可視化するた

め、多点電極を用いた神

経活動記録法を整備する 

青木茂樹 

大学院医学研

究科・放射線医

学・教授 

脳の加齢・認知・発達障害の可視

化 新規画像診断法の確立 

加齢・認知・発達障害に

よる脳機能異常を示す新

規画像解析法を開発する 

 

新井平伊 

大学院医学研

究科・精神医

学・教授 

アルツハイマー病の発症分子機

構解明 

アルツハイマー病の発症

分子機構を解明し、新規

診断・治療技術を発展さ

せる 

（共同研究機

関等） 

 

   

東京都臨床医

学 総 合 研 究

所  ・理事長・

所長 

田中啓二 
オートファジー不全と神経変性機構

解明 

オートファジー不全の正常

化による神経変性疾患の

治療 

大阪大学医学

系研究科・ 教

授 

長澤丘司 
免疫担当細胞ニッチ環境の時間的

空間的理解 

造血幹細胞ニッチ研究成

果からの成体神経新生ニ

ッチへの情報提供 

慶 應 義 塾 大

学・医学部・医

学部長・生理

学教室・教授 

岡野 栄之 

神経変性疾患における iPS 治療の

基盤確立 

神経変性疾患における iPS

治療の基盤確立 
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＜研究者の変更状況（研究代表者を含む）＞ 

旧 

ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

アルツハイマー病の炎

症性 T細胞の可視化 

大学院医学研究

科・認知症診断予

防治療学・客員教

授 

田平武 

Aβ反応性 T 細胞による

神経傷害機構を可視化

し、新規診断・治療技術

を発展させる 

（変更の時期：平成 24 年 4 月 1 日） 

 

 

新 

変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

大学院医学研究科精

神・行動科学・教授 

大学院医学研究科精神・行動

科学・教授 
新井 平伊 

アルツハイマー病の発

症分子機構を解明し、

新規診断・治療技術を

発展させる 

大学院医学研究科細

胞・分子薬理学・教

授 

大学院医学研究科細胞・分子

薬理学・教授 
櫻井隆 

βアミロイド産生・分

解系の解析によりアル

ツハイマー病の病態解

明と創薬標的探索を進

める 

 

 

 

旧 

ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

発達障害性神経疾患の

原因分子探索のための

可視化 

大学院医学研究科

神経生理学・教授 
北澤茂 

発達障害性神経疾患の原

因分子探索のための可視

化 

（変更の時期：平成 23 年 6 月 30 日） 

 

 

新 

変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

大学院医学研究科神

経生理学・教授 
大阪大学医学系研究科・教授 北澤茂 

発達障害性神経疾患の

原因分子探索のための

可視化 

 

 

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

オートファジー／リソ

ソームによる神経回路

網の品質管理とその破

綻 

大学院医学研究科

神経機能構造学・

教授 

内山安男 

神経疾患における神経回

路網の品質管理異常と治

療による正常化をイメー

ジングで検証する 

（変更の時期：平成 23 年 4 月 1 日） 
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新 

変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

大学院医学研究科神

経機能構造学・教授 

大学院医学研究科老人性疾

患病態・治療研究センター・

センター長 

内山安男 

神経疾患における神経

回路網の品質管理異常

と治療による正常化を

イメージングで検証す

る 

 

１１ 研究の概要（※ 項目全体を１０枚以内で作成 ） 

 

（１）研究プロジェクトの目的・意義及び計画の概要 
老人性疾患病態・治療研究センター（老研センター）では、これまで加齢性神経疾患、特にパーキ

ンソン病(PD)、アルツハイマー病(AD)等で分子遺伝学的な研究実績を重ねてきた。本申請では、神

経疾患診断・治療法開発を推進するため、基礎臨床連携を強化し、”細胞機能研究”と”画像・生理

学的脳機能研究”を融合した新たな拠点を形成する。細胞機能研究では、タンパク質品質管理と神

経新生機構を標的とした治療方法を開発する。具体的には、ミトコンドリア機能、タンパク質分解

系機能等、老化に深く関わる細胞機能の破綻と修復を疾患モデル動物で研究する。脳機能研究では

疾患候補遺伝子と画像変化（脳体積、白質構造、機能的 MRI 等）の関連や、SPECT や PET を用いた

分子イメージングなどの、患者を対象とした知見を得る。これらの臨床研究から、症状特異性の高

い新たな遺伝子・標的分子を発見し、細胞機能研究の成果と融合させる。細胞を使った分子生物学

的研究と脳科学研究は各々独立して遂行されているが、 神経疾患の診断・治療研究の推進には密接

な連携が重要である。本学は老研センター運営を通じ、これを可能として来た。本申請により社会

的貢献を果たす拠点を形成できると考えられる。 

 

（２）研究組織 
図参照：高齢者におけるさまざまな疾患の原因究明を目的に、「ハイテクリサーチセンター整備事業」の一

環としてスタートし、国内外研究機関との連携のもと、研究拠点形成を行ってきた老研センターを基盤施設

とする。研究グループは、細胞機能研究と脳機能研究の２つに大きく分け、前者は、（１）細胞の品質管理機

構とその破綻の観点から、神経変性疾患等について解析するとともに、（２）細胞の分化・増殖・幹細胞性の

観点から、腫瘍学、骨髄幹細胞研究等異分野の知見を統合する。後者では、（３）加齢・認知・発達障害の

画像解析の観点から神経変性疾患、発達障害の多様な遺伝リスク因子を少数の表現型に分類するための

遺伝画像解析を確立する。特に本学神経放射線科の得意とする神経疾患での拡散テンソルイメージング

技術を生かし、早期病変の可視化や薬剤効果判定に寄与するバイオマーカーを開発し、疾患特異性のあ

る新規遺伝子、分子を探索する。代表研究者１１名に加え、ポスドク９名（平成２７年度現在）、リサーチアシ

スタント３名（平成２７年度現在）、及び内部連携研究者（奨励研究２３名（平成２７年度））で研究を推進して

いる。他、外部連携者 3 名は、３つの小課題の研究領域における本邦を代表する研究者であり、研究推進

の連携と外部評価を依頼している。 
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（３）研究施設・設備等 
高齢者におけるさまざまな疾患の原因究明を目的に、「ハイテクリサーチセンター整備事業」の一環としてス

タートした、老人性疾患病態・治療研究センター（研究施設面積：８，２６８㎡、使用者数：100 人）を基盤施

設とする。細胞機能の正常と異常を評価するため、経時的イメージングを施行するが、１年目に 2 光子顕微

鏡（ZeissLSM7DUO NLO、稼働時間数：336h）を整備した。 

 

（４）研究成果の概要 ※下記、１３及び１４に対応する成果には下線及び＊を付すこと。 
研究プロジェクトの計画や目的・意義と関連づけて、当初の目標をどれだけ達成したか記述するとともに、

新たに得られた知見などについても具体的に記述してください。 

（１）細胞の品質管理の正常機構とその破綻 

服部グループ：ミトコンドリア, ユビキチン・プロテアソームに着目したパーキンソン病の病態解

明と治療戦略 

遺伝性パーキンソン病の病態としてオートファジーリソソーム系の関与が有力と成りつつある。こ

れまでに 1) PINK1/Parkin が協調して作用し、損傷ミトコンドリアをクリアランスすること。2) 

ATP13A2 はリソソーム膜上に局在し恒常性の維持に重要な働きをすることを明らかにしてきた。し

かし、in vivoでの解析が遅れていた。今回、PINK1ノックアウトマウス由来の MEF細胞ではミトコ

ンドリア機能が有意に低下していること(＊108)、ATP13A2ノックアウトマウスには異常なリソソー

ムが多数蓄積していることを見出した(投稿準備中)。３）一方、常染色体優性遺伝性パーキンソン

病の家系から新規原因遺伝子 CHCHD2 を同定した(＊12)。CHCHD2 はミトコンドリアに関連した因子

であることから、遺伝性パーキンソン病の病態としてミトコンドリア機能の障害が強く疑われた。

４）CHCHD2 と同様に新たな変異遺伝子を見出し、リソソーム酵素活性に関わるどう遺伝子産物の変

異タンパク質の解析を鋭意進めている。 

内山グループ：オートファジー／リソソームによる神経回路網の品質管理とその破綻 

内山ら（小池は内山グループの一員として活動）は、軸索／シナプス前領域におけるオートファジ

ー／リソソーム系の機構をモデルマウスの解析により明らかにし、カテプシンCやDNaseIIの特異的
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な局在を(＊159,161)、Atg8のほ乳類ホモログの一つであるGABARAPのトランスジェニックマウスを

作成し、LC3（細胞体と樹状突起）と異なり、軸索初節への局在を（＊158）明らかにした。リソソ

ームの膜タンパク質であるLAMP2を欠損する症例（ダノン病症候群）と欠損マウスの中枢神経系にお

ける形態解析したこと（＊13,160）、選択的オートファジーのアダプタータンパク質であるp62とNBR1

は、オリゴマーを形成し、細胞体と樹状突起に局在するが、軸索には侵入できないこと、N端側にあ

るその責任ドメインを除くと単量体となり軸索にも侵入すること、さらに、オートファジー関連因

子の中で唯一膜タンパク質であるAtg9aを脳特異的に欠損させた所、軸索が正常に伸展せず、脳梁や

前交連の形成が障害されることが分かった（**39、論文はrevise中）。これまで、酸性条件下に対し

て感受性を持つ蛍光色素と耐性の蛍光色素をつないだ蛍光を用いてオートファゴソームの成熟性を

検討していたが、十分ではなかった。私たちは、この条件を完全に克服する蛍光色素、pHluorin-mKate 

tandem fluorescence proteinを開発した。これにLC３を付加したしたタンパク質は、オートファゴ

ソームの成熟化の良いマーカーとなる（*17）。また、服部らと共同したCHCHD2がミトコンドリアに

あることを明らかにした（*12）。 

櫻井グループ：βアミロイド産生・分解系調節機構の可視化解析 

アルツハイマー病の病理に中心的な役割を果たすβアミロイド (Aβ)は、ミクロドメインにおける

アミロイド前駆体タンパク質(APP)のβ・γ切断により産生される。BACE1によるβ切断が起こる初

期エンドソームの輸送障害とβ切断亢進が孤発性アルツハイマー病の初期変化とされているが、そ

の機序は明らかではない。また、BACE1 阻害薬は治療戦略として有望であるが、APP 以外の BACE1

基質の切断抑制による副作用発現が懸念される。切断端認識抗体を用いた BACE1 基質切断の可視化

により、創薬標的となる APP 特異的β切断制御因子を見出すことを目的としてミクロドメインを解

析した。その結果、エンドソーム輸送を制御する APP 結合蛋白質を見出し、エンドソーム障害及び

APP 選択的なβ切断制御に関与することを明らかにした（**10)。現在、病態との関連、治療標的と

しての可能性について検討を進めている（特許出願）。また、βアミロイドによる神経障害に関わる

代謝型グルタミン酸受容体について、他種受容体とのヘテロダイマー形成によるシグナル制御機構

を明らかにした(*3,170)。 

（２）細胞の分化・増殖・幹細胞性 

平澤グループ：細胞外環境による細胞の分化・増殖の制御 

成体神経新生領域である脳室下帯（SVZ）に存在する新規基底膜様構造 fractone と血管周細胞のネ

ットワーク構造が、発生や成体神経新生に重要なニッチ環境を提供すると考えて、これまでに、FGF2

が fractone に存在するパールカンとヘパラン硫酸鎖を介し結合することを報告したが（Stem Cells 

2007）、本研究では、ヘパラン硫酸プロテオグリカンであるパールカンを欠損する SVZ 及び

neurosphere では、FGF2 投与による神経幹細胞の増殖率が有意に抑制されることを明らかにした

（*115,171）。さらに、老化による fractone の構造、および構成タンパク質種および糖鎖修飾の変

化を確認し（*36）、それによる神経新生シグナルの分子機構を検討した（論文投稿準備中）。さら

に、青木グループ（放射線医学）と共同して、自閉症モデルマウスの拡散テンソル MRI 画像解析と

透明化標本による３D画像を比較検討して、新たなバイオマーカー開発手法を提示した（*34）。 

樋野グループ：神経細胞の分化・移動・腫瘍化・幹細胞性—特に結節性硬化症の原因遺伝子 Tsc2 を

起点として— 

Eker ラット由来(*54,119,120,174,175)の胚盤胞より ES 細胞株を樹立し(*55)、多能性マーカー遺

伝子発現や、胚様体および奇形腫における分化能を調べ、Tsc2ホモ欠損型細胞は野生型細胞と同様

に三胚葉由来の組織形成能を示すが、Ekerラットの腎腫瘍に類似した異常腺管構造を発生すること

がわかった(＊106,107,154,155,156)。Tsc2+/+ Eker ラット胎児線維芽細胞からはアルカリホスフ

ァターゼ陽性の iPS細胞様コロニーが多数得られる条件において、Tsc2-/- Ekerラット胎児線維芽

細胞からはコロニーが全く形成されなかった。従って、ラットにおいて Tsc2欠損は多能性幹細胞へ

のリプログラミングを阻害すると考えられた。Tsc2 欠損によって惹起される mTORC1 活性の亢進が

リプログラミング阻害の主要因である可能性を考え、山中 4因子の導入後、mTOR阻害剤であるラパ

マイシン存在下で iPS様細胞の樹立を試みた。まず既に樹立した Eker ラットの ES 細胞を用いて、

ES 細胞の増殖に影響無しに mTORC1 経路の阻害を認めるラパマイシン濃度を探った。この前実験に

より得られた濃度に準じて、Tsc2-/- Ekerラット胎児線維芽細胞からの iPS細胞樹立過程でラパマ

イシンを加えるも、コロニー形成の割合に変化は認められなかった。これらの結果から、少なくと

も誘導期間のみの mTORC1抑制ではリプログラミング能は回復しないものと推察された。 

新井（一）グループ：脳腫瘍発生分子機構における神経細胞の腫瘍化と幹細胞性、正常圧水頭症病
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態の可視化 

悪性脳腫瘍の腫瘍化過程と腫瘍幹細胞の解析による治療介入の検討として、特に小児悪性脳腫瘍お

よび成人神経膠腫を中心に、腫瘍細胞からの遺伝子情報の抽出と腫瘍幹細胞抽出培養の手技および

方法を確立し、遺伝子も同定した。MRI拡散強調画像と拡散 kurtosis画像を用いて、正常圧水頭症

における皮質脊髄路への影響を検討し、水頭症では、皮質脊髄路は神経線維と垂直方向に圧排され

軸索が伸展された状態であることを明らかにした。(*123,178) 

高久グループ：骨髄幹細胞ニッチ環境研究による成体神経新生メカニズム 

３D イメージング手法により、ヘパラン硫酸プロテオグリカン（HSPG）が網状構造として存在する

ことを示し、そのノックアウトマウスを用いて骨髄内の細胞構成につきフローサイトメトリーにて

検証している。Agrin の欠損マウスの解析から、agrin は造血幹細胞維持に重要な役割を持つことが

明らかとなった。 

池田グループ：聴覚・平衡覚にかかわる細胞品質管理機構の正常とその破綻 

これまでの研究では、遺伝性難聴モデル Cx26優性阻害変異マウスの新規病態（*126）や Cx26欠損

マウスにおけるギャップ結合複合体の崩壊（*127）という新たな分子病態を発見し,他の遺伝子

POU3F4 変異での難聴も共通の分子病態を持つことを明らかにした（*125）。更に骨髄間葉系幹細お

よび人工多能性幹（iPS）細胞を用いた新規細胞移植法をアデノ随伴ウイルス（AAV）による Cx26

遺伝子導入と複合的に応用することにより高音領域を有意に聴力改善させることに成功した（*68）。

また 新生仔マウス蝸牛への AAV 局所投与により Cx26 欠損マウスの聴力を有意に改善させることに

成功した（*66）。 

（３）加齢・認知・発達障害の画像解析 

青木グループ：脳の加齢・認知・発達障害の可視化 新規画像診断法の確立 

脳の加齢変化を in vivo で観察できる方法として脳 MRIの 3DT1 強調像が J-ADNI などの大規模スタ

ディーで用いられているが、最近では拡散テンソルなどの拡散 MRI が脳の白質路の定量評価や

connectivity の評価が可能なため、追加されることが多い（ADNI3）。青木らは、拡散テンソルや次

世代拡散解析の手法の開発（*153,210）、validation(*90)を行い、種々の疾患における feasibility 

study(*149,151,140,186,207,209,246)を行い、脳の微細構造の変化を in vivoで種々の病態で観察

できることを報告した。拡散 MRIの種々の手法は validationが必要なため、平澤、Kereverらの協

力で MRI と透明化した脳との対比を種々の施設の MRIを借用して行った（*34）。全脳解析や広い範

囲の拡散テンソルトラクトグラフィーなど MRIが有用な点も多いと考えられた。 

宇賀、北沢グループ：多点電極を用いた神経活動記録法の整備 

北澤グループ（大阪大学）は、自閉症スペクトラム障害患者の解析で、映像視聴時に、自閉症スペ

クトラム障害患者では、瞬きが健常者と比較して同期していないことを解明した（*285）。また、触

覚手がかりのみを用いて物体形状を判断する課題では、自閉症スペクトラム障害患者が健常者と比

較して成績が優位であったことを解明した（*286）。宇賀らは、マカクザルでの多点電極記録法を用

いた柔軟な判断の神経基盤の解明を行った。状況に応じて柔軟に判断をし、多様な選択を行うこと

はヒトの重要な認知機能のひとつである。本研究では、相同な機能を持つ霊長類において、神経活

動を直接計測し、その神経基盤の解明に注力した。2 つのルール（運動方向を判断する、奥行きを

判断する）をランダムに切り替えるタスクスイッチ課題を用い、判断が形成される LIP 野では、運

動方向、奥行き情報が共に時間的に蓄積され、ルールに依存して情報蓄積のゲインが調整されてい

ることを解明した。統合失調症早期病態を反映すると言われているケタミン（NMDA 受容体拮抗薬）

低用量全身投与により、ルールに依存した情報蓄積のゲイン調節過程に障害が現れることを解明し

た。 

新井（平伊）グループ：アルツハイマー病の発症分子機構解明 

AD発症に関与が示されている Apolipoprotein E遺伝子や Apolipoprotein D遺伝子異常が発症リス

クに影響を与えていること（＊193）、DLB症例の幻視症状に Ramelteonが有効であること（＊195）、

高齢者うつ病における AD 発症と血清アミロイド蛋白の相関があること（＊261）を報告した。さら

に、アルコール多飲歴のあるアルツハイマー病患者群では、その発症要因に COMT遺伝子、KIBRA遺

伝子の関与が示唆されたこと(*74,129)、レビー小体病患者群では、早期から heart rate 

variability(心拍変異度)の異常が認められること(*88)、寛解期にあるうつ病患者群では、高次機

能障害が残存することが再発のリスクであること、を明らかにした(*137)。 
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＜優れた成果があがった点＞ 

（１）細胞品質管理の正常機構とその破綻 

服部グループは、１）PINK1/Parkin が協調して作用し、損傷ミトコンドリアをクリアランスするこ

と(*108)、２）常染色体優性遺伝性パーキンソン病の家系から規原因遺伝子 CHCHD2を同定し、CHCHD2

はミトコンドリアに関連した因子であることから、遺伝性パーキンソン病の病態としてミトコンド

リア機能の障害があることを示した(*12)。内山グループは、１）オートファゴソームの成熟化のマ

ーカーとなる pHluorin-mKate2-tagged human LC3 (PK-hLC3)を開発した(*17)。２）LAMP2を欠損す

る神経細胞においてオートアジー／リソソーム系の異常を明らかにし(*13,160)。櫻井らは、１）

エンドソーム輸送を制御する APP 結合蛋白質を見出し、エンドソーム障害及び APP 選択的なβ切断

制御に関与することを明らかにした(**10)。２）病態と関連し、治療標的になるとして、特許出願

（特願 2014-132309）した。 

（２）細胞の分化・増殖・幹細胞性 

新井（一）らは、MRI拡散強調画像と拡散 kurtosis画像を用いて、正常圧水頭症における皮質脊髄

路への影響を検討し、水頭症では、皮質脊髄路は神経線維と垂直方向に圧排されることを明らかに

した。池田らは、Cx26欠損マウスにおけるギャップ結合複合体の崩壊（*127）という新たな分子病

態を発見し、共同研究で Cx27の遺伝子治療による難聴治療法の開発を実施した(*66)。 

（３）加齢・認知・発達障害の画像解析 

青木らは、拡散テンソルや次世代拡散解析の手法の開発（*153）、validation(*90)を行い、種々

の疾患における feasibility study(*151,190,246)を行う ことで、脳の微細構造の変化を in vivo

で種々の病態で観察できることを報告し、拡散テンソル MRI の所見を確かめるために、平澤らの協

力で 透明化標本を用いて免疫組織化学的にも検討した（*34）。青木らの拡散テンソル MRI で得ら

れた所見を組織学的、さらには細胞構造学的レベルで検証する実験系が開発された。自閉症モデル

マウス脳を MRI 撮像後透明化し、免疫組織染色を行い脳全体の画像を比較することが可能になった

（Zeiss 780Duo の活用）。 

 
＜課題となった点＞ 

本研究プロジェクトではそれぞれの目的を達成できたと考えている。疾患の原因遺伝子の解析、病

態解析や疾患の診断法については大きな飛躍を示すことができた。しかし、治療法の開発について

は、各グループで積極的に取り組んだが、十分な結果は得られたいない。明確な成果としては、難

聴の原因遺伝子の一つ Cx26 による遺伝子治療の可能性を示すにとどまった。また、ここの研究グル

ープで目標に掲げた内容についての達成に至っていないグループも見られたが、現在も、またこれ

からもこの目的に沿った研究を続ける予定である。 

 
＜自己評価の実施結果と対応状況＞ 
本研究プロジェクトによって、各グループにおいて多くの成果を得ることができた。これらの成果
は、本プロジェクトおいて使用し得た研究費をもとに得られたものである。具体的に得た成果につ
いては下記に記す。 
（１）細胞の品質管理の正常機構とその破綻 
服部らは、ミトコンドリアやリソソームに関連する遺伝子異常を有するパーキンソン病患者の家系
を明らかにし、その異常タンパク質産物の病態解析を進め、かなりの程度、プロジェクトを進行す
ることができた。現在、パーキンソン病の新たな原遺伝子を同定し、その変異タンパク質の病態解
析を進めている。内山らは、オートファジーとリソソーム関連疾患モデルの解析を進め一定の成果
を収めた。現在、ATG9A や p62/NBR1 に関する解析結果を論文にまとめ、一部は投稿した（現在 revise
中）。さらに、ノックインマウスを用いて、ATG9Aや DFCP1の局在を検討している。櫻井らは、中間
評価時点の自己評価ではアミロイド前駆体タンパク質(APP)の輸送・切断における新規制御タンパク
質の調節機構解析が課題であった。モデルマウスと初代培養神経細胞に加え、両者をつなぐ新たな
モデルとして脳スライス培養系を確立した。その結果をもとにモデルマウス及び培養細胞を中心に
解析を進めることで機能解析が進み、調節機構の一部が明らかとなりつつある。 
（２）細胞の分化・増殖・幹細胞性 
平澤らは、ヘパラン硫酸プロテオグリカンが神経発生にどのように関わるかについて、成果を収め
てきた。老化による fractone の構造、および構成タンパク質種および糖鎖修飾の変化を解析報告し
たが、それによる神経新生シグナルの分子機構を検討している。樋野らは、Tsc2+/+ Ekerラット胎
児線維芽細胞と、Tsc2-/- Eker ラット胎児線維芽細胞のコロニー形成能の差から、mTORC1活性の亢
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進がリプログラミングを阻害すると考えられた。ラパマイシン投与下の樹立実験により、誘導期間
のｍTORC1 抑制のみでは変化がないことから、この実験系が腫瘍抑制遺伝子変異とリプログラミン
グの分子機構の関連を調べる上で、大変有用であると考えられた。今後、本モデルを用いた、「神経
分化のオミックス解析と新規治療薬開発」が期待される。高久らは、造血幹細胞ニッチにおける、
細胞外マトリックスの関与について検証する目的で、各種骨髄細胞におけるマトリックス欠損マウ
スを作製し解析を行った。その結果、ニッチ構成細胞における細胞外マトリックス欠損により、造
血幹細胞維持機構の機能低下が原因と考えられる造血幹細胞が有意に減少している事を明らかにし
た。池田らは、本研究では遺伝性難聴における最大の原因である Cx26の遺伝子変異における発症原
因となる分子病態メカニズムを解明した。さらに新たな遺伝子治療法を開発することにより、この
分子病態の進行を抑え、聴力を回復させる方法の開発に成功した。これらの成果を中心に本研究は
おおむね順調に進行した。新井（一）らは、神経放射線科と共同して、特発性正常圧水頭症(iNPH)
の画像バイオマーカーの探索を目的に、Diffusion MRI の各種方法を用いて行った。その結果、対
照と比較して、iNPHでは白質の細胞外液が増加し、錐体路の軸索が伸展していることを捉えること
ができた。これらの結果を国際紙に報告した。 
（３）加齢・認知・発達障害の画像解析 
青木らは、研究の進展状況と、その広報について自己評価を行った。脳のDiffusion tensor imaging
と次世代の拡散MRIを中心としたMRIの解析において、研究期間内に十分な成果が得られ、学会、研
究会での発表や論文作成を行った。発展途上にある次世代拡散MRIの、新たな解析法であるNeurite 
Orientation and dispersion and density imaging (NODDI)をいち早く導入できた。宇賀・北澤ら
は、ヒトにおける自閉症スペクトラムの解析で一定の成果を得るとともに、マカクザルを用いた研
究でも、柔軟な判断機能に関する神経基盤を明らかにできた。新井（平）らは、アルツハイマー病
と比較して、パーキンソン病、レビー小体病の検体収集が捗らず、統計学的パワー値が不十分であ
った。実験手技の問題よりは臨床医がもっと積極的に検体収集を行う必要があると思われた。研究
員各員がアルツハイマー病以外でも、医師-患者関係を早い段階から構築し、DNA提供の同意をいた
だけるよう、指導を行っている。 
 

＜外部（第三者）評価の実施結果と対応状況＞ 

３人の外部委員から評価をもらい、おおむね良好との評価を頂いた。 

（１）東京都医学総合研究所・理事長/所長・田中啓二氏：高齢化社会に突入した今日、加齢に伴う

様々な疾病が急増しているが、中でも脳・神経系の破綻を原因とする老人性疾患は増加の一途を辿

っている。そして知能低下を主症状とするアルツハイマー病・レビー小体型認知症や運動機能劣化

が顕在化するパーキンソン病などの老人性疾患は、生活の質 QOL の激しい低下やそれに伴う多大な

介護費用が発生するなど、大きな社会・国家問題となっている。これらの老人性疾患は、病気の発

症を完全に阻止できなくても、発症の進行を部分的に抑制、例えば発症時期を５年間程度遅らせる

ことができれば、未曾有に拡大している社会的損失が大きく軽減されることは、国内外での学術的

分析から鋭く指摘されており、この観点からも高次脳機能障害の早期診断・原因解明と治療法開発

は、医学・生命科学領域における急務の課題となっている。 

 このような状況を踏まえると、本プロジェクト「細胞・脳機能研究の融合による神経疾患診断・

治療法開発拠点の形成」は、非常に重要かつ時宜にかなった優れたプログラムであり、その研究成

果の社会への波及効果が大きく期待される事業であった。本事業の拠点組織には、基礎研究及び臨

床研究に携わる多くの研究者・医師たちが有機的に融合して、大きな成果を挙げたと総括できる。

事業は（１）細胞の品質管理の正常機構の破綻、（２）細胞の分化・増殖・幹細胞性、（３）加齢・

認知・発達障害の画像解析の３課題にカテゴライズされたグループから構成されているが、相互に

情報交換や技術の提携が合理的に運営され、相加的・相乗的効果を育んだと判断できる。特筆され

る研究成果として例を挙げると、家族性パーキンソン病（PD）の研究では、世界で研究が進んでい

る PINK1 と Parkin がミトコンドリアの品質管理に関わることの解明に成功したことや新規な PD 遺

伝子 CHCHD2 の発見など、総じてして世界を先導する研究となっている。またオートファジーやリソ

ソームに関する、卓越した形態学解析技術に基づいた神経管理網の品質管理研究、アルツハイマー

病の成因であるアミロイド産出機序の可視化、そして細胞外マトリックスの作動機構、結節性硬
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化症の原因 遺伝子 Tsc2 のニューロンにおける働きの解明、臨床治療に有用な脳障害の可視化によ

る新規画像診断法の確立や聴覚などに関わる細胞品質管理機構の可視化技術の開発などが挙げられ

る。そしてこれらの優れた研究が、実に多くの論文として数々の上流誌に発表されてきたことも本

事業の特徴であると総評できる。 

このように本プロジェクトでは、基礎的な新規の病気遺伝子の発見から、実践的に臨床応用でき

る病態解析技術の開発まで多岐に亘り、得られた研究成果が未来医療への架け橋となる可能性を示

唆すると共に、すでに実際の患者に適用され臨床の現場で役に立っていることを想起すると、本事

業は比類ないレベルに達しており、学術的に高く評価できる。今後さらに基礎系研究者と臨床系研

究者の連携が合理的に機能すれば、様々な老人性疾患の発症機序解明と予防・治療法開発へ向けて

の大きな力となって発展すること、そして次世代の脳科学研究を牽引するような新しいテーマと人

材の発掘に大きく貢献することが期待できる。 

（２）慶應義塾大学医学部長・岡野栄之氏：本研究グループは、アルツハイマー病やパーキンソン

病などの加齢性神経変性疾患を対象にして、我が国そして世界のトップレベルの研究者が参画し、

基礎から臨床の緊密な連携の基に、coordinateされている。特に、服部教授、内山教授の強力なリ

ーダーシップの基、研究手法としては、微細形態にも力点を置いた細胞生物学的アプローチと、個

体レベルでのシステム神経科学や画像解析を含む機能的なアプローチが見事に融合している。家族

性パーキンソン病の新規の遺伝子の同定（Funayama et al., Lancet Neurol, 2015）などの画期的

な論文を始めとして、発表業績も年々良くなっているものと評価できる。 

（３）大阪大学医学系研究科・教授・長澤丘司：概ね良好に研究が行われている。特に、常染色体

優先遺伝性パーキンソン病の家系から、ミトコンドリアに関連する新規の原因遺伝子CHCHD2を同定

した成果は特に優れている。また、本事業の特色の一つである細胞外マトリックスの研究では、パ

ールカンを構成因子とする神経幹細胞を維持する微小環境（ニッチ）の候補であるFractoneに関す

る研究は独創性があり、進展している他、骨髄の造血微小環境（ニッチ）でAgrinに注目している研

究は優れた着眼で、発展が期待される。また、上皮細胞の細胞間チャネル分子として知られる

Connexin26が内耳上皮細胞のギャップジンクションの形成に必須であるとの知見も重要である。 

 

＜研究期間終了後の展望＞ 

本プロジェクトが終了してからは、他の競争的資金を利用したり、同資金の獲得を目指し、本研究

を継続する。また、これらの継続研究では、本研究プロジェクトで得た機器を利用する。 

（１）細胞の品質管理の正常機構とその破綻 
服部らは、多くの患者から得られた血液細胞を基に、iPS 細胞の樹立を試みている。また、膜輸送

障害によりリソソーム機能が引き起こされる可能性を明らかにする。本研究により小胞体をはじめ

とした膜輸送障害がパーキンソン病の病態に関わることが明らかになることが期待できる。内山ら

は、本研究で作成したオートファジー関連因子の中で唯一膜タンパク質である Atg9Aの KOマウスと

ノックインマウスを用いて、軸索神経終末領域で起きるオートファゴソーム形成に関わる因子が、

どのように細胞体から終末部に送られるのかを解析し、オートファゴソーム形成機序を明らかにす

る。櫻井らは、本研究期間中にアミロイド前駆体タンパク質(APP)の細胞内輸送と切断・アミロイド

産生を制御するタンパク質の機能解析を行い、APP との相互作用部位を明らかにした。相互作用ド

メイン・ペプチドは、アルツハイマー病の最初期変化でありβアミロイド過剰産生につながるエン

ドソーム輸送障害を改善することから、これを基盤としてより副作用の少ない新たな治療戦略の開

発を目指している。 

（２）細胞の分化・増殖・幹細胞性 

平澤らは、本プロジェクト終了後には、他の競争的資金を活用して老化脳における成体神経新生能

力の向上を目指し、脳室内への分子化合物の投与や、糖鎖修飾方法の確立、細胞治療の新規技術開

発を目指す。また、青木らとの共同研究による新規サロゲートマーカーの開発は、」日立研究所、放

医研、東京医科歯科大学など外部とも連携を開始し、動物実験から臨床応用への技術開発を目指す。

樋野らは、Tsc2+/+ Ekerラット胎児線維芽細胞と、Tsc2-/- Ekerラット胎児線維芽細胞のコロニー
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形成能の差から、mTORC1活性の亢進がリプログラミングを阻害すると考えられた。ラパマイシン投

与下の樹立実験により、誘導期間のｍTORC1 抑制のみでは変化がないことから、この実験系が腫瘍

抑制遺伝子変異とリプログラミングの分子機構の関連を調べる上で、大変有用であると考えられた。

今後、本モデルを用いた、「神経分化のオミックス解析と新規治療薬開発」が期待される。高久らは、

造血機構におけるマトリックスの関与に関しては、マウスモデルでの血管内皮細胞におけるマトリ

ックス欠損により、生体で造血幹細胞の優位な減少を認めている。ニッチ機構の機能低下による幹

細胞数の低下が疑われ、今後はそのメカニズムについての検証を行う予定である。池田らは、本研

究では遺伝性難聴の分子病態に基づいた遺伝子治療法、細胞治療法等の治療法開発を遺伝子改変動

物を用いて行った。今後は臨床応用の実現にむけ、患者 iPS 細胞から内耳前駆細胞を分化誘導し、

同細胞を遺伝子治療、ゲノム編集等により修復することを目指す。新井（一）らは、本研究で得ら

れた、画像バイオマーカーを用いた、前向き多施設共同件研究を行い、これらのバイオマーカーの

感度および特異度を算出し、その結果を基に特発性正常圧水頭症患者の治療予後の改善に継なげた

い。 

（３）加齢・認知・発達障害の画像解析 
青木らは、本研究において解析法を導入し、報告した種々の神経疾患や正常における変化、モデル

マウスでの知見につき、症例を増やして、予後との関係や、薬剤反応性のイメージングバイオマー

カとしての有用性などを検討し、それを広く普及させていく。新たな疾患や疾患モデルマウスにお

ける検討を行っていく。宇賀・北澤らは、本プロジェクトの解析結果を生かしさらに、自閉症スペ

クトラムや霊長類の判断の基礎となる神経構造の解明を目指す。新井（平）らは、神経症状を有す

る認知症患者さんの多くが、脳神経内科も併診して、治療を受けている実態が明らかとなった。本

研究を通じて、本期間が終了後も脳神経内科と協働して、遺伝子研究を行う礎が確立された。今後

は、向精神薬、抗パーキンソン病薬も治療反応性などについてもどのような遺伝学的背景があるの

か、検討を行うこととしている。 
 

＜研究成果の副次的効果＞ 

服部らは、膜輸送障害がリソソーム機能異常を引き起こすことでパーキンソン病の病態に関わるこ

とを明らかにすることにより創薬に繋がり、最終的には根本治療の発見に寄与する効果がある。櫻

井らは、、特許出願（「アルツハイマー病予防治療薬のスクリーニング法」高杉展正、櫻井隆、清水

瑠奈、特願 2014-132309、学校法人順天堂、平成 26 年 6 月 27 日）を行った。青木らは、特許では

ないが、脳 MRI の種々の解析を一括して行うパイプラインを作成し、希望する研究者に配布してい

る。さらに、新井一学長は、本プロジェクトに参加した多くの研究グループを中心に神経懇話会を

立ち上げ、最新の情報についての学内外の研究者に紹介していただき、神経研究の情報交換、研究

費取得に関する意見交換を実施している。 

 

 

１２ キーワード（当該研究内容をよく表していると思われるものを８項目以内で記載してくださ

い。） 

（１）  パーキンソン病    （２） アルツハイマー病    （３） オートファジー  

（４）  ミトコンドリア    （５） コネキシン    （６） 拡散テンソル MRI 画像  

（７） 遺伝子解析   （８） 細胞外間基質   

 

１３ 研究発表の状況（研究論文等公表状況。印刷中も含む。） 

上記、１１(４)に記載した研究成果に対応するものには＊を付すこと。 
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ーク解析による Alzheimer's Disease と Dementia with Lewy Bodies の評価,第 43回日本磁気

共鳴医学会大会,2015 年 9月,東京 

114.髙野直、鈴木通真、佐藤秀二、濱崎望、川崎英生、芳士戸治義、山本宗孝、堀正明、大石英則、

青木茂樹 .Silent MRA における 2種類の頭蓋内ステントの描出能の検討,第 43回日本磁気共鳴

医学会大会,2015年 9月,東京 

115.佐藤秀二、高野直、川崎英生、濱崎望、熊谷文孝、鈴木通真、芳士戸治義、堀正明、青木茂樹

.静音型 MR angiography における狭窄血管ファントムの描出検討,第 43回日本磁気共鳴医学会

大会,2015 年 9月,東京 

116.熊谷文孝、鎌形康司、奥住文美、波田野琢、佐藤秀二、濱崎望、川崎英生、鶴田航平、堀正明、

服部信孝、青木茂樹 ,fMRIを用いたパーキンソン病患者における両側協調運動時の脳機能活動

の変化,第 43回日本磁気共鳴医学会大会,2015 年 9月,東京 

117.川崎英生、熊谷文孝、濱崎望、佐藤秀二、堀正明、青木茂樹 .Synthetic MRI 及び従来法での T1 

値 , T2 値の比較検討 ,第 43回日本磁気共鳴医学会大会,2015 年 9月,東京 

118.鎌形康司、波田野琢、鶴田航平、奥住文美、堀正明、鈴木通真、下地啓五、濱崎望、佐藤秀二、

上田亮、服部信孝 、青木茂樹 .拡散テンソル構造的ネットワーク解析を用いたパーキンソン病

における脳内ネットワーク変容 の解,第 43回日本磁気共鳴医学会大会,2015年 9月,東京 

119. 加藤悦郎、藤本進一郎、松森理枝、Rani Bhivasankar 、隈丸加奈子 、川口裕子、高村和久、

Frank J Rybicki、Dimitrios Mitsouras.Evaluation of 64-Multidetector Row CT Angiography 

Transluminal Attenuation Gradient for the Detection of Significant Coronary Artery 

Disease,Determined by Fractional Flow Reserve,第 24回日本心血管インターベンション学

会,2015 年 7月,福岡 

120.中澤美咲、鶴田航平、堀正明、萩原彰文、高野直、熊谷文孝、濱崎望、佐藤秀二、川崎英生、

鎌形康司、吉田茉莉子、村田渉、上田亮、青木茂樹 、妹尾淳史.Synthetic MRの使用経験

 Advanced CT・MR 2015,2015 年 6月,軽井沢 

121.上田亮、鶴田航平、堀正明、錦織瞭、鎌形康司、神谷昂平、下地啓五、吉田茉莉子、萩原彰文、

熊谷文孝、中澤美咲、村田渉、青木茂樹、妹尾淳史.パーキンソン病患者と健常者の拡散テン

ソルを用いた connectomeの比較,Advanced CT・MR 2015,2015 年 6月,軽井沢 

122.髙野直、鈴木通真、佐藤秀二、濱崎望、川崎英生、芳士戸治義、山本宗孝、堀正明、大石英則、

青木茂樹 .Silent MRA における 2種類の頭蓋内ステントの信号強度比の変化,Advanced CT・MR 
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2015,2015 年 6月,軽井沢 

123.神谷昂平、鈴木雄一、田中将太 、武笠晃丈、堀正明、森墾、國松聡、青木茂樹、大友邦.腫瘍

周囲の T2WI高信号域における、DKI・NODDI 定量値の初期検討：腫瘍浸潤 vs血管原性浮腫,第

74回日本医学放射線学会総会,2015 年 4月,横浜 

124.Ryusuke Irie, Michimasa Suzuki, Munetaka Yamamoto, Nao Takano, Yasuo Suga, Masaaki Hori, 

Koji Kamagata, Mariko Yoshida, Hidenori Oishi, Shigeki Aoki.Magnetic resonance 

angiography using silent scan after stent-assisted coil embolization for posterior 

circulation aneurysms,第 74回日本医学放射線学会総会,2015 年 4月,横浜 

125.隈丸加奈子, Saboo S, Cai T, Gonzalez-Quesada C, George E, Hussain Z, Dunne R, Bedayat 

A, Aghayev A, Wake N, Imanzadeh A, Bhivasankar R, Hunsaker AR, Rybicki FJ.包括的 CT 所

見に基づいたスコアリングによる肺塞栓後の死亡予測,第 74回 日本医学放射線学会総会,2015

年 4月,横浜 

126.隈丸加奈子, Hiraku Kumamaru, Brian T. Bateman, Jun Liu, Laurence D. Higgins, Frank J. 

Rybicki, Elisabetta Patorn.米国大規模入院データベースを用いた股／膝関節置換術後の肺

塞栓 CT 利用のばらつきの解析,第 74回日本医学放射線学会総会,2015 年 4月,横 

  浜 

127.隈丸加奈子, Hiraku Kumamaru, Brian T. Bateman, Jun Liu, Laurence D. Higgins, Frank J. 

Rybicki, Elisabetta Patorn.米国大規模入院データベースを用いた股／膝関節置換術後の肺

塞栓 CT 利用のばらつきの解析,第 74回 日本医学放射線学会総会,2015 年 4月,横浜 

128.隈丸加奈子, Cai T, Mitsouras D, Imanzadeh A, George E, Schultz K, Grant GT, Liacouras 

PC,  Steigner M, Bueno E, Pomahac B, Rybicki FJ,顔面骨 CT の 3D プリンティングにおけ

る被ばく低減と逐次近似法の検討,第 74回 日本医学放射線学会総会,2015年 4月,横浜 

129.隈丸加奈子, Bedayat A, Bhivasankar R, Cai T, George E, Imanzadeh A, Hussain Z, Dunne 

R, Hunsaker AR, Rybicki FJ.肺塞栓 CT レポート内の診断の曖昧さと患者アウトカムの関連

解析,第 74回 日本医学放射線学会総会,2015 年 4月,横浜 

 

２０１４年グループ（１） 

130.上窪裕二、坂入伯駿、田端俊英、櫻井隆 .アデノシン A1受容体と代謝型グルタミン酸受容体の

複合体形成と機能的相互作用,第 131回日本薬理学会関東部会,2014 年 10月,横浜 

131.村山尚、呉林なごみ、山澤徳志子、小山田英人、鈴木純二、金丸和典、小口勝司、飯野正光、

櫻井隆 .1型リアノジン受容体における中央領域疾患変異体の機能解析,第 131回日本薬理学会

関東部会,2014 年 10月,横浜 

132.上窪裕二、櫻井隆 .海馬スライス培養系を用いた βセクレターゼ活性の解析,第 35回日本神経

科学大会,2014 年 9月,横浜 

133.高杉展正、新家瑠奈、上窪裕二、櫻井隆 .APP-βCTF に特異的に結合するエンドソーム蛋白質

の解析,第 87回日本薬理学会年会,2014 年 3月,仙台 

134.村山 尚，呉林なごみ，山澤徳志子，小山田英人，鈴木純二，金丸和典，竹森 重，小口勝司，

飯野正光，櫻井隆 .1型リアノジン受容体 N末疾患変異はカルシウムチャネル活性に多様な影

響を及ぼす,第 87回日本薬理学会年会,2014 年 3月,仙台 

135.上窪裕二, 櫻井隆 .アデノシン A1受容体と代謝型グルタミン酸受容体の相互作用による小脳シ

ナプス可塑性の制御,第 87 回日本薬理学会年会,2014 年 3月,仙台 

136.村山尚，呉林なごみ，山澤徳志子，小山田英人，鈴木純二，金丸和典，竹森重，小口勝司，飯

野正光，櫻井隆 .1型リアノジン受容体チャネルに対する N末疾患変異の効果,第 91回日本生

理学会大会,2014年 3月,鹿児島 

137.Murayama T, Kurebayashi N, Yamazawa T, Oyamada T, Takemori T, Oguchi K, Sakurai T.Effects 

of amino-terminal disease-associated mutations on the CICR activity of RyR1 

channel.,Biophysical Society 58th Annual Meeting,2014年 2月,San Francisco, CA, USA 

138.佐藤栄人、小池正人、舩山学、金井数明、新井公人、内山安男、服部信孝 .遺伝子パーキンソ

ン病 PARK9(ATP13A2)の分子機構とリソソームの障害,第 55回日本神経学会,2014 年 5月,福岡 

139.佐藤 栄人, 服部信孝 .パーキンソン病の発症メカニズムと相互関連 遺伝性パーキンソン病と

ミトコンドリア品質管理の破綻,これまでの展開と今後の課題,第 8回パーキンソン病・運動障
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害疾患コングレス,2014年 10月,京都 

140.佐藤栄人.オートファジー欠損マウスはパーキンソン病のモデルとなりうるか、セッション７

生理・病態（３）,第 8回オートファジー研究会、第 2回新学術「オートファジー」班会議,2014

年 11月,札幌 

141.内山安男 .神経系におけるオートファジー,第５５回日本組織細胞化学会総会シンポジウ

ム,2014 年 9月,松本 

142.内山安男 ,オートファジーと認知症 特別講演,第２０回近畿老年期認知症研究会,2014年 7月,

大阪 

**143. 内山安男 .リソソーム蓄積症とオートファジー. 学術教育講演,第１１９回日本解剖学会総

会•全国学術集会,2014 年 3月,栃木 

144.内山安男 .神経細胞の極性とオートファジー,第１９回グリアクラブ特別講演,2014年 2月,新

潟 

 

２０１４年グループ（２） 

145.Masakazu Miyajima.Clinical complexity of hydrocephalus and parkinsonism: Optimal 

balance between medical and surgical management ,4th Asian and Oceanian Parkison's 

Disease and Movement Disorders Congress,2014年 11月,Pattaya 

146.Masakazu Miyajima.Long-term outcome in patients with idiopathic normal-pressure 

hydrocephalus treated with lumbo-peritoneal shunt: a multicentre prospective study 

(SINPHONI-2),Hydrocephalus 2014,2014 年 9月,Bristol 

147.Satoshi Adachi, Akihide Kondo.髄芽腫における MGMT メチル化解析,日本脳腫瘍学会,2014 年

11月,千葉 

148.Tomoko Kurimoto, Akihide Kondo.O6-methylguanine-DNAmethyltransferase (MGMT) in 

medulloblastomaInternational Symposium on Pediatric Neuro-Oncology,2014 年 6

月,Singapore 

149.Kazusaku Kamiya, Keiko Karasawa, Asuka Miwa, Osamu Minowa, Megumi Funakubo1, Katsuhisa 

Ikeda."The activation of stem cell homing factors highly induce the cochlear invasion 

of bone marrow mesenchymal stem cells.Association for Research in Otolaryngology (ARO), 

37th MidWinter Meeting,2014 年 2月,米国サンディエゴ 

150.Risa Nonaka, Takafumi Iesaki, Susana de Vega, Yoshihiko Yamada, Eri Arikawa-Hirasawa.The 

role of the extracellular matrix protein Perlecan in the arterial wall,Experimental 

Biology ,2014 年 5月,San Diego CA USA 

151.Eri Arikawa-Hirasawa .Role of Perlecan in Neurogenesis and Ageing Gordon Research 

Conference on proteoglycan ,2014 年 7月,New Hampshire, USA 

152. Risa Nonaka, Takafumi Iesaki, Susana de Vega., Aurerien Kerever, Yoshihiko Yamada, Eri 

Arikawa-Hirasawa.Perlecan-deficient Mutation Impairs Homeostasis and Wound Healing in 

Mouse Corneal Epithelium,Gordon Research Conference on proteoglycan ,2014 年 7月,New 

Hampshire, USA 

153.Takenori Inomata, Toru Matsunaga, Nobuyuki Ebihara, Akira Murakami, Eri 

Arikawa-Hirasawa.Gordon Research Conference on proteoglycan ,2014 年 7月,New Hampshire, 

USA 

154. 平澤恵理 、岩田哲、野中里紗、服部信孝、中田智彦、伊藤美佳子、大野欽司.Schwartz-Jampel

症候群の原因遺伝子、パールカンの機能部分欠損変異の機能解析 ,第 55回日本神経学会学術

大会,2014 年 5月,福岡 

155.野中里紗、家崎貴文、Susana de Vega、Aurelien Kerever、山田 吉彦、平澤（有川）恵理 .

大動脈構造や機能におけるパールカンの役割,第 46回日本結合組織学会・第 61回マトリック

ス研究会合同学術集会,2014 年 6月,名古屋 

 

２０１４年グループ（３） 

156.Suda Y, Kumano H, Uka T.LIP neurons accumulate relevant information depending on task 

demand,第 37回日本神経科学大会,2014 年 9月,横浜 
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２０１３年グループ（１） 

157.佐藤栄人、里 史明、松井秀彰、小池正人、金井数明、斉木臣二、舩山 学、武田俊一、内山

安男、高橋良輔、服部信孝 .若年発症パーキンソン病原因遺伝子産物 ATP13A2 の機能解析,第

54回日本神経学会学術大会,2013 年 5月,東京 

158.佐藤栄人、服部信孝 .ATP13A2(PARK9)の機能解析,第 54回日本神経学会総会,2013年 5月,東京 

159.佐藤栄人、服部信孝 .ATP13A2 ノックアウトマウスの機能解析 神経変性班 班会議(中野

班),2013 年 12月,東京 

160.佐藤栄人,服部信孝 .PARK9(ATP13A2)の分子病態とリソソームの障害,神経変性疾患に関する調

査研究班,平成 25年度 班会議,2013年 12月,東京 

161.佐藤栄人、服部信孝 .遺伝性パーキンソン病とオートファジーリソソームの障害,第 129回日本

薬理学会関東部会,2013年 10月,東京 

162.佐藤栄人、服部信孝 .遺伝性パーキンソン病とミトコンドリア品質管理の障害,世界生物学的精

神医学会国際会議,2013年 6月,京都 

163.内山安男 .ロテオリシスによる生体制御：極性のあるニューロンへのリソソソーム／オートフ

ァゴソームの局在について,第 133年会日本薬学会シンポジウム,2013 年 3月,横浜 

164.上窪裕二、櫻井 隆 .海馬スライス培養標本を用いたβ-セクレターゼ機能の評価,第 128回日

本薬理学会関東部会,2013 年 7月,東京 

165.上窪裕二、櫻井 隆 .海馬切片培養標本を用いた β-セクレターゼの解析,第 36回日本神経科学

大会 Neuro2013,2013 年 6月,京都 

166.坂入伯駿,上窪裕二,櫻井 隆 .異種 GPCR間の相互作用による神経伝達の制御,第 90回日本生理

学会大会,2013 年 3月,東京 

167.村山尚、呉林なごみ、小山田英人、鈴木純二、金丸和典、小口勝司、飯野正光、櫻井隆 .1型

リアノジン受容体チャネルに対する疾患変異の多様な効果,第 86回日本薬理学会,2013年 3月,

福岡 

168.樫山拓、上窪裕二、櫻井 隆 .切断端認識抗体を用いたニューレグリン 1の BACE1 切断依存的細

胞間シグナル伝達の解析,第 86回日本薬理学会年会,2013年 3月,福岡 

169.上窪裕二、櫻井 隆 .海馬切片培養標本を用いたアミロイドβ産生の評価 ,第 86回日本薬理

学会年会,2013 年 3月,福岡 

170.坂入伯駿, 上窪裕二, 櫻井隆 .GPCR 複合体形成によるシグナル伝達制御,第 129回日本薬理学

会関東部会,2013年 10月,東京 

 

２０１３年グループ（２） 

171.河野春奈、伊藤敬孝、金井富三夫、中村衣理、多田昇弘、小林敏之、樋野興夫 .Ekerラット ES

細胞および iPS細胞による腎癌発生メカニズムの解析,第 101泌尿器科学会総会,2013 年 4月,

札幌 

172.伊藤敬孝、河野春奈、金井富三夫、中村衣里、多田昇弘、新井一、小林敏之、樋野興夫 .Tsc2

欠損ラット ES細胞を用いた mTOR経路関連神経疾患の病態解明,老研発表会,順天堂大学, 2013

年 2月,東京 

173.Akihide Kondo.The seeking of the stem cell characters in oligo-glial tumors,The 

Neuro-Oncology Symposium ,2013 年 9月,Taiwan 

174.近藤聡英.Oligo-glial tumorにおける Tumor stem cell.,第 22回 J.K.W フォーラム,2013 年 4

月,東京 

175.Masakazu Miyajima.Leucine-rich α-glicoprotein (LRG) is a novel biomarker of 

neurogenerative disease in human cerebrospinal fluid and causes neurodegeneration in 

mouse cerebral cortex.,Hydrocephalus 2013,2013年 6月,Athens 

176.Kamiya K, Karasawa K, Osamu Minowa, Ikeda K.Connexin26 mutations that cause hereditary 

deafness lead to macromolecular complex degradation of cochlear gap junction 

plaques,Association for Research in Otolaryngology (ARO),36th MidWinter Meeting, 2013

年 2月,米国,ボルチモア 

177.宮嶋雅一.髄液の産生と吸収の再考,日本脳神経外科学会,第７２回学術総会,2013 年 10月横浜 
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178.Masakazu Miyajima.Leucine-rich α2-glycoprotein (LRG) is a novel biomarker of 

neurogenerative disease in human cerebrospinal fluid and causes neurodegeneration in 

mouse cerebral cortex.,Hydrocephalus 2013,2013年 7月,Athens 

179.Masakazu Miyajima.Guideline for management of iNPH and results of Japan Shunt Registry.,

韓国機能脳神経外科学会,2013 年 3月,釜山 

180.Mario Suzuki, Akihide Kondo.Oligodendroglial tumorsにおける腫瘍幹細胞と遺伝子変異の

関係,日本脳腫瘍学会,2013 年 11月,広島 

181."神谷和作,美野輪治,池田勝久 .幹細胞ホーミング分子機構を応用した効率的内耳細胞治療法

の開発,第 23回 日本耳科学会学術集会,2013 年 11月,宮崎市 

182.Kazusaku Kamiya, Keiko Karasawa, Takashi Anzai, Kana Harada, Kazuma Kobayashi, Osamu 

Minowa, Katsuhisa Ikeda.Cell therapy for hereditary deafness with bone marrow 

mesenchymal stem cell and the activation of stem cell homing.,国際幹細胞学会 

(ISSCR),2013 年 9月,イタリアフィレンツェ" 

183.Kazusaku Kamiya, Keiko Karasawa, Takashi Anzai, Kana Harada, Kazuma Kobayashi, Osamu 

Minowa, Katsuhisa Ikeda.Cell therapy for hereditary deafness with bone marrow 

mesenchymal stem cell and the activation of stem cell homing.,50th Inner Ear Biology 

Workshop,2013 年 9月,スペインマドリッド 

184.野中里紗、家崎貴文、Susana de Vega、山田吉彦、平澤（有川）恵理 .ヘパラン硫酸プロテオ

グリカン、パールカンの内皮依存性血管拡張における役割,第 36回日本分子生物学会年会,2013

年 12月,神戸 

185.Arikawa-Hirasawa E, Douet V, Alarcon VB, Kerver A, Mercier F,.Fractone niche for 

neuroepithelial and neural stem cell proliferation,Society for Neuroscience annual 

meeting,2013 年 11月,San Diego CA USA 

186. Kerver A , Yamada Y, Nonaka R, Mercier F, Arikawa-Hirasawa E.Age-related alteration 

of extracellular matrix in the subventricular zone of the lateral ventricles.,Society 

for Neuroscience annual meeting Society for Neuroscience annual meeting ,2013年 11月,San 

Diego CA USA 

187.Susana de Vega, Nobuharu Suzuki, Risa Nonaka, Takako Sasaki, Patricia Forcinito, 

Yoshihiko Yamada, Eri Arikawa-Hirasawa .Interaction of the C-terminal region of 

fibulin-7 with endothelial cells: a potential role in angiogenesis ,36th MBSJ ,2013

年 12月,神戸 

 

２０１３年グループ（３） 

188.Suda Y, Kumano H, Uka T.Dynamics of sensory information accumulation in LIP during task 

switching.,43rd Annual Meeting of the Society for Neuroscience, San Diego, CA, USA,2013

年 11月,San Diego, CA, USA 

189.Kumano H, Uka T.Characteristics of trial-to-trial spike count variability in MT neurons 

are consistent with bottom-up components of decision related response 

modulation.,Neuroscience 2013,2013 年 11月,San Diego 

190.Suda Y, Kumano H, Uka T.Dynamics of sensory information accumulation in LIP during task 

switching.,Neuroscience 2013,2013 年 11月,San Diego 

191.Uka T.Studying flexible decision making using perceptual decisions.The 9th Asia-Pacific 

conference on vision,2013 年 7月,Suzhou, China 

192.Kumano H, Uka T.Is decision related response modulation of sensory neurons due to 

bottom-up or top-down signal?: Analysis of trial-to-trial spike count variability in 

MT neurons.,第 36回日本神経科学大会,2013 年 6月,京都 

193.Konishi S.Neural mechanisms of memory retrieval revealed by fMRI,第 36回日本神経科学

大会,2013 年 6月,京都 

194.Kumano H, Uka T.Characteristics of trial-to-trial spike count variability in MT neurons 

are consistent with bottom-up components of decision related response modulation.,43rd 

Annual Meeting of the Society for Neuroscience,2013年 11月,San Diego, USA 
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195.Kumano H, Uka T.Is decision related response modulation of sensory neurons due to 

bottom-up or top-down signal?: Analysis of trial-to-trial spike count variability in 

MT neurons.,第 36回日本神経科学大会,2013 年 6月,京都 

 

２０１２年グループ（１） 

196.石川景一, 斉木臣二, 今道洋子, 佐藤栄人, 河尻澄宏, 李元哲, 服部信孝 .ペリー症候群の原

因遺伝子産物ダイナクチンの機能解析 ,第 53回日本神経学会学術大会,2012 年 5月 ,東京 

197.Imai Y, Shiba-Fukushima K, Yoshida S, Ishihama Y, Hattori N,PINK1-mediated 

phosphorylation of the Parkin ubiquitin-like domain primes mitochondrial translocation 

of Parkin: an initial step of mitophagy.,第 35回日本分子生物学会年会 ワークショップ 

「オートファジーによる分解の諸相」,2012 年 12月,福岡 

198.Imai Y.PINK1-mediated phosphorylation of the Parkin ubiquitin-like domain primes 

mitochondrial translocation of Parkin and regulates mitophagy,The 17th Takeda Science 

Foundation Symposium on Bioscience, 2012 年 12月,大阪 

199.江口博人、今泉美佳、坂口勇ケネス、佐藤栄人、舩山学、柴佳保里、斉木臣二、波田野琢、久

保紳一郎、永松信哉、服部信孝 .Parkinノックアウトマウスにおける分泌異常の検討,第 6回

パーキンソン病・運動障害疾患コングレス(MDSJ),2012 年 10月,京都 

200.Eguchi Hiroto, Ohara-Imaizumi M, Tsukaguchi K, Sato S, Funayama M, Saiki S, Hatano T, 

Kubo S, Nagamatsu S, Hattori N.Parkin dysfunction results in defective 

depolarization-induced exocytosis and reorganization of the cytoskeleton,16th 

International Congress of Parkinson’s Disease and Movement Disorder,2012年 6月,Dublin, 

Ireland 

201.Yasuo Uchiyama.Characteristic differences between Purkinje cells specifically deficient 

in cathepsin D and Atg7 ,6th International Symposium on Autophagy （招待講演）,2012

年 10月,沖縄 

202.Yasuo Uchiyama.Imaging of intracellular organelles with special reference to the 

lysosome in neurons and its loss of function.,In: Japan-Korea Information Exchange 

Program on Technologies of Analysis 2012 （招待講演）,2012 年 9月,幕張 

203.Yasuo Uchiyama.Hyaluronan tetrasaccharide rescues hippocampal pyramidal neuron death 

after hypoxic-ischemic injury.,14th International Congress of Histochemistry and 

Cytochemistry（招待講演）,2012 年 8月,京都 

204.内山安男 .リソソーム蓄積症とオートファジー,蛋白研セミナー「神経疾患の克服に向けて」（招

待講演）,2012 年 3月,大阪 

205.Yasuo Uchiyama.Cell death and autophagy.,Opening Lecture in XXII International Symposium 

on Morphological Sciences （招待講演）,2012年 2月,Sau Paolo,Brasil 

206.樫山拓、上窪裕二、櫻井 隆 .切断端特異的抗体を用いた BACE1依存的ニューレグリン 1切断に

よる細胞間シグナル伝達の解析,第 127回日本薬理学会関東部会,2012 年 10月,東京 

207.村山 尚、大田啓貴、櫻井 隆 .ダイニンアダプターBicaudal-D2の細胞周期依存的核膜局在の

分子機構 ,第 50回日本生物物理学会年会,2012 年 9月 ,名古屋 

208.上窪裕二、櫻井 隆 .mGluR1-アデノシン A1受容体相互作用とシグナル・クロストーク,第 35回

日本神経科学大会,2012年 9月,愛知 

209.村山尚、呉林なごみ、大羽利治、小山田英人、小口勝司、櫻井隆、小川靖男.１型リアノジン

受容体の S4-S5リンカーはチャネルゲーティングを調節する,第 89回日本生理学会大会

 ,2012年 3月,松本 

210.上窪裕二,櫻井 隆 .アデノシン A1受容体と 1型代謝型グルタミン酸受容体の複合体形成による

シグナル・クロストーク,第 85回日本薬理学会年会,2012年 3月,京都 

211.村山尚、呉林なごみ、大羽利治、小山田英人、小口勝司、小川靖男、櫻井隆 .１型リアノジン

受容体 S4-S5リンカーはチャネルゲーティングを調節する,第 85回日本薬理学会年会,2012 年

3月,京都 

212.樫山拓、櫻井隆 .BACE1 依存的ニューレグリン 1切断による隣接細胞間シグナル伝達の切断端

抗体を用いた解析,第 85回日本薬理学会年会,2012 年 3月,京都 
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213.Murayama T, Kurebayashi N, Oba T, Oyamada H, Oguchi K, Sakurai T, Ogawa Y.Role of 

amino-terminal half of the S4-S5 linker in the RyR1 channel gating.,Biophysical Society 

56th Annual Meeting ,Feb, 2012,San Diego 

214.de Vega S, Arikawa-Hirasawa E, Yamada Y.Fbln7-d3, a fragment of the ECM protein fibulin-7, 

a potential inhibitor of Angiogenesis.,45th JSDB- 64th JSCB Meeting (Japanese Society 

for Developmental Biology & Cell Biology Joint Meeting,2012年 5月 Kobe Japan 

215.Kerever A, Mercier F, Oda Y and Arikawa-Hirasawa E.Perlecan is necessary for the 

maintenance of CD133 expressing neural stem cells in the subventricular zone.,the 

International Society for Stem Cell Research (ISSCR) 10th Annual Meeting,2012 年 6

月,Yokohama, Japan 

216.Mercier F, Douet V ,Arikawa-Hirasawa E.Heparan sulfate connective tissue niche for the 

regulation of stem cell proliferation in the adult brain,International Society for Stem 

Cell Research (ISSCR) 10th Annual Meeting ,2012年 6月,Yokohama, Japan 

217.Risa Nonaka, Takafumi Iesaki, Susana de Vega, Yoshihiko Yamada, Eri 

Arikawa-Hirasawa.Role of perlecan, a heparan  sulfate proteoglycan, in aortic 

endothelial cell activity in response to arterial tension in vitro,35th MBSJ ,2012 年

12月,Fukuoka Japan 

218.Kerever A, De Vega S, Nonaka R, Mercier F, Oda Y and Arikawa-Hirasawa E.Perlecan is an 

essential component of the neurogenic niche. ,35th MBSJ ,2012年 12月,Fukuoka Japan 

219.Ning L, Kurihara H, Ichikawa-Tomikawa N, Yamada Y, and Arikawa-Hirasawa E.Laminin α1 

deficiency causes abnormal increase in mesangial cell proliferation and matrix 

production,35th MBSJ ,2012 年 12月,Fukuoka Japan 

220.Nakazawa N, Miyahara K, Okawada M, Liu Y, Akazawa C, Yamataka A, Arikawa-Hirasawa 

E.Laminin-1 promotes neuronal development in mouse embryonic gut.,XXVth International 

Symposium on Paediatric Surgical Research,2012年 9月,London, UK 

221.河野春奈、伊藤敬孝、金井富三夫、中村衣里、高井節夫、多田昇弘、樋野興夫 .Generation and 

analysis of Tsc2-deficient rat embryonic stem cells., 第 35回日本分子生物学会年会,2012

年 12月,福岡 

222.伊藤敬孝、河野春奈、高井節夫、新井一、小林敏之、樋野興夫 .Ekerラットからの Tsc2欠損

型杯性幹細胞の樹立,第 71 回日本癌学会学術総会,2012 年 9月,札幌 

223.伊藤敬孝、河野春奈、金井冨三夫、多田昇弘、小林敏之、樋野興夫 .Elucidation of pathogenesis 

using Tsc2-deficient rat embryonic stem cells.,文部科学省科学研究費補助金 新学術領

域 「がん研究分野の特性等を踏まえた支援活動」,平成 24年度がん若手研究者ワークショッ

プ,2012 年 9月,長野 

224.鈴木まりお、近藤聡英.Oligodendroglial tumorsにおける腫瘍幹細胞と遺伝子変異の関係,第

30回日本脳腫瘍学会,2012 年 11月,広島 

225.Akihide Kondo.The molecular biological comparisons between original, recurrent tumors, 

and primary culture cells from Atypical Teratoid / Rhabdoid Tumor,International 

Pediatric Neuro-Oncology meeting,2012 年 6月,Toronto,Canada 

226.安田肇.3D image analysis of the bone marrow extracellular matrix,第 74回日本血液学

会,2012 年 10月,京都 

227.Kamiya K, Karasawa K, Osamu Minowa, Ikeda K.Connexin26 mutations that cause hereditary 

deafness lead to macromolecular complex degradation of cochlear gap junction plaque,EMBO 

meeting2012,2012 年 9月,フランス,ニース 

228.神谷和作、美野輪治、池田勝久 .遺伝子改変難聴モデル動物による内耳細胞治療法の開発,第

22回日本耳科学会シンポジウム,2012 年 10月,名古屋 

229.神谷和作、池田勝久 . 遺伝子改変難聴モデル動物による内耳細胞治療法の開発,第 74回耳鼻咽

喉科臨床学会シンポジウム,2012年 7月,東京 

230.Kazusaku Kamiya, Miho Muraki, Kana Ogawa, Katsuhisa Ikeda.Cell therapy for hereditary 

hearing loss with stem cell homing factors,第 85回日本薬理学会シンポジウム講演,2012

年 3月,京都 
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231.Kumano H, Uka T.Contribution of spatial summation properties within receptive field to 

the apparent contraction of receptive field size of MT neurons when presented with noise,

第 35回日本神経科学大会,2012年 9月,名古屋 

232.Saruwatari M, Uka T, Kitazawa S.Pre-saccadic shifts of receptive fields in medial 

superior temporal area neurons. ,第 35回日本神経科学大会,2012 年 9月,名古屋 

 

２０１１年グループ（１） 

233.Yasuo Uchiyama.Ischemic neuron death and autophagy.,Opening Lecture in 10th Japan-China 

Joint Meeting of Histochemistry and Cytochemistry,2011年 10月,北京 

234.村山尚、呉林なごみ、大羽利治、小山田英人、小口勝司、小川靖男、櫻井隆 .１型リアノジン

受容体チャネルゲーティングにおける S4-S5リンカーの役割,第 125回日本薬理学会関東部

会,2011 年 10月,船橋 

235.上窪裕二，藤田洋介，下村岳司，宮島隆彰，田端俊英，袋谷賢吉，狩野方伸，櫻井 隆 .アデノ

シン A1受容体と代謝型グルタミン酸受容体の相互作用による小脳 LTDの 調節,第 34回日本神

経科学大会(Neuroscience2011),2011 年 9月,横浜 

236.長谷川麻衣子、高橋良佳、鈴木尚生子、櫻井 隆、稲田英一.PPAR-γアゴニスト rosiglitazone

のマクロファージを介した鎮痛効果,日本麻酔科学会第 58回学術集会,2011年 5月,神戸 

237.鈴木尚生子、長谷川麻衣子、櫻井 隆、稲田英一.糖尿病性ニューロパチーにおけるリドカイン

のミクログリアを介した鎮痛効果,日本麻酔科学会第 58回学術集会,2011年 5月,神戸 

 

２０１１年グループ（２） 

238.Kamiya K, Muraki M, Ogawa K, IKEDA K.Cochlear Gap Junction Plaque is Disrupted by 

connexin26 Mutation,48th Inner Ear Biology Workshop2011,2011年 9月,ポルトガルリスボ

ン 

239.Kamiya K, Muraki M, Ogawa K, IKEDA K.Cochlear Gap Junction Plaque is Disrupted by 

connexin26 Mutation,EMBO meeting2011 ,2011 年 9月,オーストリア,ウイーン 

240.神谷和作、池田勝久 .コネキシン２６遺伝子変異による蝸牛ギャップ結合プラークの崩壊,第

21回日本耳科学会総会・学術講演会,2011 年 6月,沖縄 

241.神谷和作、村木美帆、小川佳奈、池田勝久 .コネキシン 26変異による内耳ギャップ結合プラー

クの崩壊-遺伝性難聴の新規分子病態,第 63回日本細胞生物学会,2011 年 6月,札幌 

242.神谷和作、池田勝久 .コネキシン２６遺伝子欠損マウスにおける蝸牛ギャップ結合プラークの

解析,第 112回日本耳鼻咽喉科学会総会・学術講演会,2011年 5月,京都 

 

２０１１年グループ（３） 

243.Saruwatari M, Uka T, Kitazawa S.Temporo-spatial dynamics of perisaccadic directional 

selectivity in areas MT and MST of the macaque monkey revealed by motion reverse 

correlation.,41st Annual Meeting of the Society for Neuroscience,2011年 11月,Washington, 

DC, USA 

244.Saruwatari M, Uka T, Kitazawa S.Temporo-spatial dynamics of perisaccadic directional 

selectivity in the medial temporal area of the macaque monkey: application of a motion 

reverse correlation method,第 34回日本神経科学大会,2011 年 9月,横浜 

245.Mitani A, Oizumi M, Sasaki R, Uka T.A bounded leaky integrator model can explain 

variations in reaction time during task switching.,第 34回日本神経科学大会,2011 年 9

月,横浜 

246.Kumano H, Uka T.Transfer of choice-related response modulation across visual fields 
during learning of a depth-discrimination task.,第 34回日本神経科学大会,2011 年 9月,

横浜 
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＜研究成果の公開状況＞（上記以外） 

シンポジウム・学会等の実施状況、インターネットでの公開状況等 

＜既に実施しているもの＞ 

第 1回 公開シンポジウム 

細胞・脳機能研究の融合による神経疾患診断・治療法開発拠点の形成 

日時 平成２３年１０月１３日（木） 

場所 順天堂大学老人性疾患病態・治療研究センター１０号館１階 カンファレンスルーム 

拠点概要  

順天堂大学神経機能構造学・教授 内山安男 細胞品質管理機構とその破綻 

順天堂大学分子病理病態学・教授 樋野興夫 細胞の分化・増殖・幹細胞性 

順天堂大学神経学・教授 服部信孝 加齢・認知・発達障害の脳画像解析 

 

細胞機能、脳機能研究の現状  

慶應義塾大学生理学教室・教授 岡野栄之 

京都大学再生医学研究所・教授 長澤岳司  

東京大学精神神経科・教授 笠井清登  

大阪大学生命機能研究科・教授 北澤茂 

東京都臨床医学総合研究所・所長 田中啓二  

 

2. 第 41回日本耳鼻咽喉科感染症研究会・第 35回日本医用エアロゾル研究会（会長:池田勝久）2011

年 9月 2日～3 日 

3. 第 74回 耳鼻咽喉科臨床学会総会・学術講演会（会長:池田勝久）2012年 7月 5日～6日 

4. 第 31回耳鼻咽喉科ニューロサイエンス研究会（会長:池田勝久、事務局長：神谷和作）2013 年

8 月 24 日 

5. 第 14回日本在宅医学大会・第 16回日本在宅ケア学会学術集会（会長：服部信孝・脳神経内科）

2012 年 3月 17、18日、東京 

6. 第 5回順天堂・東京女子医大ジョイントカンファレンス（JJJC）（会長：服部信孝・脳神経内科）、

順天堂大学、2012年 4月 10日、東京 

7．プレスリリース、2012 年 12 月 19 日 9：00、文部科学省にてプレスリリース、若年性パーキン

ソン病の原因遺伝子である Parkin と PINK1の解析から、同疾患の発症に関わる新規メカニズム

を発見。2012 年 12月 19日 19:00、日経バイオテクオンラインに掲載 （脳神経内科） 

8. 第 129 回日本薬理学会関東部会（部会長：櫻井 隆）シンポジウム：神経変性疾患の新たな治療

戦略と創薬 

9.「遺伝性パーキンソン病の分子病態を基盤としたバイオマーカーの開発」順天堂大学医学部神経

学講座 佐藤 栄人、平成 25年 10月 19日、 順天堂大学本郷キャンパス 

10．第 43 回日本磁気共鳴医学会大会（大会長：青木茂樹）国際シンポジウム： 神経・精神疾患

の定量評価とバイオマーカ（仮題） 

11．International Symposium on Mitochondria 2013, The 13th Conference of Japanese Society 

of Mitochondrial Research and Medicine (J-mit), Chairman: Nobutaka Hattori, 

Dept.Neurology, Roppongi Academyhills 49, Nov 6-7, 2013, Tokyo Japan 

12．Nobutaka Hattori; Advisory board, The 9th International Congress on Mental Congress on 

Mental Disorders & other Non-Motor features in Parkinson's Disease and Related Disorders, 



（様式 2） 
 

法人番号 131025 
プロジェクト番号 S1101009 

 
Seoul, Apr 18, 2013, Korea 

http://www2.kenes.com/mdpd/Pages/Home.aspx 

13．服部信孝；開会・閉会の辞、総合司会、市民公開フォーラム、明日のために知っておきたいパ

ーキンソン病治療の今、よみうりホール、2013 年 4月.28日、東京 

14．服部信孝；新聞掲載、手足震え、動作鈍くなるパーキンソン病－薬工夫で生活の質向上、朝日

新聞 2013年 9月 10日朝刊,ｐ34生活面 

15． Nobutaka Hattori; President & Symposium Chairperson, International Symposium on 

Mitochondria 2013, The 13th Conference of Japanese Society of Mitochondrial Research 

and Medicine (J-mit),  Roppongi Academyhills 49, Nov 6-7, 2013, Tokyo Japan 

http://www.j-mit.org/sub6-kako.html（ミトコンドリア学会ホームページ・過去の学術集会

より） 

16．服部信孝；パーキンソン病・最新治療のいま！、パーキンソン病と上手に付き合う、第 8回パ

ーキンソン病市民公開講座 in 会津、会津若松ワシントンホテル、  2014 年 6 月 15 日、会津

若松市 

17．服部信孝；TV シンポジウム- パーキンソン病とつきあう ～治療・リハビリ・生活環境～、

2014 年 9月 20日（土）、14:00-14:59放送、NHK Eテレ 

18．舩山学、服部信孝；プレスリリース、遺伝性パーキンソン病の原因遺伝子を新たに発見～ミト

コンドリア発の新しいパーキンソン病発症メカニズムを提唱～、文部科学省、2015 年 1 月 28

日、東京 

http://www.juntendo.ac.jp/graduate/pdf/news15.pdf 

19．服部信孝；講演、あきらめないパーキンソン病を目指して～いつまでも元気にいられるために

～、神経疾患ブレインバンク 第 14 回市民講演会、国立精神・神経医療研究センター ユニ

バーサルホール、2015 年 2月 8日、東京 

20．服部信孝；講演、市民公開講座、第 56 回日本神経学会学術大会 新潟学会学術大会、日報ホ

ール、2015 年 5月 21日、新潟  

21．服部信孝；顧問・講演、第 1 回日本パーキンソン病コングレス JPC、水戸京成テル、2015 年 6

月 24日～25 日、水戸 

http://www.juntendo-neurology.com/jpc/ 

22．Nobutaka Hattori; the Course Director, MDS-AOS Basic Scientists Summer school 2015, the 

Akihabara Convention Hall, Aug 6-8, 2015, Tokyo Japan 

    http://www.movementdisorders.org/MDS/Education/Past-Courses/Basic- 

Scientists-Summer-School-Tokyo.htm 

23．今居 譲、服部信孝. プレスリリース、晩発性パーキンソン病で神経変性がゆ 

っくり進行するメカニズムを解明、～細胞内輸送における LRRK2の役割～、順天大学、2015年

9月 11日、東京 

http://www.juntendo.ac.jp/graduate/pdf/news20.pdf 

http://www.asahi.com/and_M/information/pressrelease/CATP201573525.html 

24．Nobutaka Hattori; the Chairman, the 10th Annual GEoPD Meeting in 

 Tokyo,Roppongi Academyhills 49, Oct. 1-2, 2015, Tokyo Japan 

http://www.geopdtyo.org/index.html 

25．第 14 回日本正常圧水頭症学会（会長：宮嶋雅一・脳神経外科）2013年 2月 9日、東京 

26．日本脳神経外科学会第 73回学術総会（会長：新井 一・脳神経外科）2014年 1月 9日〜11日、

東京 
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27．第１回日本結節性硬化症学会、日時：平成 25年 11月 1日（金）場所：東京ガーデンパレスホ

テル、順天堂大学 病理・腫瘍学 教授 樋野興夫（学会長、理事長） 

28．第 2 回日本結節性硬化症学会、日時：平成 26 年 11 月 15 日（土）、場所：東京大学 、順天堂

大学 病理・腫瘍学 教授 樋野興夫（理事長） 

日本結節性硬化症学会ホームページ： 

http://jstsc.kenkyuukai.jp/special/index.asp?id=8468 

29. 43 回日本磁気共鳴医学会大会 2015年 9月 10－12日（東京） 

30. 脳 MRI 画像チュートリアル 2015年 1月（東京大学） 

31. 脳 MRI 画像チュートリアル・サテライトシンポジウム： 於第 35 回日本神経科学大会 2012

年 9月（名古屋） 

32. 第 27回 頭頚部放射線研究会 2014年 9月 27日（神戸） 

33. 2014 年 3月 4日日経産業新聞「遺伝性難聴の仕組みを解明 順天堂大など」 

34. 2014 年 3月 4日時事通信「遺伝性難聴の要因解明＝新薬開発に貢献期待―順天堂大など] 

35. 2014 年 3月 4日日経プレスリリース「順天堂大と理化学研究所、遺伝性難聴の原因メカニズム

を解明」  

36. 2014 年 6 月 19 日医療 NEWS QLifePro 2014 年 6 月 19 日「順天堂大 聴毛配列異常で高音が低

く誤認識される新聴覚障害を発見」 

37. 2014 年 7月 4日科学新聞 「高音が 2オクターブも低音に誤認識される 順天堂大 新しいタ

イプの聴覚障害を発見」 

38. 2015 年 4月 7日 NHKニュースおはよう日本 先天性難聴マウスで遺伝子治療成功 

39. 2015 年 4月 7日毎日新聞 遺伝子治療に道 順天堂大・理研、マウス実験成功 

40. 2015 年 4月 7日読売新聞 遺伝子治療で難聴予防 研究チーム、マウスで成功 

41. 2015 年 4月 12日日本経済新聞「遺伝子治療で難聴改善 順天堂大学などマウスで成功」 

42. 2015 年 5月 14日朝日新聞「遺伝性難聴のマウス 聴力を回復 順天堂大学」 

43. Nobutaka Hattori; Chair, MDS/Asian & Oceanian Section/MDS-AOS Officers(2015-2017), the 

International Parkinson and Movement Disorder Society  

http://www.movementdisorders.org/MDS/MDS-AOS-Officers-2015-2017.htm 

44．服部信孝；講演、市民公開講座「パーキンソン病の次世代治療」、第３３回日本神経治療学会

総会、名古屋国際会議場、2015年 11月 28日、名古屋 

45．佐藤栄人；講演、神経変性疾患の原因と治療、第 8 回平成 27 年度都医学研都民講座、一橋講

堂、平成 28年 2月 5日、東京 

http://www.metro.tokyo.jp/INET/BOSHU/2015/02/22p2j101.htm 

46.  服部信孝；パーキンソン病市民公開講座 in会津、2016年 6月 5日、会津若松市 

47. 第 8回日本水頭症脳脊髄液学会(会長：宮嶋雅一・脳神経外科)2015年 11月 22日 

48．第 3 回 日本結節性硬化症学会、日時：平成 27 年 11 月 17 日（土）場所：JR 東京総合病院、

順天堂大学 病理・腫瘍学 教授 樋野興夫（理事長） 

49. ホームページ： 

http://www.juntendo.ac.jp/graduate/laboratory/labo/shinkei/index.html（神経学） 

http://www.juntendo.ac.jp/graduate/laboratory/labo/shinkei_kozo/index.htm（神経生物学・形

態学） 

http://pharmacology.sakura.ne.jp/jp/research/microdomain_res/microdomain_ res.html（薬理学） 

http://www.juntendo.ac.jp/graduate/laboratory/labo/rojinsei_shikkan/index.html（老人性疾患

病態・治療研究センター） 
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http://www.juntendo.ac.jp/graduate/laboratory/labo/bunshi_byori/index.htm（病理・腫瘍学） 

http://www.juntendo.ac.jp/graduate/laboratory/labo/nouge/index.html（脳神経外科） 

http://www.juntendo.ac.jp/hospital/clinic/ketsuekinaika/index.html（血液学） 

http://www.juntendojibi.com/（耳鼻咽喉科学） 

http://square.umin.ac.jp/physiol1/member.html（生理学第一） 

http://www.juntendo.ac.jp/graduate/laboratory/labo/hoshasen/index.html（放射線 医学） 

http://www.juntendo.ac.jp/graduate/laboratory/labo/seishin/index.html（精神医学） 

http://square.umin.ac.jp/Brainbnk/link.html(包括型脳科学研究推進支援ネットワーク) 

http://www.mri-surescan.com/dbs/training/index.html(脳深部刺激用条件付き MRI対応神経刺激システム) 

http://square.umin.ac.jp/~HN_Rad/gakujyutsu.htm（頭頸部放射線研究会） 

 

＜これから実施する予定のもの＞ 

1. 第 2回日本パーキンソン病コングレス（会長：岡田芳子、顧問：服部信孝、高橋良輔）2017 年

4月 15日～16日、東京 

2．第 35回日本認知症学会学術集会（会長:新井平伊 精神・行動科学）2016 年 12月 1日～12月 3

日、東京 

3. 第 46 回日本神経放射線学会（会長： 青木茂樹・放射線科） 2017 年 2 月 17-19 日 東京 
 

 

１４ その他の研究成果等 
樋野興夫：結節性硬化症センターの立ち上げ（順天堂大学） 

 

研究の成果として、特許出願＊（「アルツハイマー病予防治療薬のスクリーニング法」高杉展正、

櫻井隆、清水瑠奈、特願 2014-132309、学校法人順天堂、平成 26年 6月 27日）を行った。 

 

日立製作所 中央研究所 拡散尖度画像を用いたパーキンソン病の早期診断法の開発 平成 26 年

～27 年 6月 
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１５ 「選定時」及び「中間評価時」に付された留意事項及び対応 

＜「選定時」に付された留意事項＞ 

該当なし。 

 

 

 

＜「選定時」に付された留意事項への対応＞ 

該当なし。 

 

 

 

 

＜「中間評価時」に付された留意事項＞ 
1. 共焦点レーザースキャンニング顕微鏡（Zeiss LSM780DUO/NLO）の使用時間のみではなくその使

用によってどのような効果があったかについて記載してください。 

2. 研究成果の実用化に向けた努力について記載してください。 

 

＜「中間評価時」に付された留意事項への対応＞ 
1. ZeissLSM7DUO/NLO 機は、高解像の共焦点レーザーと 高速ライブイメージング機能を持つ DUOに

２光子顕微鏡機能を搭載した多機能顕微鏡として主として神経細胞機能の解析のために購入され

た。本機器の使用については、高い解像度を活かし多くの発表論文にプロジェクト名と共に機器名

が記載されている. 

深い焦点面を特徴とする２光子顕微鏡機能を活用し、近年国内外で大きな注目を集めた透明脳技術

をいち早く取り入れ、脳 MRI画像との比較という新しい分野を立ち上げ、ヒト疾患における MRI画

像診断と病理診断を結びつける研究成果をあげつつあることは特記すべきことである。また、神経

生細胞のオートファジー等の細胞機能変化をリアルタイムで可視化し解析を進め、論文発表を準備

している。 

 

２. 研究成果の実用化に向けた努力について：拡散テンソル MRI画像と遺伝子解析は、多くの疾患

の診断解析に利用されている。その効果が、新井（一）グループの水頭症の解析にも見られる。服

部らは、遺伝子解析で得た家族性パーキンソン病の現遺伝子の一つを新たに見出し、その局在がミ

トコンドリアにあることから疾患の原因としてミトコンドリア障害がキーとなることを明らかに

できた。さらに難聴の遺伝子治療に、コネキシン２６が利用され、実験的に効果があることが示さ

れた。これらの結果は、本プロジェクト研究の過程で得られたもので、診断と治療に展開されるこ

とが期待される。 

 

 

 
 



 

本研究期間における研究によって得られた新たな知見等の成果 
 
本研究プロジェクトは、高齢者におけるさまざまな疾患の原因究明を目的に、「ハイテクリサーチセンター整備事
業」の一環としてスタートし、国内外研究機関との連携のもと、研究拠点形成を行ってきた老研センターを基盤
施設において行われた。 
本研究の目指す目的に沿った研究： 
本研究は、ﾐﾄｺﾝﾄﾞﾘｱ機能、ﾀﾝﾊﾟｸ質分解系機能等老化に深く関わる細胞機能や、神経新生、神経変性疾患及
び発達障害の分子機構に焦点を当て、神経疾患診断と根治的治療を戦略的に目指す。このため、下記の３つ
のグループ体制で、目的にあった研究を実行した。本研究で得た成果を、交付申請書に記載した内容に沿っ
て、記載した。 
（１）細胞の品質管理の正常機構とその破綻 
   服部グループ：ミトコンドリア, ユビキチン・プロテアソームに着目したパーキン 
          ソン病の病態解明と治療戦略 
   内山グループ：オートファジー／リソソームによる神経回路網の品質管理とその破 
          綻 
   櫻井グループ：βアミロイド産生・分解系調節機構の可視化解析 
（２）細胞の分化・増殖・幹細胞性 
   平澤グループ：細胞外環境による細胞の分化・増殖の制御 
   樋野グループ：神経細胞の分化・移動・腫瘍化・幹細胞性—特に結節性硬化症の原因 
          遺伝子 Tsc2を起点として— 
   新井（一）グループ：脳腫瘍発生分子機構における神経細胞の腫瘍化と幹細胞性、正常圧水頭症病 
            態の可視化 
   高久グループ：骨髄幹細胞ニッチ環境研究による成体神経新生メカニズム 
   池田グループ：聴覚・平衡覚にかかわる細胞品質管理機構の正常とその破綻 
（３）加齢・認知・発達障害の画像解析 
    青木グループ：脳の加齢・認知・発達障害の可視化 新規画像診断法の確立 
   宇賀、北沢グループ：多点電極を用いた神経活動記録法の整備 
   新井（平伊）グループ：アルツハイマー病の発症分子機構解明 
 
具体的に各グループの中で、研究成果がどのようにして出てきたかを以下に述べる。 
服部らは、プロジェクトの開始時に、異常ﾐﾄｺﾝﾄﾞﾘｱの除去（ﾐﾄﾌｧｼﾞｰ）と PD の発症について研究成果をあげて
おり、新たな治療標的として確立する、との目標を設定した。本プロジェクトでは、1) PINK1/Parkinが協調して
作用し、損傷ミトコンドリアをクリアランスすること（FEBS Letter, 2010)を提示し、東京都医学研（松
田氏）との共同研究で Parkin のリン酸化についての研究へと発展した。また、PINK1 ノックアウトマ
ウス由来の MEF 細胞ではミトコンドリア機能が有意に低下していること(＊108)を明らかにした。さら
に、2) ATP13A2 はリソソーム膜上に局在し恒常性の維持に重要な働きをすることを明らかにしてきた。
ATP13A2 の KO マウスの解析から、リソソームに ceroid-lipofuscin の蓄積症（主にミトコンドリアの
ATP synthase のサブユニット c）を惹起することから、Batten 病でよく知られる、神経性
seroid-lipofuscin 蓄積症の原因遺伝子でもあることを明らかにした（現在論文投稿中）。一方、３）
常染色体優性遺伝性パ PD の家系から新規原因遺伝子 CHCHD2 を同定した(＊12)。CHCHD2 はミトコンド
リアに局在することから、同オルガネラに関わる因子であると予想され、同遺伝子変異による PD の病
態としてミトコンドリア機能の障害が強く疑われた。すなわち、孤発性の PD を考える上で重要な所見
となるミトコンドリアの障害が遺伝性疾患でも明らかになった点は非常に大きな成果であると考えら
れる。本研究成果に基づき、新たな PD の原因となる遺伝子変異を見出し現在、その病態解析を進め、
これまでの成果と合わせて創薬の検討を進める所まで進展することができた。このように、服部らの研
究成果は、今後の PD 研究の主流をなすもので、本プロジェクトの中で最もインパクトの強い成果と考
えている。 
内山らは、小池研究員のプロジェクトの責任者である関係上、本プロジェクトの開始直後から、研究に
参画した。PDや ADの病態とオートファジーについては、これまで数多くの研究がなされているが、モ
デル動物を用いた研究では不明な点も多く残されている。実際、内山らは、これまでにリソソームカテ
プシン D（CD）欠損マウスは神経性セロイドリポフスチン蓄積症のモデルマウスであり、CDが中枢神経
系の恒常性の維持に重要であること明らかにしてきた(Uchiyama et al., 2008, 2009; ***12)。これら
の事実を踏まえ、本プロジェクトでは、神経疾患における神経回路網の品質管理異常と治療による正常
化をイメージングで検証することを目指した。その結果、１）カテプシン C や DNaseII の特異的な局在(＊
159,161)、２）Atg8 のほ乳類ホモログの一つである GABARAP のトランスジェニックマウスを作成し、
LC3（細胞体と樹状突起）と異なり GABARAP が軸索初節への局在すること（＊158）、を明らかにした。
また、３）リソソームの膜タンパク質である LAMP2を欠損する症例（ダノン病症候群）と欠損マウスの



 

中枢神経系における形態解析をした（＊13,160）。４）CDを欠損するマウス脳で調べると、選択的オー
トファジーのアダプタータンパク質である p62 と NBR1 は、オリゴマーを形成し、細胞体と樹状突起に
局在するが、軸索には侵入できないこと、N端側にあるその責任ドメインがあることが分かった（現在、
論文投稿準備中）。さらに、５）オートファジー関連因子の中で唯一膜タンパク質である Atg9a を欠損
した脳では、細胞体でオートファジーは抑制されるが、時間経過と共に抑制作用が減少すること、一方、
軸索の変化は時間と共に障害の度合いが進展すると共に、初代培養神経細胞の軸索伸展が阻害されるこ
と、脳梁や前交連の形成が障害されることが分かった（**39、現在、論文の revise中）。６）これまで
、酸性条件下に対して感受性を持つ蛍光色素と耐性の蛍光色素をつないだ蛍光を用いてオートファゴソ
ームの成熟性を検討できる蛍光色素、pHluorin-mKate tandem fluorescence protein を開発し、LC３
に付加したタンパク質は、オートファゴソームの成熟化の良いマーカーとなることを示した（*17）。
また、７）服部らと共同した CHCHD2 がミトコンドリアにあることを明らかにした（*12）。 
櫻井らは、田平らの研究目的である AD における炎症反応と T 細胞の可視化に関する研究を実質的に発
展させるために本プロジェクトに参入した。櫻井らは、β アミロイド産生・分解系の解析によりアル
ツハイマー病の病態解明と創薬標的探索を目指した。これまでの研究でよく知られているように、アル
ツハイマー病の病理に関わるβアミロイド (Aβ)は、アミロイド前駆体タンパク質(APP)のβ・γ切断
により産生される。しかし、BACE1 によるβ切断が起こる初期エンドソームの輸送障害とβ切断亢進が
孤発性アルツハイマー病の初期変化とされているが、その機序は明らかではない。それ故、切断端認識
抗体を用いた BACE1 基質切断の可視化により、創薬標的となる APP特異的β切断制御因子を見出すこと
を目的としてミクロドメインを解析し、１）エンドソーム輸送を制御する APP 結合蛋白質を見出し、エ
ンドソーム障害及び APP 選択的なβ切断制御に関与することを明らかにした（**10)。現在、病態との
関連、治療標的としての可能性について検討を進めている（特許出願）。また、２）βアミロイドによ
る神経障害に関わる 代謝型グルタミン酸受容体について、他種受容体とのヘテロダイマー形成による
シグナル制御機構を明らかにした(*3,170)。櫻井らは、本プロジェクトの研究目的にあった研究を目指
し、病的な Aβペプチドの産生に関わるベータ部位での切断に関わる BACE1 の制御因子を見出したこと
は本プロジェクトの成果の一つと考える。 
平澤らは、神経細胞の分化・増殖・移動に着目した腫瘍化・幹細胞性の理解を進めることを目指した。細胞外
マトリックス等の条件検討により脳疾患細胞治療に有利な細胞外環境を見いだすことが重要である。平澤らは、
これまでに成体神経新生領域である脳室下帯（SVZ）に存在する新規基底膜様構造 fractone と血管周細
胞のネットワーク構造が、発生や成体神経新生に重要なニッチ環境を提供すると考えて、これまでに、
FGF2 が fractone に存在するパールカンとヘパラン硫酸鎖を介し結合することを報告した（Stem Cells 
2007）。本プロジェクトでは、１）ヘパラン硫酸プロテオグリカンであるパールカンを欠損する SVZ 及
び neurosphere では、FGF2 投与による神経幹細胞の増殖率が有意に抑制されることを明らかにした
（*115,171）。を確認し（*36）、それによる神経新生シグナルの分子機構を検討した（論文投稿準備
中）。平澤らは、青木グループ（放射線医学）と共同して、自閉症モデルマウスの拡散テンソル MRI 画
像解析と透明化標本による３D画像を比較検討して（Zeiss共焦点レーザー顕微鏡７８０）、新たなバイ
オマーカー開発手法を提示した（*34）、ことは連携研究を重要視する本プロジェクトに沿った成果であ
る。 
樋野らは、Tsc2 分子の研究成果を生かし神経細胞における腫瘍化と幹細胞性の維持機構を解明すること
を目指した。本プロジェクトを通して、１）Eker ラット由来(*54,119,120,174,175)の胚盤胞より ES 細胞株
を樹立し(*55)、２）多能性マーカー遺伝子発現や、胚様体および奇形腫における分化能を調べ、Tsc2
ホモ欠損型細胞は野生型細胞と同様に三胚葉由来の組織形成能を示すが、Eker ラットの腎腫瘍に類似
した異常腺管構造を発生すること (＊106,107,154,155,156)、を明らかにした。これまでに、神経細胞
における腫瘍化と幹細胞性については、今後の課題として残った。これを実現するための一過程として、
Tsc2-/- Eker ラット胎児線維芽細胞からの iPS 細胞樹立を試みているが、未だ条件決定に至っていな
い。しかしながら、この実験系が腫瘍抑制遺伝子変異とリプログラミングの分子機構の関連を調べる上
で、大変有用であり、今後課題として、本モデルを用いた、「神経分化のオミックス解析と新規治療薬
開発」を目指している。 
新井（一）らは、グリオーマをモデルとして神経細胞の幹細胞性のメカニズムを標的とした治療を
開発することを目指した。本プロジェクトでは、この目標に沿って研究を進め、１）悪性脳腫瘍の
腫瘍化過程と腫瘍幹細胞の解析による治療介入の検討として、特に小児悪性脳腫瘍および成人神経膠腫
を中心に、腫瘍細胞からの遺伝子情報の抽出と腫瘍幹細胞抽出培養の手技および方法を確立し、遺伝子
も同定した。さらに、２）MRI 拡散強調画像と拡散 kurtosis 画像を用いて、正常圧水頭症における皮
質脊髄路への影響を検討し、水頭症では、皮質脊髄路は神経線維と垂直方向に圧排され軸索が伸展され
た状態であることを明らかにした。(*123,178)  
高久らは、骨髄幹細胞ニッチ環境の三次元可視化とその機能解明を行い、成体神経新生システムに
応用することを目指した。実際には、３D イメージング手法により、ヘパラン硫酸プロテオグリカン
（HSPG）が網状構造として存在することを示し、そのノックアウトマウスを用いて骨髄内の細胞構成に
つきフローサイトメトリーにて検証している。Agrin の欠損マウスの解析から、agrin は造血幹細胞維



 

持に重要な役割を持つことが明らかとなった。今後これらの成果をもとに、神経新生の理解に応用する
予定である。 
池田らは、聴覚・平衡覚にかかわる細胞品質管理機構の可視化、脳機能疾患との関連性を示すこと
を目指した。本プロジェクトでは、１）遺伝性難聴モデル Cx26優性阻害変異マウスの新規病態（*126）
や Cx26 欠損マウスにおけるギャップ結合複合体の崩壊（*127）という新たな分子病態を発見し,２）他
の遺伝子 POU3F4変異での難聴も共通の分子病態を持つことを明らかにした（*125）。さらに、３）骨髄
間葉系幹細および人工多能性幹（iPS）細胞を用いた新規細胞移植法をアデノ随伴ウイルス（AAV）によ
る Cx26 遺伝子導入と複合的に応用することにより高音領域を有意に聴力改善させることに成功した
（*68）。また 新生仔マウス蝸牛への AAV局所投与により Cx26欠損マウスの聴力を有意に改善させるこ
とに成功した（*66）。池田らは、このように聴覚の分子病態像の一つを明らかにし、遺伝子治療の元と
なる実験も進め、治療法の開発の手がかりを得たことは、次に繋がるインパクトの高い成果と考える。 
青木らのグループは、加齢・認知・発達障害による脳機能異常を示す新規画像解析法を開発するこ
とを目指した。実際、脳の加齢変化を in vivoで観察できる方法として脳 MRIの 3DT1強調像が J-ADNI
などの大規模スタディーで用いられているが、最近では拡散テンソルなどの拡散 MRIが脳の白質路の定
量評価や connectivity の評価が可能なため、追加されることが多い（ADNI3）。青木らは、１）拡散テ
ンソルや次世代拡散解析の手法の開発（*153,210）、validation(*90)を行い、２）種々の疾患におけ
る feasibility study(*149,151,140,186,207,209,246)を行い、脳の微細構造の変化を in vivoで種々
の病態で観察できることを報告した。３）拡散 MRI の種々の手法は validation が必要なため、平澤、
Kerever らの協力で MRI と透明化した脳との対比を種々の施設の MRI を借用して行った（*34）。全脳
解析や広い範囲の拡散テンソルトラクトグラフィーなど MRIが有用な点も多いと考えられた。このよう
に、青木らは、目標に掲げた、診断技術の開発に大いに貢献した点は、インパクトの高い成果と考える。 
北澤らは、発達障害性神経疾患の原因分子探索のための可視化をめざした。定量診断法の開発を目指し、
自閉症スペクトラム障害やパーキンソン病における行動と脳機能の定量化・可視化の技術開発を進める
ことを研究内容とした。本プロジェクトでは、１）自閉症スペクトラム障害患者の解析で、映像視聴時
に、自閉症スペクトラム障害患者では、瞬きが健常者と比較して同期していないことを解明した（*286）。
また、２）触覚手がかりのみを用いて物体形状を判断する課題では、自閉症スペクトラム障害患者が健
常者と比較して成績が優位であったことを解明した（*287）。実際に、北澤らは、自閉症スペクトラム
の患者を解析して、診断のための成果を得た。宇賀らは、モデル動物での神経ネットワークを可視化す
るため、多点電極を用いた神経活動記録法を整備することを目指した。実際、マカクザルでの多点電極
記録法を用いた柔軟な判断の神経基盤の解明を行い、相同な機能を持つ霊長類において、神経活動を直
接計測し、その神経基盤の一端を明らかにした。 
新井（平）らは、アルツハイマー病の発症分子機構を解明し、新規診断・治療技術を発展させることを目
指した。本プロジェクトでは、１）AD 発症に関与が示されている Apolipoprotein E 遺伝子や
Apolipoprotein D 遺伝子異常が発症リスクに影響を与えていること（＊193）、２）DLB 症例の幻視症状
に Ramelteon が有効であること（＊195）、３）高齢者うつ病における AD 発症と血清アミロイド蛋白の
相関があること（＊261）を報告した。さらに、４）アルコール多飲歴のあるアルツハイマー病患者群
では、その発症要因に COMT 遺伝子、KIBRA遺伝子の関与が示唆されたこと(*74,129)、５）レビー小体
病患者群では、早期から heart rate variability(心拍変異度)の異常が認められること(*88)、６）寛
解期にあるうつ病患者群では、高次機能障害が残存することが再発のリスクであること、を明らかにし
た(*137)。このように、新井らは、AD を中心に診断に繋がる一定の成果を得ることができた。 
 
以上のように、本プロジェクトでは、各グループが申請書に記載した、たそれぞれの目標を達成すべく努力し、
上記の成果を得た。 
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CHCHD2 mutations in autosomal dominant late-onset 
Parkinson’s disease: a genome-wide linkage and 
sequencing study
Manabu Funayama, Kenji Ohe, Taku Amo, Norihiko Furuya, Junji Yamaguchi, Shinji Saiki, Yuanzhe Li, Kotaro Ogaki, Maya Ando, Hiroyo Yoshino, 
Hiroyuki Tomiyama, Kenya Nishioka, Kazuko Hasegawa, Hidemoto Saiki, Wataru Satake, Kaoru Mogushi, Ryogen Sasaki, Yasumasa Kokubo, 
Shigeki Kuzuhara, Tatsushi Toda, Yoshikuni Mizuno, Yasuo Uchiyama, Kinji Ohno, Nobutaka Hattori

Summary
Background Identification of causative genes in mendelian forms of Parkinson’s disease is valuable for understanding 
the cause of the disease. We did genetic studies in a Japanese family with autosomal dominant Parkinson’s disease to 
identify novel causative genes.

Methods We did a genome-wide linkage analysis on eight affected and five unaffected individuals from a family with 
autosomal dominant Parkinson’s disease (family A). Subsequently, we did exome sequencing on three patients and 
whole-genome sequencing on one patient in family A. Variants were validated by Sanger sequencing in samples from 
patients with autosomal dominant Parkinson’s disease, patients with sporadic Parkinson’s disease, and controls. 
Participants were identified from the DNA bank of the Comprehensive Genetic Study on Parkinson’s Disease and 
Related Disorders (Juntendo University School of Medicine, Tokyo, Japan) and were classified according to clinical 
information obtained by neurologists. Splicing abnormalities of CHCHD2 mutants were analysed in SH-SY5Y cells. 
We used the Fisher’s exact test to calculate the significance of allele frequencies between patients with sporadic 
Parkinson’s disease and unaffected controls, and we calculated odds ratios and 95% CIs of minor alleles. 

Findings We identified a missense mutation (CHCHD2, 182C>T, Thr61Ile) in family A by next-generation sequencing. 
We obtained samples from a further 340 index patients with autosomal dominant Parkinson’s disease, 517 patients 
with sporadic Parkinson’s disease, and 559 controls. Three CHCHD2 mutations in four of 341 index cases from 
independent families with autosomal dominant Parkinson’s disease were detected by CHCHD2 mutation screening: 
182C>T (Thr61Ile), 434G>A (Arg145Gln), and 300+5G>A. Two single nucleotide variants (–9T>G and 5C>T) in 
CHCHD2 were confirmed to have different frequencies between sporadic Parkinson’s disease and controls, with 
odds ratios of 2·51 (95% CI 1·48–4·24; p=0·0004) and 4·69 (1·59–13·83, p=0·0025), respectively. One single 
nucleotide polymorphism (rs816411) was found in CHCHD2 from a previously reported genome-wide association 
study; however, there was no significant difference in its frequency between patients with Parkinson’s disease and 
controls in a previously reported genome-wide association study (odds ratio 1·17, 95% CI 0·96–1·19; p=0·22). In 
SH-SY5Y cells, the 300+5G>A mutation but not the other two mutations caused exon 2 skipping.

Interpretation CHCHD2 mutations are associated with, and might be a cause of, autosomal dominant Parkinson’s disease. 
Further genetic studies in other populations are needed to confirm the pathogenicity of CHCHD2 mutations in autosomal 
dominant Parkinson’s disease and susceptibility for sporadic Parkinson’s disease, and further functional studies are 
needed to understand how mutant CHCHD2 might play a part in the pathophysiology of Parkinson’s disease.

Funding Japan Society for the Promotion of Science; Japanese Ministry of Education, Culture, Sports, Science and 
Technology; Japanese Ministry of Health, Labour and Welfare; Takeda Scientific Foundation; Cell Science Research 
Foundation; and Nakajima Foundation.

Introduction
Parkinson’s disease (MIM 168600), which is caused by 
the death of dopaminergic neurons in the substantia 
nigra, is the second most common neurodegenerative 
disorder. Symptoms mainly involve movement, including 
resting tremor, rigidity, bradykinesia, and postural 
instability. Most Parkinson’s disease cases are sporadic; 
only about 11% of patients with Parkinson’s disease have 
one or more first-degree relatives diagnosed with 
Parkinson’s disease.1 Nevertheless, identification of 
causative genes in rare familial cases can shed new light 

on the cause of Parkinson’s disease. Most monogenic 
forms of neurodegenerative diseases are autosomal 
dominant; however, so far, only six genes have been 
identified for autosomal dominant forms of familial 
Parkinson’s disease.2–4

Although the exact mechanisms of dopaminergic cell 
death are still unclear, discovery of causative genes for 
Parkinson’s disease has enabled several processes to be 
proposed, such as impairments in protein degrada tion, 
oxidative stress, and mito chon drial dysfunction.5 We 
aimed to identify a novel causative gene for familial 
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Parkinson’s disease by whole-genome and exome 
sequencing with next-generation sequencing.

Methods
Study design and participants
Participants were selected from the DNA bank of the 
Comprehensive Genetic Study on Parkinson’s Disease 
and Related Disorders (CGSPD). The CGSPD bank in the 
Department of Neurology at Juntendo University School 
of Medicine (Tokyo, Japan) collects DNA and RNA of 
patients with typical Parkinson’s disease, patients with 
atypical parkinsonism, and control participants for use in 
case-control studies, replication studies, and the discovery 
of novel genetic factors for Parkinson’s disease. The 
CGSPD DNA bank stores samples from over 3500 patients 
with Parkinson’s disease and about 800 controls.

We selected patient and control samples according to 
the following criteria: participants who had a completed 
clinical data sheet, participants with no known patho-
genic mutations for Parkinson’s disease, and participants 
with no parental consanguinity. Patients who seemed to 
have an autosomal recessive mode of inheritance were 
excluded, as were those with a family member with 
Parkinson’s disease but an unknown mode of 
inheritance. We classified patients who had affected 
family members in at least two consecutive generations 
(including the index patient) as having autosomal 
dominant Parkinson’s disease and the remaining 
patients as having sporadic Parkinson’s disease. All 
patients were diagnosed by neurologists according to the 
Parkinson’s UK Brain Bank clinical diagnostic criteria.6 
Controls, who were hospital staff and volunteers 
recruited during annual medical check-ups for metabolic 
syndrome, were confirmed by study neurologists (RS, 
YK, and SK) to be free of neurological disease. All 
participants were classed as Japanese according to 
self-reported racial and ethnic data.

The study was approved by the ethics committee of 
Juntendo University School of Medicine and all 
participants gave written informed consent for inclusion 
in CGSPD, of which this study is a part.

Procedures
For one index patient in our DNA bank, DNA were 
available for patients with Parkinson’s disease and 
unaffected family members in three generations (family A). 
Thus, we did linkage analysis and next-generation 
sequencing to identify a candidate gene in this family. We 
collected DNA samples from all members of family A who 
consented to genetic testing (eight affected and five 
unaffected individuals from family A; figure 1A) and 
confirmed that they did not have known Parkinson’s 
disease causative gene mutations (appendix). All 
participants in family A were genotyped using a Genome-
Wide human SNP Array 6.0 (Affymetrix, Santa Clara, CA, 
USA), and we did multipoint parametric linkage analyses 
with single nucleotide polymorphism (SNP) high 

throughput linkage analysis system (SNPHitLink)7 and 
Merlin software.8 We selected three patients (A-III-1, 
A-III-6, and A-III-17) with maximum genetic distance for 
exome sequencing and one patient (A-II-18) for whole-
genome sequencing to complement the regions of 
difficulty captured by exome sequencing. We did whole-
genome sequencing by 100 bp paired-end sequencing on 
HiSeq2000 (Illumina, San Diego, CA, USA). Sample 
preparation for exome sequencing was done using the 
SureSelect Human All Exon Kit (Agilent Technologies, 
Santa Clara, CA, USA), and samples were subjected to 
75 bp paired-end sequencing on a GenomeAnalyzer IIx 
(Illumina). We did read alignment to the reference human 
genome (UCSC hg19) with Burrows-Wheeler Aligner 
version 0.5.9.9 Single nucleotide variants (SNVs) and indels 
were detected in each participant by use of SAMtools 
version 0.1.16.10 The variants identified by next-generation 
sequencing were filtered according to the following 
criteria: location in regions with positive log of odds greater 
than 1 (appendix); absence from dbSNP132; location in 
exons or splice sites; being carried in the heterozygous 
state; prediction to be non-synonymous or cause aberrant 
splicing; confirmation by Sanger sequencing; and not 
noted in our unaffected Japanese controls.

We analysed genomic sequences from index cases with 
autosomal dominant Parkinson’s disease, patients with 
sporadic Parkinson’s disease, and control participants by 
Sanger sequencing with the Applied Biosystems 3130 and 
3730 Genetic Analyzer (Life Technologies, Carlsbad, CA, 
USA) to validate the candidate genes. Primers for Sanger 
sequencing were designed using ExonPrimer (appendix). 
The sample size needed for validation was decided on the 
basis of a previous genetic study that identified a causal 
gene for neurodegenerative disease and that included 
212 controls and data from public databases for the 
validation of novel variants.11 We used 1000 Genomes 
(1089 individuals), dbSNP138, the Human Genetic 
Variation Database (1208 individuals), and the National 
Heart, Lung, and Blood Institute (NHLBI) Exome 
Sequencing Project (ESP) database (6503 individuals) as 
public databases for the validation.

For cell culture and transfection, cells were seeded onto 
tissue culture plates for 5 days (SK-N-SH and SH-SY5Y 
cells) or 24 h (HeLa cells) before transfection. SH-SY5Y 
cells were used for splicing assays, SK-N-SH cells were 
used for localisation assays, and HeLa cells were used for 
splicing, localisation, and immunoelectron micro-
scopy analyses. Cultured cells were transfected using 
Lipofectamine 2000 reagent (Life Technologies), 
according to the manufacturer’s recommendations.

For splicing analysis, we cloned wild-type and mutant 
genomic CHCHD2 DNA fragments (182C>T, 300+5G>A, 
and 434G>A) into pCR-Blunt II-TOPO vector (Life 
Technologies) and then transferred them to KpnI-XhoI 
sites in pcDNA3.1/myc-His-A (Life Technologies), 
generating pcDNA3.1-CHCHD2 (wild-type, 182C>T, 
300+5G>A, and 434G>A). CHCHD2 exon 2 (wild-type 
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and 300+5G>A) with flanking intronic sequence 
(52 nucleotides upstream and 14 nucleotides down-
stream) was subcloned into pSPL3,12 generating pSPL3-
CHCHD2 (to analyse abberant exon 2 splicing of 
300+5G>A). Total RNA was extracted 24 h after 
transfection using TRI Reagent (Life Technologies) 
followed by RQ1 DNase (Promega, Madison, WI, USA) 
treatment. cDNA was synthesised with random primers 
using Superscript II reverse transcriptase (Life 

Technologies) or ReverTra Ace (TOYOBO, Osaka, Japan). 
Two primer pairs were used for amplification to detect 
mutation-induced exon skipping of the transfected 
pcDNA splicing minigene (appendix). α-³²P-uridine 
triphosphate-labelled RNA was synthesised in the 
5ʹ splice site of CHCHD2 exon 2 using the Riboprobe 
in-vitro transcription system (Promega) with a PCR-
amplified fragment, according to the manufacturer’s 
instructions. We did an RNA-electrophoretic mobility 
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Figure 1: CHCHD2 mutations in four Japanese families with autosomal dominant Parkinson’s disease
(A) Pedigrees of families with CHCHD2 mutations. M=heterozygous CHCHD2 mutation. W=wild-type. Blue symbols represent affected individuals. Red symbols represent 
unaffected individuals. Numbers within red symbols represent number of unaffected offspring. The quarter-filled symbol represents an individual with essential tremor. 
Squares represent men. Circles represent women. Diamonds represent sex masked to protect privacy of unaffected individuals. Lines through symbols represent 
deceased individuals. *Participants analysed by next-generation sequencing. (B) Sequence electropherograms of identified CHCHD2 mutations. Arrows=mutated bases. 
(C) Schematic representation of the CHCHD2 locus and CHCHD2 structure. Genomic locations of identified CHCHD2 mutations are shown in the upper part of the panel. 
Boxes on the line represent exons. Aminoacid locations of mutations and sequence alignment with various species are shown in the lower part. NCBI RefSeq accession 
numbers are as follows: Homo sapiens, NP_057223.1; Pan troglodytes, XP_003318501.1; Mus musculus, NP_077128.2; Rattus norvegicus, NP_001015019.1; Gallus gallus, 
NP_001006218.1; Danio rerio, NP_957061.1; Drosophila melanogaster, NP_573196.1; and Caenorhabditis elegans, NP_497826.1. CHCH=coiled-coil-helix–coiled-coil-helix 
domain. MTS=mitochondrial targeting sequence.
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shift assay as described by Ohe and colleagues.13 The 
appendix provides probe information, details of 
antibodies used, and supplemental methods.

Statistical analysis
SNPs with a Hardy–Weinberg equilibrium p value 
greater than 0·05, a minimum call rate of 1 in controls, a 
maximum confidence greater than 0·02, a minimum 
interval of 100 kb, and a minimum minor allele frequency 
of 0·2 were selected using SNPHitLink. We did 
parametric multipoint linkage analysis using Merlin 
software, with a disease frequency of 0·0001. The 
phenotypes of unaffected siblings and children of 
patients were described as 0 (missing phenotypes). We 
did case-control studies using the genotype data of ten 
variants that were detected in sporadic Parkinson’s 
disease or controls, or both. We used the Fisher’s exact 
test to calculate the significance of allele frequencies 
between patients with sporadic Parkinson’s disease and 
unaffected controls. We calculated odds ratios (ORs) and 
95% CIs of minor alleles found in this study using JMP 8 
(SAS Institute, Drive Cary, NC, USA). In association 
analyses, we used the Bonferroni correction to adjust for 
multiple testing (ten tests), after which p values of 0·005 
or lower were regarded as statistically significant, as 
detailed in a previous study.14

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 

writing of the report. MF and NH had full access to all 
the data in the study and had final responsibility for the 
decision to submit for publication. The other authors had 
access to all data except for the sequence data acquired 
from next-generation sequencing, to protect the privacy 
of personal data.

Results
The mean age at onset of the participating patients in 
family A (eight patients) was 55·5 years (SD 4·8; range 
48–61). For validation and case-control analysis, we 
obtained DNA samples from 340 additional index 
patients with autosomal dominant Parkinson’s disease, 
517 patients with sporadic Parkinson’s disease, and 
559 controls (16 hospital staff and 543 volunteers 
recruited during medical check-ups; table 1).

Using next-generation sequencing, we detected a 
cumulative total of over 2·3 million variants in the four 
patients who were assessed (table 2; appendix). Our 
filtering criteria were satisfied by only one variant 
(table 2; appendix). The heterozygous 182C>T (Thr61Ile) 
mutation in coiled-coil-helix–coiled-coil-helix domain 
containing 2 (CHCHD2; RefSeq accession number 
NM_016139.2) cosegregated with Parkinson’s disease in 
family A as assessed by Sanger sequencing of eight 
affected and five unaffected individuals (figure 1A and B). 
CHCHD2 is located on chromosome 7p11.2 and contains 
four exons that encode 151 aminoacids with a predicted 
N-terminal mitochondrial targeting sequence (figure 1C). 
To validate the results of the initial genome-wide linkage 
analysis of family A (appendix), we did parametric 
multipoint linkage analysis using six microsatellites 
mapped to the 5ʹ and 3ʹ flanking regions of CHCHD2. 
Parametric multipoint linkage analysis by Merlin yielded 
a maximum log of odds score of 3·009 at D7S506 
(appendix). Additionally, we did two-point linkage 
analysis using the 182C>T mutation as a genetic marker 
with a frequency of 0·0018 (1 in 560; 559 controls were 
sequenced in this study). As a result, the maximum log 
of odds score was 3·004.

To confirm whether CHCHD2 is associated with 
autosomal dominant Parkinson’s disease, we screened 
340 index cases with autosomal dominant Parkinson’s 
disease by Sanger sequencing and detected three 
additional patients with CHCHD2 variants (families B–D; 
figure 1A and B). None of the three variants were noted 
in the 559 unaffected Japanese controls (table 3). None of 
the three variants detected in this study were found in 
1000 Genomes, the Human Genetic Variation Database 
(table 3), the NHLBI ESP, or dbSNP138 (data not shown). 
Although the Thr61Ile variant was identified in patients 
from families A and C, independent founders were 
estimated by haplotype analysis (appendix). Altogether, 
we identified two missense mutations (182C>T, Thr61Ile, 
and 434G>A, Arg145Gln) and one splice-site mutation 
(300+5G>A) from four independent families with 
autosomal dominant Parkinson’s disease.

Number of 
participants

Age at onset 
(years)

Age at sampling 
(years)

Women:men 
ratio

Autosomal dominant Parkinson’s disease 340 51·42 
(13·81, 8–83)

57·99 
(13·29, 17–85)

1·27

Sporadic Parkinson’s disease 517 48·94 
(15·11, 5–88)

57·38 
(14·53, 12–92)

1·06

Controls 559 NA 58·74 
(11·72, 28–89)

1·57

Data are mean (SD, range) unless otherwise specified. 340 patients were from different, independent, families, whereas 
family A included eight affected and five unaffected individuals; thus, family A is not included here. NA=not applicable.

Table 1: Characteristics of participants for additional mutation screening

Number of variants

Total variants 2 312 760

In the linkage region 200 075

Not in db132 38 969

In exon or splice site 1018

Heterozygous 304

Predicted to be damaging* 10

Validated by Sanger sequencing 1

Not in 559 controls 1

*Predicted to be non-synonymous or cause aberrant splicing.

Table 2: Variant filtering
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Thr61 and Arg145 are conserved residues among 
vertebrates (figure 1C), suggesting these sites may be of 
functional importance. The substitutions Thr61Ile and 
Arg145Gln are predicted to be pathogenic or disease 
causing by Polyphen2,16 MutationTaster,17 and SIFT.18 
Furthermore, we analysed the 300+5G>A mutation using 
Human Splicing Finder (version 2.4.1)19 to predict 
whether it affects CHCHD2 splicing. The 300+5G>A 
mutation at the 5ʹ splice site decreased the Human 
Splicing Finder score from 88·2 to 76·0, and the MaxEnt 
score from 6·71 to 1·62. The SD-score20 similarly 
predicted that 300+5G>A causes aberrant splicing and is 
likely to be a splicing mutation.

To assess whether any of the mutations affect splicing 
in the human SH-SY5Y neuroblastoma cell line, we 
cloned wild-type and mutant full-length (4921 bp) 
genomic DNA fragments into the pcDNA3.1 mammalian 
expression vector. As shown in figure 2A, exon 2 splicing 
was not affected by pcDNA-CHCHD2 wild-type, 182C>T, 
or 434G>A, but the 300+5G>A mutation caused exon 2 
skipping. None of the clones affected exon 3 splicing 
(appendix).

We further analysed the 300+5G>A mutation in HeLa 
cells by inserting CHCHD2 exon 2 and flanking introns 
between the two proprietary constitutive exons of a 
modified exon-trapping vector, pSPL3. In this 
heterologous context, the 300+5G>A mutation caused 
CHCHD2 exon 2 exclusion (figure 2B). The exon 
2-excluded mRNA generated a premature termi nation 
codon 24 nucleotides upstream of the last exon junction, 
and thus should be resistant to non-sense-mediated 
mRNA decay. The band with intermediate mobility 
between the exon-containing and exon-skipped bands 
was sequenced and shown to result from activation of an 
upstream cryptic-5ʹ splice site at position 161 in CHCHD2 
exon 2. This mRNA was predicted to be subject to 

non-sense-mediated mRNA decay due to a premature 
termination codon generated 98 nucleotides upstream of 
the last exon junction. We tested U1 small nuclear 
ribonucleoprotein (snRNP) binding to wild-type and 
300+5G>A mutant 5ʹ splice sites with RNA 
electrophoresis mobility shift assays. We noted decreased 
U1 snRNP-binding in HeLa nuclear extracts for 
300+5G>A compared with wild-type 5ʹ splice site RNA 
(figure 2C, lanes 4 and 8). We verified the mobility of the 
complex using purified U1 snRNP.13 Database searches 
for a truncating mutation in CHCHD2 detected a non-
sense SNV, Tyr99Stop, in 1000 Genomes and dbSNP138 
databases, with an allelic frequency of one in 2178. No 
other protein-truncating mutations were registered in 
the Human Genetic Variation Database or the NHLBI 
ESP database. This is a rare non-sense SNV and we are 
unable to say whether it is related to pathogenicity in 
Parkinson’s disease or other diseases.

To investigate whether CHCHD2 might be a 
susceptibility gene for sporadic Parkinson’s disease, we 
sequenced all CHCHD2 exons, including splice junctions, 
in 517 patients with sporadic Parkinson’s disease and 
559 controls. Two SNVs had significantly different 
frequencies (–9T>G, OR 2·51, 95% CI 1·48–4·24, 
p=0·0004; and 5C>T, 4·69, 1·59–13·83, p=0·0025; table 3). 
The frequencies of several variants in the control 
participants were slightly different to those in public 
databases (table 3). To confirm the link between CHCHD2 
variants and risk of sporadic Parkinson’s disease, we 
examined a previously reported genome-wide association 
study on sporadic Parkinson’s disease in Japanese people.21 
Although one SNP (rs816411) was found on the intron of 
CHCHD2, there was no significant difference in its 
frequency between patients and control participants in 
this genome-wide association study (OR 1·17, 95% CI 
0·96–1·19, p=0·22, Cochran-Armitage trend test).21

Variant rs number Alternative minor allele frequency Sporadic PD vs controls

cDNA Aminoacid Autosomal 
dominant 
PD (n=340)

Sporadic 
PD 
(n=517)

Controls 
(n=559)

1000 
Genomes

HGVD15 OR (95% CI)* p value†

chr7:56174117 –11G>A 5ʹUTR rs200226056 0·000 0·000 0·00099 0·0014 ND ·· ··

chr7:56174115 –9T>G 5ʹUTR rs10043 0·041 0·048 0·020 0·13 0·044 2·51 (1·48–4·24) 0·0004

chr7:56174102 5C>T Pro2Leu rs142444896 0·035 0·018 0·004 0·008 0·013 4·69 (1·59–13·83) 0·0025

chr7:56172172 51-4A>G Splice site Unknown 0.000 0·00097 0·005 ND 0·004 0·19 (0·02–1·66) 0·1189

chr7:56172171 51-3C>T‡ Splice site rs201791644 0·002 0·00097 0·000 0·00046 0·003 ·· ··

chr7:56172037 182C>T Thr61Ile Novel 0·006 0·000 0·000 ND ND ·· ··

chr7:56171964 255T>A Ser85Arg rs182992574 0·002 0·000 0·000 0·00092 0·002 ·· ··

chr7:56171914 300+5G>A Splice site Novel 0·002 0·000 0·000 ND ND ·· ··

chr7:56170571 434G>A Arg145Gln Novel 0·002 0·000 0·000 ND ND ·· ··

chr7:56169419 *125G>A 3ʹUTR rs8406 0·041 0·048 0·027 0·13 ND 1·85 (1·16–2·94) 0·0112

··=not calculated because the genotypes of all of the patients with sporadic PD or controls were the major allele. HGVD=Human Genetic Variation Database.15 ND=no data 
were found in database. OR=odds ratio. PD=Parkinson’s disease. UTR=untranslated region. *Calculated for the minor allele. †Fisher’s exact test. ‡Did not cosegregate in an 
autosomal dominant PD family. 

Table 3: Alternative minor allele frequencies of identified CHCHD2 variants
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CHCHD2 has a predicted N-terminal mitochondrial 
targeting sequence according to the UniProt database; 
therefore, we investigated whether CHCHD2 is located 
in mito chondria. Western blot analysis of subcellular 
fractions revealed that endogenous CHCHD2 is present 

in mitochondria (appendix). Furthermore, findings from 
confocal microscopy studies showed that exogenously 
expressed CHCHD2 localises to mitochondria, whereas 
CHCHD2 that has had the mitochondrial targeting 
sequence deleted does not (appendix). Immunoelectron 
microscopy and trypsin digestion assays showed that 
CHCHD2 is mainly localised in the intermembrane 
space (appendix). No localisation differences were noted 
between wild-type and missense mutants (appendix).

Table 4 summarises the clinical features of the patients 
with CHCHD2 mutations. The mean age at onset of 
Parkinson’s disease was 56·2 years (SD 8·1, range 40–67).
Although a patient from family C (C-III-3; figure 1), who 
was examined and from whom DNA was collected after 
additional mutation screening with 340 index cases, 
mainly showed only upper limb tremor-like essential 
tremor, other patients presented with typical parkinsonian 
features, including bradykinesia, rigidity, and gait 
disturbance, with symptoms responsive to levodopa that 
are consistent with the UK Brain Bank Parkinson’s disease 
criteria.6 Additionally, we detected three asymptomatic 
carriers with heterozygous 182C>T (Thr61Ile) mutations 
(A-III-18, A-IV-5, and A-IV-8). Their ages at sampling were 
55 years, 56 years, and 35 years, respectively.

Discussion
In this study, we show that the heterozygous 182C>T 
(Thr61Ile) mutation in CHCHD2 cosegregated with 
Parkinson’s disease in a Japanese family with autosomal 
dominant Parkinson’s disease. We identified three 
CHCHD2 variants, none of which was present in controls, 
and our findings suggest that CHCHD2 is a novel gene 
for autosomal dominant Parkinson’s disease (panel).

CHCHD2 belongs to the CHCHD protein family, 
which are small proteins (about <18 kDa) containing 
twin cysteine-x9-cysteine motifs. CHCHD proteins 
localise to the mitochondrial intermembrane space via 
the Mia40 and Erv1 disulphide relay system.24 Proteins 
with the cysteine-x9-cysteine motif are involved in 
biogenesis and regulation of enzymes in the mito-
chondrial respiratory chain, from yeast to mammals.24 
In particular, CHCHD2 seems to be closely linked to 
cytochrome c oxidase (COX), because COX2 protein 
concentrations and COX activity are affected by 
CHCHD2 knock down.22,23 Moreover, CHCHD2 acts as 
an antiapoptotic factor in cancer cells.25 Although 
further functional studies are needed to investigate 
how mutant CHCHD2 plays a part in Parkinson’s 
disease in mitochondria, the combination of previously 
reported CHCHD2 functions and our findings 
suggest that mitochondrial respiration is the link to 
Parkinson’s disease.

We identified CHCHD2 mutations not only in patients 
with Parkinson’s disease, but also in a patient with 
essential tremor from the same family. Although we do 
not have any dopamine transporter scan data to check for 
any evidence of a dopaminergic deficit, an association 
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Figure 2: Splicing assay of CHCHD2 300+5G>A
(A) pcDNA-CHCHD2- 300+5G>A induced exon 2 skipping in SH-SY5Y cells, 
whereas 434G>A, 182C>T, or wild-type did not. *A faint band with intermediate 
mobility was present between exon 2-containing and exon 2-excluded bands. 
(B) pSPL3-CHCHD2-exon 2- 300+5G>A generated an exon 2-skipped transcript 
and a transcript with partial exon 2-inclusion via activation of an upstream cryptic 
5ʹ splice site (arrow above exon 2). The arrows next to exons 1 and 3 show the 
position of primers used in the analyses. Triangles above the gene schematic 
denote normal splicing between exons 1 and 2, and 2 and 3, which results in a 
transcript with all three exons shown as a transcript bar below; the two triangles 
immediately below the line refer to the middle transcript bar with partial exon 2, 
and the lowest triangle refers to the lowest transcript bar with completely skipped 
exon 2. Numbers on the right side of the electrophoresis bands show their size. 
(C) Binding of CHCHD2 exon 2-wild-type and 300+5G>A-mutant 5´ splice sites to 
U1 snRNP was measured using increasing amounts of HeLa nuclear extracts (3 μg, 
6 μg, and 12 μg). Binding of the 5ʹ splice site probe to U1 snRNP was compromised 
with HeLa nuclear extracts. CMVp=cytomegalovirus promoter. M=100 bp DNA 
marker. snRNP=small nuclear ribonucleoprotein. †Bandshift of incomplete 
U1snRNP complexes. 

For the UniProt database see 
http://www.uniprot.org
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between essential tremor and Parkinson’s disease has 
been suggested by many clinical, epidemiological, neuro-
imaging, and genetic studies.26 Additionally, a large 
family from Arkansas, USA, with Parkinson’s disease, 
essential tremor, and restless legs syndrome has been 
reported.27 CHCHD2 mutations might be identified in 
this family, but to our knowledge the family has not been 
tested for CHCHD2 mutations. We could not make any 
conclusions regarding the relation between essential 
tremor and CHCHD2 mutations because only one 
patient with essential tremor and a CHCHD2 mutation 
was detected in this study. Further studies are needed to 
identify whether CHCHD2 is involved in both 
Parkinson’s disease and essential tremor, or whether 
essential tremor happens to coincide with Parkinson’s 
disease in the same family because of reduced 
penetrance. Recent studies have reported that CHCHD2 
expression is increased in neural stem cell lines derived 
from a patient with Huntington’s disease (MIM 143100) 
and in HEK-293 cells under hypoxic conditions (4% 
oxygen).22,28,29 Based on these observations, CHCHD2 
might be involved in various neurodegenerative diseases 
and cerebral infarction (MIM 601367).

Causative genes for mendelian forms of Parkinson’s 
disease play an important part in mitochondrial clearance, 
and the clearance of damaged mitochondria is a key 
mechanism in the pathogenesis of Parkinson’s disease 
and needs to be better understood. PARK2 (MIM 602544) 

and PINK1 (MIM 608309) are well known causative genes 
for early-onset autosomal recessive Parkinson’s disease. 
Findings from functional studies have revealed that 
Parkin E3 ubiquitin ligase is fully activated by PINK1-
dependent phosphorylation of both Parkin and ubiquitin 
on damaged mitochondria in the first phase of PINK1/
parkin-mediated mitophagy.30,31 MIX17 (YMR002W), the 
yeast homolog of CHCHD2, is regulated by the ubiquitin-
proteasome system.32 Although there has been no 
evidence of a relation between CHCHD2 and mitophagy, 
whether CHCHD2 is involved in PINK1/parkin-mediated 
mitophagy should be investigated.

Although the Thr61Ile mutation of CHCHD2 was 
confirmed in independent probands and cosegregates 
with Parkinson’s disease, the Arg145Gln and splicing 
(300+5G>A) mutations were found in only one patient in 
a small family with autosomal dominant Parkinson’s 
disease. Whether or not these two mutations are linked 
to Parkinson’s disease remains unclear. We would have 
liked to confirm these findings by undertaking mutation 
screening of patients and unaffected members of 
families B and D, but unfortunately the patients in this 
study declined access to other family members. 
Furthermore, we could not collect RNA samples from 
patients with 300+5G>A mutations, which produced the 
splicing abnormality in SH-SY5Y cells.

Our findings differ from those from a previously 
reported genome-wide association study.21 We are 

A-II-9 A-II-12 A-II-18 A-III-1 A-III-6 A-III-10 A-III-13 A-III-17 B-II-6 C-III-3 C-III-6 D-II-1

Sex M W W M W W W W W M M W

Age at onset (years) 60 61 55 57 59 49 55 48 67 10 40 67

Age at examination (years) 83 81 69 67 63 50 57 58 72 50 43 68

Disease duration (years) 23 20 14 10 4 1 2 10 5 40 3 1

Initial symptoms Resting 
tremor

Bradykinesia Bradykinesia Bradykinesia Resting 
tremor

Resting 
tremor

Bradykinesia Resting 
tremor

Resting 
tremor

Fine 
tremor

Resting 
tremor

Gait 
disturbance

Hoehn and Yahr stage (on/off) 5/5 4/ND ND/ND 3/ND 3/3 2/ND 2/ND 3/ND 3/4 ND/ND 2/ND ND/3

Resting tremor + + + + + + – + + + (fine 
tremor)

+ –

Bradykinesia + + + + + + + + – – + +

Rigidity + + + + + + + + – – + +

Postural instability – – + + + – + + – – – +

Asymmetry at onset + – + + + + + – + – + +

Clinical response to levodopa + ND + + + ND + + + ND + ND

Wearing off – ND + – + ND – + – ND – ND

On/off phenomenon – ND – – – ND – – + ND – ND

Levodopa-induced dyskinesia – ND + – + ND – – – ND – ND

Hyper-reflexia – – – – + + – – + – – +

Orthostatic hypotension – – – – + – + – – – – –

Constipation – + + + + – + – – – – +

Depression – – – – – – – – – – – +

Smell disturbance – – – – – – – – – – – +

All patients also had gait disturbance. No patients had urinary urgency, hallucinations, delusion, dementia, mental retardation, rapid eye movement sleep behaviour disorder, or restless legs syndrome. M=man. 
ND=not done. W=woman. –=not present. +=present.

Table 4: Clinical characteristics of patients with CHCHD2 mutations
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unsure whether our case-control study detected false 
positive results because of the small sample size or 
whether the genome-wide association study could not 
detect positive variants for Parkinson’s disease risk 
because of the low allele frequencies of SNVs mapped 
on the CHCHD2 region.
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Lysosome』 associatedmembrane protein-2 (LAMP-2) is the gene responsible for Danon disease, 
which is characterized by cardiomyopathy, autophagic vacuolar myopathy, and variable mental 
retardation. To elucidate the function of LAMP-2 in the central nervous system, we investigated the 
neuropathologi日 Ichanges in Lamp-2-deficient mice. Immunohistochemical observations revealed 
that Lamp-1 and cathepsin D-positive Lysosomal structures increased in the Large neurons of the 
mouse brain. Ubiquitin-immunoreactive aggregates and concanavalin A-positive materials were 
detected in these neurons. By means of ultrastructural studies, we found various-shaped accumu-
lations, including lipofuscin, glycolipid-Like materials, and membranous structures, in the neurons 
and glial cells of Lamp-2 deficient brains. In deficient mice, glycogen granules accumulated in 
hepatocyte tysosomes but were not observed in neurons. These pathological features indicate 
lysosomal storage disease; however, the findings are unlikely a consequence of deficiency of a single 
lysosomal enzyme. Although previous study results have shown a large amount of autophagic 
vacuoles in parenchymal cells of the visceral organs, these findings were rarely detected in the brain 
tissue except for some axons in the substantia nigra, in which abundant activated microglial cells 
with increased lipid peroxidation were observed. Thus, LAMP-2 in the central nervous system has a 
possible role in the degradation of the various macromolecules in lysosomes and an additional 
function concerning protection from oxidative stress, especially in the substantia nigra. 
(Am J Pathol 2015, 185: 1713-1723; http:j/dx‘doi.org/10.1016/j. ajpath.2015. 02. 015) 

X-linked vacuolar cardiomyopathy and myopathy (Danon 

disease) are caused by the prim訂ydeficiency of lysosome-

associated membrane protein-2 (LAMP-2). 1 Danon disease 

was first described as Iysosomal glycogen storage disease 

with nm百mlacid maltase because the cases closely resem 

bled features of the infantile form of acid maltase deficiency 

(Pompe dis巴ase;glycogen storage dis巴asetype II), except 

that acid maltase activity was no1mal in the muscle.2 The 

muscle malfunction of Danon disease has been well inves-

tigated with biopsied specimens characterized by autophagic 

vacuolar myopathy with sarcolemmal features. 3'4 Despite 
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the presence of cognitive impairment in thes巴 patients,

the neuropathological findings have not been investigated. 
Recently, we reported an autopsy case of genetically confirmed 

Danon disease and found distinct neuropathological changes, 

including features oflysosomal accumulation and senescence,5 

although the role of LAMP-2 in the central nervous system 
(CNS) is still under investigation. 

The lysosomal membrane glycoproteins, LAMP-1 and 

LAMP-2, are type 1 membrane proteins that consist of a 
short cytoplasmic tail, one transmembrane domain, and a 

heavily glycosylated luminal domain.6 Human LA恥1P-land 

LAMP-2 share 36.7% sequence identity and many structuial 
and biochemical similarities. 7 The human LAMP2 gene has 

three splice variants: LAMP-2A, LAMP-2B, and LAMP-2C.6 

LAMP-2A S巴rvesas a I右ceptorfor chaperone-mediated 
autophagy (CMA),8 and CMA malfunction may b巴 related

to aging and lysosomal storage diseases, as well as neuro-
degenerative disorders such as Parkinson disease, Alzheimer 
disease, and polyglutamine disord巴rs目9Fujiwara et al 10・ 11 

discovered a novel function of LAMP-2C that mediates 

selective autophagy for nucleic acids. Despite the advance-

ment of this field, results from relatively few studies confirm 
these functions of LAMP-2 in vivo. 

Here, we examined the CNS of Lamp-2-deficient mice. 
All genes for Lαmp2 subtypes of the mice were deleted.12 

The neuropathological features were consistent with those 
of human Danon disease,5 suggesting that Lamp-

2 deficient mice are an appropriate in vivo model for human 

Danon disease and are, therefore, available to elucidate the 

mechanism and therapeutic intervention of the disease. 

Characteristic features, ie, accumulation of glycogen in ly-
sosomes and enhancement of macroautophagy, are not 

noted in the brain. Different responses between neural cells 

of the CNS and parenchymal cells of visceral organs are 
discussed. 

Materials and Methods 

Experimental Animals 

Littermates of male Lamp2-deficient mice and wild-type mic巴
were used in this experiment. All of the animals were 

offspring from pairs of wild-type C57BL/6J male mice and 
hemizygote Lamp2xl-female mice because the Lamp2 gene 

13 is located at X chromosome Xq24. Lamp-2-deticient mice 

were provided by Dr. Paul Saftig 12 and were back cross巴dwith 

C57BL/6J mice > 20 generations in our laboratory. The mice 
were maintain巴dat Juntendo University and at the National 

Institute of Neuroscience, National Cent巴rof Neurology and 
Psychiatry (Tokyo, Japan). The experiments were approved 

by the institute’s Animal Investigation Committee. 

Antibodies 

The following primary antibodies were used for Western 

blot analysis and immunohistochemical analysis: Lamp-2 
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(M3/84, rat monoclonal, 1:100, Abcam, Cambridge, UK), 

Lamp-1 (1 D4B, rat monoclonal, 1: 1000, Stress gen Bio-
reagents, Victoria, BC, Canada), cathepsin D (rabbit poly-

clonal, 1: 1000, Dr・.Yasuo Uchiyama), light chain 3仏C3)

(rabbit polyclonal, l: I 000, Abcam）， α－synuclein (rabbit poly-

clonal, 1:1000 for Western blot analysis, 1:500 for immuno-

histochemical analysis, EMD Millipor巴，Billerica,MA), B-actin 
(mouse monoclonal, 1 :10,000, Sigma-Ald1ich, St. Louis, MO), 

ubiquitin (rabbit polyclonal, 1 :200, Dako, Glostrup, Denmark), 
glial fibrillary acidic protein (rabbit polyclonal, 1: 1000, 

Neomarkers, Fremont, CA), Mac-2 (rat monoclonal, 1・：500,

Cedarlane, Burlington, ON, Canada), GM130 (mouse 
monoclonal, 1: 100, BD, Franklin Lakes, NJ), Rab7 (rabbit 

polyclonal, 1: 100, Santa Cruz Biotechnology, Dallas, TX), 

microtubule-associated protein 2 (HM2, mouse mono-
clonal, 1・：500,Sigma-Aldrich), ionized calcium-binding 

adapter molecule I (rabbit polyclonal, 1・：200,Wako Pure 
Chemical Industries, Osaka, Japan), 21,31 cyclic-nucleotide 31-

phosphodiesterase (mouse monoclonal, I :200, Covance, 
Princeton, NJ), SMI3 I (mouse monoclonal, 1: I 000, Covanc巴），

synaptophysin (mouse monoclonal, EMD Millipore), and 4 

hydroxynonenal (mouse monoclonal, 1:200, Nikken Seil, Shi-

zuoka, Japan). 

Western Blot Analysis 

Mice of both genotypes at the age of 12 weeks were 

deeply anesthetized with diethy 1 eth巴land decapitated, 

and then each tissue was dissected and lysed in radio-

immunoprecipitation assay buffer [50 mmol/L T1is-HCl, 
pH 7.6; 150 mmol/L NaCl; 1 % Triton X-100 (Nacalai 

丁目que,Kyoto, Japan); 0.5% sodium deoxycholate; 0.1 % 

SDS] containing protease inhibitor cocktail (Nacalai Tes-
que) by means of a homogenizer (Polytron PT3100, Kin-

ematica, Littau-Lucerne, Switzerland). After centrifuging 

at 10,500×g for 10 minutes at 4 °C, the protein concen-

tration of the supematants was determined by means of a 
microplate reader Spectra恥1axM2 (Molecular Devices 

Japan, Tokyo, Japan) by using bovine serum albumin 

as a standard. Prot巴inswere separated on 10% or 15% 

SDS-polyacrylamide gels, transferred to polyvinylidene 

difiuo1ide membranes (EMD Millipore), and incubated 
with 5% skim milk in phosphate-buffered saline (PBS) 

with Tween 20 [135 mmol/L PBS containing 0.05% Tw巴en

20 (Nacalai Tesque)] for 1 hour at room temperature. The 

membranes were incubated overnight with each primary 
antibody, washed in PBS with Tween 20, and further 

incubated with anti-mouse or rabbit IgG hors巴radish

peroxidase conjugate (1:1000, Dako). After washing in 

PBS with Tween 20, the membranes were developed with 
chemiluminescent horseradish peroxidase substrate 

(lmmobilon Western, EMD Millipore) and analyzed using 

the LAS-4000 luminescent image analyzer (Fujifilm, 

Tokyo, Japan). B-Actin was used as a loading control. 
Statistical analyses (n = 3) were performed using a Stu-

dent’S t test in Excel (Microsoft, Redmond, WA). 
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Immunohistochemical Analysis 

For immunohistochemical studies, male mice of both ge-
notypes at 12 and 32 weeks of age (total 12 mice) were 

deeply anesthetized with diethyl ether and perfused with 4% 
paraformaldehyde. The brain, heart, and !iv巴rwere removed 

and postfixed overnight and then embedded in paraffin and 

sectioned. Sections (5 μm thick) were deparaffinized and 
treated with 1 % hydrogen peroxide for 30 minutes, auto-

claved at l05°C for 10 minutes, and then incubated with 5% 

normal serum in PBS (pH 7.4) for 1 hour at room temper-
ature followed by incubation overnight at 4°C with each 

primaiy antibody. The sections were washed in PBS then 
incubated with biotinylated secondai・y antibodies diluted 

1 :500 in PBS containing 5% normal serum. The sections were 
treated with the VECTASTAIN Elite ABC kit (Vector Lab-

oratories, Burlingame, CA) according to the manufacturer’s 

protocol. Some sections were incubated with EnYision + 
Sy st巴mhorseradish peroxidase 一labeledpolymer anti-rabbit 
or anti-mouse (Dako) as secondary antibodies. Sections were 

developed with 0.02% 3,3' diaminobenzidine tetrahydro-

chlorid巴solutioncontaining 0.003% hydrogen peroxide. After 
visualization, sections were counterstained with hematoxylin. 

For single or double immunoftuorescent studies, sections 

were incubated with primary antibodies overnight, followed 

by secondary antibodies conjugated to Alexa Fluor 488 and/or 
594 (1:200, Molecular Probes, Thermo Fisher Scientific, 

Eugene, OR) for 1 hour, then DAPI (250 nmol/L) for 5 mi-

nutes. Confocal microscopy was perfmmed using the Fluo 

View FY 1000 confocal microscope system (Olympus, Tokyo, 
Japan). The percentage of intracellular particl巴sthat were 

immunoreacti ve for Lamp-2, Lamp-1, or Rab7 was counted in 

100 particles of hippocampal large neurons for three candi-
dates from each wild-type and Lamp-2-deficient mice groups. 

Fluorescein Isothiocyanate Lectin Staining for 

Glycoanalysis 

To identify the profiling of glycans for intracytoplasmic ag-

gregates, we stained ftuorescein isothiocyanate-'conjugated 

lectins. Paraffin-embedded 4% paraformaldehyde-fixed sec-

tions were deparaffinized and incubated with 3% bovin巴
serum albumin in PBSfor 1 hour at room temperature fol-

lowed by incubation overnight at 4°C with each ftuorescein 

isothiocyanate-conjugated lectin for concanavalin A, suc-
cinyl concanavalin A, wheat germ agglutinin, Lens culinaris 

agglutinin, Psathyrella velutina lectin, Phaseolus vulgaris 
erythrolectin, Vicia villosa lectin, Galanthus nivalis lectin, or 

Bauhinia purpurea lectin (Sigma-Aldrich) diluted 1 :500 in 
3% bovine serum albumin in PBS. The sections were 

obs巴rvedwith a confocal laser scanning microscope (Fluo-

View FYlOOO, Olympus). 

Electron Microscopic Ana切sis

Both genotypes of male mice at the age of 8 and 34 weeks 
(total eight mice) were deeply anesthetized with dimethyl 

The American Journal of Pathology・ajp.amjpathol.org
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ether and perfused with 2% paraformaldehyde and 2% 
glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4 ). The 

brain and liver were removed, postfixed with the same fixa 

tive, and left overnight at 4°C. The specimens wer芯 trimmed
and washed with PBS, incubated in phosphate-buffered 1 % 

osmium t巴troxidefor 1 hour, dehydrated in ethanol, and 

embedded in resin (Epon 812, TAAB Laboratories Equip-
ment, Berkshire, UK). Ultrathin sections were mounted on 

copper grids and stained with uranyl acetate and lead citrate. 

The sections were observed using an H-7000 electron mi-

croscope (Hitachi, Tokyo, Japan) or Tecnai transmission 
electron microscope (FEI, Hillsboro, OR). 

Results 

General Appearance of Lamp-2-Deficient Mice 

The body weights of Lamp-2-deficient mice were signifi-
cantly reduced when compared with those of wild-type mice 

at 16 weeks of age (Supplemental Figure Sl). Lamp-2-
defici巴ntmice ar定問portedto have increased mortality be-
tween 20 and 40 days of age.12 In our observation, life spans 

of the mice that survived >40 days were also short巴ned

(Supplemental Figure S2). 

Localization of Lamp-2 in the CNS 

Lamp-2 protein is abundant in the liver, and to a lesser 
extent, in the heart and brain of wild-type mice at the age of 

12 weeks (Figure IA). Expression of Lamp-2 was lacking in 
the Lamp-2-deficient mice (Figure 1, A-E). Double 

immunohistochemical analysis revealed that immunoreac-
tivity for Lamp-2 largely colocalized in granules with 

immunoreactivity for Lamp-I (89.3%), and some granules 

immunopositive for Lamp-2 colocalized with those for a late 
endosome marker, Rab7 (10.7%) (Figure 1, F and G). In the 

CNS, Lamp-2 was expressed ubiquitously in the neurons 

(microtubule-associated protein 2) (Figure I, H-J), astro-

cytes (glial fibrillary acidic protein) (Figure 1, K-M), 
microglia (ionized calcium-binding adapter molecule 1) 

(Figure 1, N-P), and oligod巴ndrocytes(2' ,3' -cyclic-nucle-
otide 3'-phosphodiesterase) (Figure I, Q-S), showing 

relatively prominent staining in large neurons (Figure ID). 

Morphological and Functional Changes in Lysosomes in 

Lamp-2-Deficient Mice 

To study the structural and immunohistochemical changes 

in lysosomes, expression of another lysosomal membrane 
prot巴in,Lamp-I and a lysosomal aspartic proteinase, we 

examined cathepsin D. Western blot analysis showed that 
expression of Lamp-1 and cathepsin D was significantly 

increased in the brain of Lamp-2-deficient mice (Figure 2, 

A and B). Both Lamp-1 and cathepsin D一immunoreactive

lysosomes were enlarged, especially in the large neurons of 
Lamp-2 deficient mice (Figure 2, C-H). 
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Figure 1 Lysosome-associated membrane 
protein-2 (Lamp-2) is expressed mainly in the lyso-
somes and enriched in the large neurons of the brain. 
A: Western blot analysis of Lamp 2 with lysates from 
the brain (30 μg per lane), heart (10 μg per lane), and 
liver (10 μg per lane) in wild-type and Lamp-2← 

deficient mice. The immunoreactive band for Lamp-2 
is undetectable in Lamp-2-deficient mice. B-E: 
Immunoreactivity for Lamp-2 is obse刊edin the liver 
(B) and neocortex (D) of the wild-type mice, whereas 
li社leimmunorea凶＇vityis seen in the liver (C) and 
neocortex (E) of the Lamp-2-deficient mice. F and G: 
Double immunohistochemical analysis reveals that 
Lamp 2 colocalizes with Lamp-1 (F; 89.3%) and with 
Rab7 (G; 10. 7%). H-5: Lamp-2 pa市allycolocalizes 
with microtubule-associated protein 2 (MAP2; H-J), 
glial fibrillary acidic protein (GFAP; K M), ionized 
calcium-binding adapter molecule 1 (Iba1; N-P), 
and 2’，3’－cyclic-nucleotide 3’－phos p ho di esterase 
(CNPase; Q-5). Scale bars: 10 ~tm . 
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Figure 2 Expression of lysosome associated membrane protein-2 (Lamp-1) and cathepsin D increases in the brain of Lamp-2 deficient mice. A and B: 
Western blot analysis reveals that expression of both Lamp-1 (A) and cathepsin D (B) significa円tlyincreases in the brain of Lamp-2-deficient mice (y ) 
compared with in wild-type mice (y+). Each value represents the means土 SEM.C H: Double immunohistochemical analysis shows Lamp-1 and cathepsin 
D-immunoreactive lysosomes are enlarged in the CA3 of Lamp-2-deficient mice (12 weeks F-H）.ザ ＜0.05. Scale bar = 10 μm. 

日ectronmicroscopic observations showed primary Iyso-

somes in wild-type mice (Figure 3, A and D）叩daccumt』la-

tion of glycogen granules and membranous materials in 

lysosomes of the liver in Lmηp-2-deficient mice at the age of 

8 weeks (Figme 3, B and C). Although morphological 

changes in lysosomes were also observed in the hippocampal 

neurons of Lamp-2-deficient mice, glycogen granules did not 

accumulate in Iysosomes (Figure 3, E and F). Lipofuscin in 

the large neurons was sometimes seen in the 34-week-old 

wild-type mice (Figure 30). In addition to lipofuscin, vesicle-

containing structures were seen in the cytoplasm of hippo-

campal neurons in Lamp-2-deficient mice (Figure 3H). 

Various mate1ials accumulat巴dnot only in neurons but also in 

oth巴rcell types in the CNS of Lamp-2-deficient mice. Ag-

gregates of membrane s町ucturesw巴redetected in astrncytes 

(Figure 31), whereas electron-dense materials packed in large 

granules that contained small electron-dense and -lucent 

vesicles were present in pericytes (Figure 3J). 

To identify the properties of lysosomal accumulation, we 

performed immunohistochemical analysis for ubiquitin 

(Figure 4, A-D) and lectin staining (Figure 4, E and F). 

Ubiquitin-irrununoreactive aggregates were found in the 

neuronal perikarya of the neocortex and hippocampal CA3 

region (Figure 4, B and D). At confocal laser scanning 

microscopy, autofluorescence was detected in granular 

structures, some of which colocalized with positive staining 

for concanavalin A that interacts with D-mannose and 

D-glucose; these appeared more abundantly in the hippo-

campal CA3 neurons of Lamp-2-deficient mice than in 

those of wild-type mice (Figure 4, E and F). 

The American Journal of Pathology ・ajp.amjpathol.org

Alterations of the Golgi Apparatus in Large Neurons 

Besides morphological and functional changes in lyso-

somes, the structure of the Golgi apparatus was altered in 

the Lamp-2-deficient mic巴（Figure5). Immunoreactivity 

for GM130, a Golgi matrix protein, increased in large 

neurons of Lamp-2 deficient mice at the age of 12 weeks 

(Figure 5, A and B). Ultrastructurally, the cistemae of the 

Golgi lamellae were dilated at the age of 8 weeks, and som巴

cistemae took a circular fonn at the age of 32 weeks 

(Figure 5, C-F). 

Cell-Type Specific Changes in Expression for LC3 in 

Lamp-2-Deficient Mice 

Because skeletal muscle biopsy results for Danon disease 
3,4 exhibit autophagic vacuolar myopathy, expression of 

LC3, a macroautophagy marker protein, was examined. 

Expression lev巴Isof LC3-II, a membrane-bound type, were 

significantly increased in the liver of the Lamp-2-deficient 

mice compared with that in control mice, as evidenced by 

Western blot analysis (Figme 6A) (P < 0.05), whereas 

expression levels of LC3-II were similar in the brain of both 

phenotypes (Figure 6B). Immunoreactivity for LC3 was 

detected in large granules in the cardiac myocytes and he-

patocytes of Lamp-2-deticient mice (Figure 6, C-F). 

Electron micrographs showed a large amount of autophagic 

vacuoles and dense bodies in the liver of Lamp-2-deficient 

mice (Figure 60). In the brain, expression of LC3 in Lamp-

2-deficient mice was similar to that in wild-type mice 
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(Figure 6, H and I) except for in the substantia nigra pars 

reticulata, where some LC3-immunoreactive large granular 
structures (Figure 6, J and K) and autophagic vacuole-

containing axons were observed (Figure 6L). Although 
Western blot analysis for LC3-II with use of whole brain 

lysates did not show any difference between wild-type and 

L。mp-2-deficientmice (Figure 6B), analysis with midbrain 

lysates revealed increased expression of LC3-ll in Lamp-
2-deficient mice (Supplemental Figure S3A). I町espective

of such findings in the substantia nigra, neuronal loss 

of dopaminergic neurons was not observed with tyrosine 
hydroxylase staining (data not shown). 

Midbrain Pathology with Extensive Glial Reactions 

To further investigate the rnidbrain pathology, we performed 

immunohistochemical analysis for αsynuclein, one of the 

most important CMA substrates, and relevant proteins 

(Figure 7). First, we confirmed that th巴antibodyfor α－syn-
uclein would not cross-react with ~ or y-synuclein (data not 

shown). Although expression of α－synuclein (Figure 7九1)

and a key regulator for CMA, Hsc70 (Supplemental 

Figure S3B), in the brain of Lanψ－2-deficient mice was 
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Figure 3 Ultrastructure ofいosomesand accu-
mulation of various materials in the liver at 8 weeks 
(w) (A-C) and brain at 8 weeks (D-F) and 34 weeks 
(G J) in wild-type mice (y+; A, D, and G) and 
Lamp-2 deficient mice (y-; B, C, E, F, and H-J). 

A-C: Lysosomes （切） appear as electron-dense or-
ganelles in the liver of wild-type mice. Accumulations 
of g防cogen(arrowheads, B) and membranous ma-
terials (arrowheads, C) i円いosomesare observed in 
the liver of Lamp-2-deficient mice. 0-F: In contrast 
to lysosomes in neuronal cytoplasm of 8-week-old 
wild-type mice, lysosomal changes with membranous 
accumulations are found in the neurons of Lamp-2-
deficient mice (arrowheads, E and F). G J: In the 
brain at the age of 34 weeks, lipofuscin is observed in 
hippocampal CA3 neurons of both wild-type and 
Lamp-2-deficient mice (aste吋sk,G and H). In 
addition, vesicle-containing materials (arrowheads, 
H) are see円inthe cytoplasm of neurons in Lamp-2-

deficient mice. Membranous materials in astrocytes 
(asterisks, I) and electron-dense materials州ithsmall 
vesicles in pericytes (arrows, J) are also accumulated. 
bm, basement membrane; gf, glial filaments; lu, 
lumen; m, mitochondria; nu, nucleus. Scale bars: 
250 nm (A H); 500 nm (I and J). 

similar to that of wild-type mice, immunohistochernical 

studies revealed that large dotted structures positive for α－ 

synuclein were found in the substantia nigra pars reticulata 

(Figure 7, A-D). Expression of α－synuclein in the dotted 

structures was not seen after proteinase K treatment 

(Supplem巴ntalFigure S4). Phosphorylatedα－synuclein was 
not detected in the Lamp-2 deficient brain (data not shown). 

The structures were colocalized in part with SMI3 l, syn-
aptophysin, Mac-2, and 4 hydroxynonenal (Figure 7, N-Q), 

suggesting that axons and activated microglia are associated 
with lipid peroxidation. In the substantia nigra, extensive 

reactive astrocytosis (Figure 7, E-H) and activated micro-
glial infiltration (Figure 7, 1-L) were observed. 

Discussion 

Expression of Lamps in the CNS 

LAMPs are major components of lysosome membranes. In 
our observation, Lamp-2 was ubiquitously distributed to 

different cell types and enriched in the large neurons in the 

CNS. The m句orityof Lamp-2一immunoreactivevesicles 
co localized with Lamp-1 in these large neurons. Although 
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Figure 4 Expression of ubiquitin and concanavalin A increases in the 
large neurons of Lamp-2-deficient mice at the age of 32 weeks. A-D: 
Immunohistochemical images for ubiquitin in the neoco内ex(A and B) and 
hippocampal CA3 (C and D) i円 wild-type(y1・; A and C) and Lamp-

2-deficient (y ; B and D) mice reveals that large neurons in Lamp-

2-deficient mice co円匂inubiquitin-immunoreactive aggregates (a『rows,B 

and D). E and F: Conca円avalinA staining (green; arrows, F) and auto-
fluorescence (red; arrowhead, F) positive deposits in the hippocampal CA3 
are abunda円tin Lamp-2-deficient mice (F) compared with those in wild 
type mice (E). Scale bar = 20 >tm. 

Lamp-1-deficient mice exhibited mild gliosis and altered 

cathepsin D immunoreactivity in the brain with normal 

lysosomal morphology, 14 double deficiency of both Lamp-1 
15 and Lamp-2 is embryonic lethal. Because expression of 

Lamp-1 was elevated in the brains of Lαmp-2-defici巴nt

mice, it is likely that these two proteins are interdependent 

in CNS neurons. Therefore, phenotypes of Lamp-2-
deficient mice may indicate a specific function for Lamp-2. 

Lamp-2-Deficient Mice as a Model of Lysosomal 

Storage Disease 

Two-thirds of lysosomal storage diseases involve the CNS; 

however, their exact contribution to mental retardation re-

mains unknown.16 LAMP-2-deficient human Danon dis-

ease was first diagnosed as a glycogen storag巴 disease

because glycogen granules accumulated in the muscle.2 We 

observed accumulations of巴lectron-densematerials and 

ubiquitin-irnmunoreactive aggregates in the n巴uronalcyto-

plasm of the Lαmp-2-deficient brain. Because various 

shaped materials accumulated in the different c巴11types of 

The American Journal of Pathology ・ajp.amjpathol.org

Neuropathology in Lamp-2 Deficient Mice 

Lamp-2 deficient mice, these findings are likely not the 

consequence of deficiency of a singl巴lysosomalenzyme but 

a disorder of enzyme trafficking or targeting or defective 

function of nonenzymatic lysosomal proteins. Results from 
functional studies have revealed that LAMP-2 deficiency 

leads to impaired recycling of 46-kDa mannose 6-phosphate 

receptors and partial mistargeting of lysosomal enzyme. 17 

LAMP-2 also plays a critical role in endosomal choles-

terol tr組 spoit.18Our morphological studies are consistent 

with those in these reports. 
Lectin staining revealed that intracellular aggregates were 

positive for concanavalin A, which binds D-mannose叩 d

Figure 5 Structure of Golgi apparatus is altered in the円euronsof 
Lamp田2 deficient mice. A and B: Immunoreactivity for GM130 is more 
abundant in the hippocampal pyramidal円euronsof Lamp 2-deficient 
mice (y一）than that in wild-type mice (y十）.C F: Electron micrographs 
show that the Golgi apparatus appears as thin lamellar structures in the 
CA3 neurons of wild-type mice (8 weeks, C; 32 weeks, E; indicated by 
arrowheads). In the neurons of Lamp-2 defi’cient mice, dilatation of 
cisternae (8 weeks, D; indicated by arrowheads) and circular structures 
(32 weeks, F; indicated by arrowheads) are observed. Scale bars：・ 10μm 
(A and B); 250 nm (C-F). 
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~ Figure 6 Macroautophagy is less affected in the brai『iof Lamp-2 deficient mice at the age of 12 weeks. A and B: Western blot analysis reveals that 
expression of membrane-bound type light chain 3 (LC3）ーIIsignificantly increases in the liver of Lamp-2 de両cientmice (A); however, there is no signifi 
cant change of LC3 expression in the central ne刊oussystem (CNS) (B）.戸－Actinwas used as a loadi『19control. C-F and H K: Immu円ohistochemicalanalysis 
for LC3 in the cardiac muscle (C and D), liver (E and F), cerebral neoco巾 x(H and I), and substantia nigra (J and K) of wild匂pemice (y+) and Lamp 

2-deficient mice (y一）.In the Lamp-2-deficient mice, LC3-immunoreactive deposits are found in cardiac muscle (D) and hepatocytes (F); however, such 
immt』noreactivityis not found in the CNS (I and K), except for LC3-positive large granular structures in the substantia nigra pars reticulata (arrow, K). G and L: 
Electron micrographs show acct」mulationsof autophagic vacuoles and dense bodies in the hepatocytes (G) and axons of the substantia nigra (L) in Lamp-

2 deficient mice. Each value represents the means士SEM.叩 く 0.05.Scale bars: 20 ~1m (C-F, H-K); 500 nm (G); 1 μm (L). 

D-glucos巴.Virtanen et al 19 examined storage material in 

cultured fibroblasts by specific lectin binding in several 
lysosomal storage diseases and found that concanavalin A 

was positive for the materials in I-cell disease, which is a 

defici巴ncyof phosphotransferase in the Golgi apparatus. In 

addition to the lysosomal changes, dysfunction of intracel-
lular organelles, including the mitochondria, endoplasmic 

reticulum, and Golgi apparatus, has been described in Iyso-
soma) storage diseases. 16 Large neurons of lamp-2-deficient 

mice showed increased immunoreactivity for GM130 and 

morphological changes in the cistemae of Golgi larnellae. 

Accumulation ofGM130 leads to alterations ofGolgi ribbon 
architecture.2° Collectively, these findings in the CNS, in 

addition to growth retardation and low survival rate beyond 
postnatal day 40 (Supplemental Figures S 1 and S2), are 

consistent with those of lysosomal storage disease. The main 
neuropathological feature-accumulation of lysosomes-is 

similar to that in human Danon disease.5 

Region-Specific Differences in Macroautophagy 

A large amount of autophagic vacuoles were found in the 

parenchymal cells of the various visceral organs both in 

1720 

Danon disease and Lαmp-2-deficient mice. 1・12 Moreov巴r,in 

th巴presentstudy, we confirmed the elevation of autophagic 
activity in the heart and liver of Lamp-2-deficient mice. 

Multi pl巴 functionsof LAMPs have been suggested so far: 
cholesterol traffic, 15 fusion of lysosomes with phagosomes, 21 

and m司jorhistocompatibility complex class II antigen pre-
sentation.22 Expression of LAMP-2 is also related to patho 

23-25 logical processes such as neoplasms and inflammation, 
although few experimental data on LAMP-2 have been 

shown in neuronal cells. 
In the CNS, autophagic vacuoles were not observed in 

neurons except for some axons in the substantia nigra. Such 

celトtyp巴 specificalterations in the lamp-2-deficient mice 

suggest that Lamp 2 may have distinct functions in each 
tissue or cell type. Constitutive autophagy is important in 

the CNS because lack of autophagy-related protein 7 or 

autophagy-related protein 5 in CNS tissue causes neuronal 
changes with ubiquitin-positive inclusion bodies目26.27It is 

unc巴rtainwhy neurons do not show many autophagic vac-

uoles in the lamp-2 deficient brains. Neurons may have 
protective mechanisms against excessive autophagic pro-

cesses. Another possible mechanism may be that Lamp-2 

has no effects on autophagosomes in neurons. 
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Figure 7 α－Synuclein-immunoreactive structures with extensive glial changes and oxidative stress are seen in the substa円tianigra at the age of 12 weeks. 
A L: Immt」円ohistochemicalanalysis for α句 nuclein(A一D),glial fibrillary acidic protein (GFAP; E-H), and Mac-2 (I L) in the hippocampus (A, B, E, F, I, and 
J) and substantia n叩a(C, D, G, H, K, and L）.α－Sy円ucleinーimmunoreactivestructures are found in the substantia nigra (D; inset, D). Extensive infiltration of 
GFAP-positive reactive astrocytes (F and H) and Mac-2-positive activated microglia (J and L) are seen in the substantia nigra and to a lesser extent in the 
hippocampus of Lamp 2-deficient mice. M: Western blot analysis forα－synuclei円 inthe brain shows no signifi’cant changes between wild-type and Lamp-2-

d巴ficientmice. 13・Actinis used as a loading control. N-Q: Double immunofluorescence for a-synuclein （α－syn; green) and SMI31 (N, red), synaptophysin 
(synapt; 0, red), Mac-2 (P, red), and 4 hydroxynonenal (4HNE; Q, red) reveals colocalization ofα－synuclein and each protein (N-Q, arrows). Scale bars: 20 μm 
(A-L); 10 μm (inset, D, and N-Q). 

Evidence of Midbrain Pathology Associated with 

Excessive Glial Reactions and Lipid Peroxidation 

We found intense astrocytic and microglial reactions in the 

substantia nigra and hippocampus of Lamp・2-deficient

mice. Glial cells are also involved primarily in lysosomal 
28 storage diseases. Accumulation of m巴mbranousmaterials 

was found in the astrocytes of Lamp-2-deficient mice 

(Figure 31). Relationships between lysosomal disease and 

Parkinson disease, as well as oxidative stress, have been 

sugg巴sted.29・30Lysosomal dysfunction owing to LAMP-2 

The American Journal of Pathology ・ajp.amjpathol.org

deficiency may cause lipid peroxidation, which enhances 

midbrain pathology; however, in Lamp-2-deficient mice, 

proteinase K-resistant α－synuclein did not accumulate, and 

a loss of dopaminergic neurons was not obviot』s.

Selective Degradation in the Lysosomes via Lamp-2 

Subtypes 

α－Synuclein is one of the most important substrates for 

CMA, and impai1ed degradation has been implicated in 

Parkinson disease.31 Although some axonal swelling and 
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activated microglial cells were immunoreactive for α－synu-

clein, Western blot analysis forα－synuclein with whole brain 

or midbrain homogenates did not show any difference between 

wild-type and Lamp・2-deficientmice. Moreover, phosphor-

ylatedα－synuclein was not expressed in Lamp-2-deficient 

brains. Glyceraldehyde-3-phosphate dehydrogenase, another 

CMA substrate, also did not increase in Lamp-2-deficient 
mice. 1° CMA is activated during oxidative stress, 32 and protein 

degradation in vivo has an alternative pathway; eg，α－synuclein 

is also degraded by macroautophagy, the ubiquitin-proteasome 
33 

system, and other proteases such as calpains, neurosin, and 

metalloproteinases.34 Although glyceraldehyde-3-phosphate 

dehydrogenase is known as a CMA substrate, 4 hydrox-

ynonenal-modified glyceraldehyde-3-phosphate dehydroge-

nase could also be degraded by cathepsin G.35 Therefore, a 

decrease in CMA activity owing to Lamp-2 deficiency could be 

compensated for by constitutive autophagy or the ubiquitin-

proteasome system in the CNS of Lanψ－2 deficient mi印 ．

Another possible explanation may be that unknown rec巴ptors

a陀 involvedin CMA. LAMP-2C is mainly expressed in neu-

rons in the CNS and mediates RNautophagy and DNautoph-

agy .10・ 11 Degradation of nucleic acids, in particular RNA, may 

be important in maintaining the neuronal environment. Another 

subtype, LAMP-2B is enriched in the liver and skeletal muscle. 

Because a patient with a frameshift of exon 9b shows full 

symptoms of Danon disease, including mental retardation, the 

function of LAMP-2B is crucial for Danon disease, 1 although 

the role of LAMP-2B in the CNS is u凶mown.Fmther inves 

tigation is required for understanding the specific function of 

each LAMP-2 subtype in vivo. 
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Abstract 

Tandem fluorescent protein tagged LC3s that were comprised of a protein tag that emits green fluorescence (e.g., EGFP or 
mWasabi) fused with another tag that emits red fluorescence (e.g・mCherryor TagRFP) were used for monitoring the 
maturation step of mammalian autophagosomes. A critical point for this tandem fluorescent-tagged LC3 was the sensitivity 
of green fluorescence at an acidic pH. EGFP and mWasabi continue to emit a weak, but signi抗cant,fluorescence at a pH of 
approximately 6. To overcome this issue, we focused on super-ecliptic pHluorin, which is a more pH-sensitive GFP variation. 
The green fluorescence of EGFP and mWasabi in the cells was still observed at weakly acidic levels (pH 6.0-6.5). In contrast, 
the fluorescence of pHluorin was more significantly quenched at pH 6.5, and was almost completely abolished at pH 5.5-
6.0, indicating that pHluorin is more suitable for use in a tandem fluorescent protein-tag for monitoring autophagy. A 
pHluorin-mKate2 tandem fluorescence protein showed pH-sensitive green fluorescence and pHィesistantfar-red 
fluorescence. We therefore generated expression plasmids for £Hluorin-m~ate2-tagged human LC3 (PK-hLC3), which 
could be used as a modifier for LC3-lipidation. The green and far-red fluorescent puncta of PK-hLC3 were increased under 
starvation conditions. Puncta that were green-negative, but far-red positive, were increased when autolysosomes 
accumulated, but few puncta of the mutant PK-hLC36G that lacked the carboxyl terminal Gly essential for autophagy were 
observed in the cells under the same conditions. These results i『1dicatedthat the PK-hLC3 were more appropriate for the 
pH-sensitive monitoring of the maturation step of autophagosomes. 

Citation: Tanida I, Ueno T, Uchiyama Y (2014) A Super-Ecliptic, pHluorin-mKate2, Tandem Fluorescent Protein-Tagged Human LC3 for the Monitoring of 
Mammalian Autophagy. PLoS ONE 9(10): el 10600. doi:10.1371/journal.pone.0110600 

Editor: Diane Bassham, Iowa State University, United States of America 

Received June 3, 2014; Accepted September 24, 2014; Published October 23, 2014 

Copyright: c 2014 Tanida et al. This is an open access article distributed under the terms of the仁reative仁ommonsAttribution Li日 nse,which permits 
unrestricted use, distribution, and reproduct旧nin any medium, provided the original author and source are credited 

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper. 

Funding: This work was suppo代edin pa代 byGrants-in-Aids for Challenging Exploratory Research (10049091 to YU), S口entificResearches on Priority Areas 
"Proteolysis in the Regulation of Biologi日 lProcesses" (18076005 to IT and TU), S日entificResearches on Innovative Area from the Japan Society for the Promotion 
of Science and the Ministry of Education, S口ence,Sports and Culture of Japan (MEXT) (23111004 and 23110517 to YU), a Grant-in-Aid for 5ζientific Research (C) 
(21570155 to IT), Grant in Aids for Scientific Research (B) (14380308 to TU; 23390041 to YU), a Grant-in-Aid for challenging Exploratory Research (25670099 to YU), 
a Grant-in-Aid for the "High-Tech Research Center＇’Project for Private Universities, a matching fund subsidy (TU) from the Ministry of Education, Culture, Sports, 
Science and Technology (MEXT) of Japan, the MEXT-supported Program for the St日tegicResear仁hFoundation at Private Universities (YU), a Grant in Aid for the 
Third Term Comprehensive 10 Year St日tegyfor Canιer Control from the Ministry of Health, Labor and Welfare (16271401 to TU), a Research Grant from the 
Takeda S口enceFoundation σU), and by the Ministry of Health, Labor and Welfare (IT) The funders had no role in study design, data collection and analysis, 
decision to publish, or preparation of the manuscript. 

E。mpetingInterests: The authors have declared that no competing interests exist 

静 Email:tanida@nih.go.jp (Iη，y uchi@juntendo.ac.jp (YU) 

Introduction 

Autophagy is a bulk p1 ocess involving degradation of the 

仁ytosolフ which includes organelles [1,21. During autophagy, 

isolation membranes/preautophagosomes are formed and elon-

gated to en伊llfthe cytosolic components. After elongation of the 
membranes, the isolation memb1 an es are enclosed to form 

autophagosomes. Lysosomes are fused with autophagosomes to 

form autolysosomes. At this step, the lumenal pH of an 

autophagosome is acidified by the fusion with lysosomes, since 

the lumenal pH of a lysosome is 4.0 5.0. lntra-autophagosomal 

contents in autolysosomes are degi aded by lysosomal hydrolases. 

LC3 is synthesized as proLC3. The carboxyl terminus of proLC3 

is cleaved by Atg4B, a cysteine protease, to expose its carboxyl 

terminal Gly, which is essential for its conjugation reaction [3,4,SJ 

Duri時 autophagy,the cytosolic LC3 (LC3－め isactivated by Atg7 
(an El-like enzyme), transferred to Atg3 (an £2-like enzyme), an 

mally co町ugated to phospl】olipids(1コhospl川均•lethanolamine 

LC3 (microtubule-associated protein IA and IB light-chain 3, 

l¥.1AP-LC3/MAPトLC3/YL屯PlAIB-LC3)is a unique modifier for 

ubiquitylation-like co叩gation to localize to autophagosomes; 

PLOS ONE I www.plosone.org 

and/ or phosphatidylserine) to form the LC3-rコhos1コholi1コidconju 

gate (LC3-II) [6,7,8,9]. LC3-II is locali町 dto autophagosomes r4l 

During the fusion of autophagosomes with lysosomes, LC3 II on 

the cytosolic face of autophagosomes is delipidated by Atg4B to 

fom1 LC3 I, and LC3 II on the lumenal face of autophagosomes is 

degraded by lysosomal hydrolases. Therefore, LC3-II is a 

promising autophagosomal marker, and the lysosomal turnove1 

of LC3-Il is a marker for autopha伊cactiv町［4,lOl
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The fo1 mation of puncta by ~uorescent ,erotein tagged LC3s 

(FP-LC3s) (EGFP-LC3, YFP-LC3, CFP-LC3, RFP-LC3, 

mCherry-LC3 and HcRed-LC3) are used to monitor autophago-

some formation fll,12,13,14,15,16]. When autophagy is induced 

in the cells expressing a FP-LC3, the FP-LC3 is lipidated and 

localized to autophagosomes. The localization of FP-LC3 to 

autophagosomes was 1 ecognized as appropriate 日u01escent

puncta. Therefore, an increase in the puncta of FP-LC3 reflects 
an increase in autophagosomes and autolysosomes in the cells. 

The inhibition of lysosomal degradation results in a further 

increase in the puncta of FP-LC3, since autolysosomes in addition 
to autophagosomes are significantly accumulated by the inhibition 

[10]. An increase in the puncta that is promoted by the inhibition 
of lysosomal degradation is considered to be a reflection of 

autophagic flux. Mutant FP-LC38Gs (EGFP-LC38G, YFP-

LC38G, CFP-LC38G, and HcRed-LC38G) lacking the carboxyl 
terminal G!y that is essential for LC3 lipidation are used as 

問 gativecontr‘ols [12] 

The FP-LC3s are considered to be a useful tool for the 

monitoring of au top ha郡らbutthere are limitations. It is difficult to 

use the fluo1 escent puncta of FP-LC3 to distinguish between 

autophagosomes and autolysosomes. In addition, Kimura et al. 
have found that EGFP-LC3 tends to lose fluorescence due to 

lysosomal acidic and degradative conditions, but mRFP-LC3 does 
not, indicating that the former mostly re日ectsonly autophago-

somes. The di汀menc.e between EGFP LC3 and mRFP LC3 is a 

depe吋目lCeon their pKaゆKaof EGFP is 5.9うa吋 ti削 ofmR上
、p 

is 4.5) in adclit 

co川entsfl 7l 
Based on these findings, a mRFP-EGFP tandem fluorescent 

protein-tagged LC3 (tfLC3) was generated for the monitoring of 

the autophagosomal maturation step (17]. The g1een and red 

double-positive fluorescent puncta of tfLC3 reflect autophago-

somes (non-acidic compartments). The fluoresce川 punctathat are 
green-negati＼’e and red-positive reflect autolysosomes as acidic 

compartments, since EGFP tends to decrease its fluorescence at an 

acidic pH. An mCherry-EGFP LC3 also was generated [18]. 
However, under acidic conditions (pH 4.0 5.0), EGFP has a weak 

fluorescence and acidic lysosomes [19,20］。Therefore,because the 
green fluorescent puncta of EGFP in t江C3still partially reflects 

autolysosomes in addition to autophagosomes, tile pH-sensitivity 

of green fluorescent protein is important in order to distinguish 

autophagosomes from autolysosomes with a higher degree of 

sensitivity when using tfLC3. 

To improve the problem of an EGFP based tandem fluorescent 

protein tagged LC3, m'l‘agRFP mVVasabi-LC3 was generated, 

sinc巴 thepKa of mWasabi (pK.a=6.5) washゆerthan that of 
EGFP [21,22]. mWasabi is a muta川 ofm'l、FPI,and mTFPl is a 

pH-stable fluorescent protein [22,23]. As yet, the mechan 

which the fluorescen仁eof m''¥lasalコidecreases under acidi c 

conditions rεmains un七lOWll， 、ヘ•hile the pKa口fm¥>¥lasabi has 

been reported 

The highe1 pH-sensitivity of a protein tag, which elllJts green 

fluorescence, is a critical point for monitoring the autophagosomal 

maturation step using a tandem, fluorescent, protein-tagged LC3. 

Therefore, we focused on a pH-sensitive Pでenfluorescent protein, 

super-ecliptic pHluorin (pKa = 7 .6) (hereafter simply referred to as 

pHluorin) [24]. In the present study, we compared tile pH-

sensitivity of gr・een fluo1でscentproteins, including EGFP, m¥Va-

sabi, and pHluorin, and constructed a tandem, fluorescent, 

protein-tagged LC3 and its negative control mutant using the 

most pH-sensitive protein. 
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Results 

The pH-sensitive green fluorescent protein, super-ecliptic 

pHluorin, is the most sensitive to acidic pH among EGFP, 

mWasabi, and pHluorin 

To investigate which is the most sensitive to acidic pH among 

EGFP, m¥Vasabi, and pHluorin, we expressed each protein in 

Huh7 .5.1 cells. After fo:ation, cells were permeabilized by 

digitonin, and the fluorescence derived什om the日uorescent
proteins was investigated with buffering at pH 5.5, 6.0, and 6.5 

(Fig. 1). The fluoresce恥 eof EGFP was observed at pH 5.5-6.5 in 
addition to pH 7.2 (Fig. lA D). The fluorescence ofmWasabi was 

slightly weakened at pH 6.0 and 6.5, and si伊lificantlydecreased at 

pH 5.5σ1g. IE~H). The decreased fluoresce配 cof 品、＇asabiat 
pH 5.5 was detected via a three-time overexposure (Fig. lH vs. I) 

The fluorescence of pHluorin was decreased significantly at 
pH 6.5, and little fluorescence was observed at pH 5.5 and 6.0 

(Fig. IL & M). A faint residual fluorescence of pHluorin was 
recognized ar pH 5.5 and 6.0 using a ten fold overexposure, while 

an autoflu01escence of the cells was also obser、・edunder these 

conditions (Fig. I 0 & P). When the pH of the ir 
was changed品ゐom5.5 to 7.0, the green fluorescence of pHluorin 

was recovered (Fig. II¥). These results indicated that pHluorin was 

the most sensitive to an acidic pH among tl1e three green 

fluorescent pi oteins 

pHluorin-mKate2 fusion protein showed pH-sensitive 

green fluores仁enceand pH resistant far-red fluorescence 

Using pHluorin, we next generated a plasmid for the expressi01 l 

of pHIL附昨mKate2 (green and far屯－r

prot巴ir】 inorder to investigate whether th巳 pH!uorin-mKate2 
fusion protein would show botl1 pH-sensitive green fluorescence 
derived from pH!uorin and pH-stable far-red flu01escence derived 

from mKate2. A pHluorin-mKate2 protein was expressed in 

Huh7.5. l cells. After fixation and mild perm四 bilization,cells were 

buffered at pH 5.5 ~6.5 , and the green and far-red fluorescence of 

pHluorin-mKate2 in the cells w出 monitoredσig.2). As expected, 

both green and far red fluo1 escence was olコser、•ed at pH 7.2 

(Fig. 2A ＆町 Thegreen日uorescenceof pHluorir 
signi白candydec1‘eased at pH 6.5 and almost completely abolished 

at pH 5.5, while its far-red fluo1 escence was easily detected even at 

pH 5.5 (Fig. 2B D vs. G町.The green fluoresce町 ewas recovered 

when cells were incubated at pH 7.2 after incubation at pH 5.5 
(Fig. 2E). These results indicated that the tandem fluorescent 

protein, pHluorin-mKate2, showed pH sensitive green and pH-

resistant far 1ed fluorescence. 

pHluorin-mKate2-tagged hLC3 is a modifier for LC3-

仁onjugation

1γεthen constructed mammalian expression plasmids fi 0 

丘Hlu口rir

r 

PK-hLC3, u吋 erthe control of a CAG promoter (Fig. 3A). As a 
negative control, we generated mammalian expression plasmids 

for PK-hLC38G, which lacked the carboxyl tem1inal Gly of PK-
hLC3 that is essential for LC3-lipidation. A FUGW plasmid is an 

expression vector for a 3'"0 generation lentiviral expression system 

f25]. A set of FUGW-based plasmids for the expression of PK-
hLC3 and PK hLC38G under the control of the human 

polyubiquitin promoter C were also generated (Fig. 3B). 

We investigated whether PK-hLC3 can form the Atg7-LC3 (El 

substrate) intennedi則 Ew油 Atg7(fig. 4A). When LC3 l activates 
Atg7, a transient El-substiate inte1mediate is formed via a 

thioester bond between the carboxyl terminal Gly of LC3 l and 

October 2014 I Volume 9 I Issue 10 I el 10600 



PK-hl仁3,an Improved Tandem Fluorescent Protein Tagged Human LC3 

ahLO凶

C
E
O
コ一工a

五
回
的
問
主
E

Figure 1. The pH sensitivity of the green fluorescence of EGFP, mWasabi, and super-ecliptic pHluorin. The green fluorescent proteins, 
EGFP (A一D),mWasabi (E-1), and pHluorinυ－P), were expressed in the Huh7.5.l cells. After fixation and permeabilizat旧nof the cells, the cells were 
buffered at pH 5.5 (D, H, I, M, N, P), 6.0 （仁，G,L, 0), 6.5 (B, F, K), and 7.2 (A, E, J). The green fluorescence of each of the proteins in the cells were 
obtained with Biozero BZ-8000 using the filter set for GFP. The Images in A Hand J N were obtained under the same conditions of the fluorescent 
microscope. The image in I was exposed three times longer than that in H. The images in 0 and P were exposed ten times longer than those in the 
respective L and M. In H, cells were incubated at pH 5.5, and the pH was changed to 7.2. Bar indicates 10 μm. 
doi:l 0.1371/journal.pone.Ol l 0600.gOOl 

PK-hLC3~G was expressed instead of the wild typeσig. 4A, wt 

vs.企G).

We next investigated the formation of the ι2 substrate 

mtermedi日teof PK hLC3 with Atg3 (Fig. 4B). The Atg3-LC3 

(E2-substrate) intermediate is unstable, and LC3 is cmリugatedto 

phospholipids. To investigate if PK-hLC3 can form an E2 

substrate intermediate with Atg3, we employed an active site 
mutant, Atg3c20品 ，sincethe mutant Atg3 forms an E2-subst:Jate 

intermediate with LC3 via an 0-ester bond instead of a thioester 

bond (8]. The Atg3-LC3 E2 substrate intennedi旧tewas reco炉問d

the active site Cys''72 in human Atg7 [7,26]. The El SL stra 

intermediate is unstable in the cells, since LC3-I is transferred to 

Atg3. Therefore, an active site mutant Atg7c:;ns was employed to 

detect the formation of the El-substrate intermediate. This mutant 

formed a stable El substrate intermediate via an 0 ester bond 

with LC3 via Ser572 within the mutant Atg7csns and the carboxyl 

Gly within LC3 1_7]. The Atg7c5725-LC3 intermediate was 

recognized by immunoblotting using appropriated antibodies 
when wild type PK-hLC3 was expressed together with Atg7c5725 

(Fig. 4A, wt). In contrast, no intermediate was recognized when 

pH5.5 to 7,0 pH5.5 pH6.0 pH6,5 pH7.2 

Figure 2, The pH sensitivity of the pHluorin-mKate2 tandem fluorescent protein. The pHluorin-mKate2 tandem fluorescent protein was 
expressed in the Huh7.5. l cells. After fixation and permeabilization, cells were buffered at pH 5.5 (D, I), 6.0 ((, H), 6.5 (B, G), and 7.2 (A, F). In E and J, 
cells were incubated at pH 5.5, and the pH was changed to pH 7.2. The green and far-red fluorescence in the cells were obtained with Biozero BZ-
8000 u引ngthe filter sets for GFP (A-E) and Texas Red (F-J). Bar indicates 10 μm. 
doi:l0.1371/journal.pone.01l0600.g002 
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Figure 3. Schematic representation of the expression plasmids for wild type LC3 and mutant LC3AG fused to fluorescent proteins 
at the N-terminus. (A) The expression plasmids for wild type PK hLC3, and mutant PK hLC3t.G under the control of chicken fl-actin （仁AG)promoter. 
The name designated to each plasmid is shown in the left panel. (B) The plasmids for lentiviral packaging and transient expression for wild type PK 
hLC3 and mutant PK-hLC3t.G under the control of human polyubiquitin C (hUbC) promoter. 
doi:l 0.1371/journal.pone.Ol 10600.g003 

A 
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Figure 4. The formation of the Atg7-LC3 El-substrate and Atg3-LC3 E2-substrate intermediates of fluorescent protein-tagged LC3. 
(A) The formation of the El-substrate intermediate of Atg7 with fluorescent protein tagged LC3s. The PK hl仁3(wt) was expressed together with 
FLAG tagged human Atg7仁5725in the Huh7.5. l cells. After preparation of the cell lysate, total proteins were separated on SOS-PAGE. FLAG-
hAtg7csns and PK-hLC3 were recognized by immunoblotting with appropriate antibodies. As a negative control, mutant PK hLC3t.G (t.G) was 
expressed. As a loading control, GAPDH was employed. Atg7-PK-hLC3 indicated the Atg7-LC3 (El一substrate)intermediate with Atg7仁sns(BJ 
The formation口fthe E2古

FLAG tagged Atg7 and mutant Myc-Tagged Atg3 64s in the Huh7.5.l cells. FLAG-hAtg7, Myc-Atg3°64s and PK-hLC3 were recognized by 
immunoblotting with appropriate antibodies. As a negative control, mutant PK-hLC3t.G was expressed. As a loading control, GAPDH was employed. 
Atg3-PK-hLC3 indicated their Atg7-LC3 intermediates with Atg3c254s . 
doi:l 0.1371/journal.pone.0110600.g004 
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when wild qゃePK-hLC3 was expressed together with Atg3c25・IS 

and Atg7. A scant level o「E2-subst:rateintermediate was recognized 

when mutant PK hLC3i'l.G was expressed instead of wild type. 
These resL山 demonstratedthat PK-hLC3 has the ability to modi今
LC 3-cm~j ugat旧民 andthat mutant PK hLC3i'l.G is a suitable 

negative control of PK-hLC3. 

Puncta of PK-hLC3 were increased during autophagy 

To investigate whether the PK-hLC3 can form puncta under 

starvation conditions, we next examined the fo1mation of PK-

hLC3 puncta under star可岨tionconditions (Fig. 5). If PK-hLC3 was 

lipidated and localized to autophagosomes like endogenous LC3, 
the green and far-red fluo1・escentpuncta of PK-hLC3 could be 

detected in the cells expressing PK-hLC3 during autophagy. 

Huh7.5.l cells expressing PK-hLC3 we1e incubated in a Krebs-
Ringer bulier for 4・h to simulate starvation conditions that would 

induce autophagy. PK-hLC3 puncta of green and far-red 

fluorescence was investigated. Under nutrient-rich conditions, a 
few green and far red, double-positive, fluorescent puncta were 

observed in the cells (Fig. 5Aa Ad). Under starvation conditionsラ

the double-positive puncta were increased (Fig. 5Ca Cd). The 

green-negative, but far-red-fluorescent-positive, puncta were also 

increased in the cells (Fig. 5Ca Cd), indicating that PK-hLC3 

forms intracellular puncta under starvation conditions. 

To further investigate whether the green-negative, but far-red-
positive, puncta of PK-hLC3 increase when autolysosomes are 

increased, we examined the formation of pun eta in the cells 

expressing PK戸hLC3in the p1esence of inhibitors for mりor

lysosomal proteases and cathepsins unde1 starvation conditions. 

E64d is an inhibitor for cathepsins B, H and L, and pepstatin A is 

an inhibitor for cathepsin D [27,28,29J. Inhibition of the protease 

activities of these cathepsins leads to an inactivation of lysosomal 

hydrolases, since cathepsins B and D are m勾01process日1g

enzymes that are essential for lysosomal hydrolases in addition 

to proteases for the deg1adation of proteins. As a result, 

autolysosomes and autophagosomes significantly accumulated 

under starvation conditions in the presence of E64d and pepstatin 

A [10]. IfPK-hLC3 re日ectsautolysosomes as the green-negative, 

but far-red-positive, fluorescent puncta, the far-red, single, 

fluorescent puncta of PK-hLC3 would accumulate in the presence 

of these inhibitors under starvation conditions. Huh7.5. l cells 

expressing PK-hLC3 we1e incubated for 4 h unde1 sta1vation 
conditions in the presence of these inhibitors, and the puncta of 

intracellular fluo1escence in the cells were monitored. The green-

negative, but fai-red-positive, puncta of PK hLC3 were signifi 

candy increased in the cells (Fig. 5Da-Dd). In contrast, few puncta 

were observed in the cells expressing PK-hLC3i'l.G under the same 
condit旧ns(Fig. 5Ea Ed). The mTOR-signaling pathway nega-

tively regulates autophagy. Rapamycin/sirolimus inhibits activities 

of mTORCl complex via FKBP12, resultin宮inan induction of 

autophagy [30,31). To in、st伊tεwhether日u口resce1 puncta of 

PK-hLC3 are increased by rapamycin一induced autophagy》

Huh7.5.l cells expressing PK hLC3 were incubated for 6 h under 

nutrient-rich conditions in the presence of I 00 nM rapamycin, 
and the puncta of intracellular fluorescence in the cells we1 e 

mon 

fluorescent pu口仁taof PK一hLC3and the double-positive pun仁ta

、～＇erein仁reasedin the cells 

We further investigated the formation of puncta of PK-hLC3 

using a highly potent, selective and ATP-competitive mTOR 

inhibitor, torin l, that also induces autophagy r32]. As was the case 
in the rapamycin-treated cells, the green-negative, but far-red-

positive, puncta and the double-positive puncta of PK hLC3 were 
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observed when the cells expressing PK-hLC3 were treated with 
100 nl¥1 torinl for 6 h (Fig. 5Ga-Gd) 

’I、helysosomotropic agents, ammonium chloride and chloro-

quine, inhibit acidification of the intracellular compartmentsう

leading to a defect in the fusion of autophagosomes with lysosomes 

during autophagy f33]. These reagenぉsimultaneouslyinduce the 
vacuolation of intracellular compartments including autophagic 

vacuoles r34]. If PK-hLC3 is localized to autophagosomes and 

autolysosomes, trea凶 entof the cells with ammonium chloride 

and chloroquine should result in an increase in the green and far-

red, double-positive, fluorescent puncta/vacuoles. The cells 
expressing PK hLC3 were treated with 20 mM  ammonium 

chloride or 20 μg/ ml chloroquine for 4 h under starvation 

conditions (Fig. 5Ha Hd and la -ld, respectively). The green 

and far-red, double-positive, fluorescent puncta and vacuoles of 

PK-hLC3 were significantly increased. In contrast, only a few 
fluorescent-positive puncta and no vacuoles were observed in the 

cells expressing PK-hLC3i'l.G in the presence of chloroquine 
(Fig. :j_Ja-Jd). These results suggested that PK hLC3 is suitable for 

monitoring autophagosomes and their maturation step. 

Discussion 

By comparison with EGFP and mWasabi, the super-ecliptic 

pHluorin, a pH-sensitive mutant GFP, was more sensitive to acidic 
pH. 'l、he green 日uorescence of pHluorin was significantly 

decreased at pH 6.5, and the fluorescence was fmilier decreased 

to a level similar to the autofluorescence of cells at pH 5.5 6.0. 

The pHluorin-mKate2 tandem fluorescent protein showed green 

and far-red flumescence at pH 7.2, while it showed far-red, single-

positive, fluor官scenceat pH 5.5 6.0, indicating the pHluorin-

mKate2 tandem fluorescent protein is suitable as a tandem-

fluorescence protein-tag for the monitoring of autophagosome 
maturation. The PK-hLC3 formed an El-substrate inte1medi乱te
with Atg7, and an E2 substrate intermediate with Atg3, suggesting 

that fluorescent, protein tagged LC3 is a modifier of LC3-

lipidation. The PK-hLC3 formed green and far-red, fluorescent 

puncta, and far red, single positive, fluorescent puncta were 

observed under starvation conditions. ¥¥/hen autolysosomes were 

accumulated under starvation conditions by treatment with £64-d 
and pepstatin A, far-1ed, single-positive puncta were significantly 

increased. Under the same conditions, few puncta of PK-hLC3i'l.G 

were observed. These results suggested that PK-hLC3 and its 

negative control, PK hLC3i'l.G, are suitable to monitor the 

mammalian autophagosomal maturation step. 

ln general, the pH of the cytosol is 7.4, that of me endoplasmic 

reticulum is 7 .0, that of the cis-Golgi is 6.5, the pH of secretory 
vesicles is 5.0 6.0, early endosomal pH is 5.9-6.8, and late 

endosomal pH is 5.4 5.6. When autophagosomes are formed, the 

intra-autophagosomal pH is considered to be near that of the 
cytosol. During the autophagosome lysosome fusion, the intra-

autophagosomal pH turns acidic. Considering tliat the green 

fluorescence of pHluorin is significantly decreased at pH 6.5, the 

green fluorescent puncta of PK-hLC3 will reflect autophagosomes 

and an early stage of autophagosome-lysosome fusion. Therefore, 

when using PK-hLC3, the signals of autophagosomes will be 

detected as green and far-red double positive puncta in a more 

sensitive manner. Using PK hLC3i'l.G as a negative 仁ontrol,

artificial fluorescent signals that are independent of autophagy will 

be excluded in the cells. 

Autophagy in the tissues of transgenic mice uses EGFP LC3. 

Our results suggested that the puncta of EGFP LC3 in the mouse 
tissues tends to be overestimated as autophagosome formation. 

!¥ow we are generating PK-hLC3・andPK-hLC3i'l.G-tiansgenic 
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PK・hLClll.G 

0.936+0.009 0.927+0.012 

Figure 5. Formation of the puncta of PK-hLC3 during autophagy. The PK-hLC3 was expressed in Huh7.5.1 cells. The cells were incubated in 
the Krebs-Ringer buffer for 4 h as starvat旧nconditions in the presence (E64d & pepstatin A) (Da-Dd) or absence (DMSO) （仁a-Cd)of 1 O μg/m I 
E64d and 10 μg/ml pepstatin A (Starvation, 4 h). As nutrient-rich conditions, cells were incubated in the cultured medium (Nutrient-rich, 4 h) 
(Aa-Ad, Ba-Bd). For induction autophagy by the inhibition of mTOR-signaling pathway, cells were incubated in the cultured medium for 6 h in the 
presence of 100 nM rapamycin (Fa-Fd) or 100 nM torinl (Ga-Gd). Toi円hibitthe fusion of autophagosome with lysosome, 20 mM ammonium 
chloride (NH4CI) (Ha-Hd) and 20 μg/ml chloroquine (CQ) (la-Id) were treated to the cells incubated in the Krebs Ringer buffer for 4 h. The PK-
hLC3AG (Ea-Ed and Ja-Jd) was expressed in the cells instead of the PK-hLC3 under the same conditions (Da-Dd and la-Id, respectively). The far-red 
(mKate2) and green (pHluorin) fluorescence in the cells were monitored using a Olympus FluoView FV1000 confocal laser scanning microscope. 
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”Merge”indicates the merging of the green (pHluorin) and far red images (mKate2), and ”DIC+Merge”indicates the overlaying the merged 
images on the DI仁（differentialinterference contrast) images in the same field. Pearson’s correlation coefficient (PCC) analysis with Costes’method 
was used as a measure of colocalization of mKate2 signals with pHluorin signals. The mean PCC value ± S.E.。fat I田 st20 cells is shown on the 
bottom. 
doi:l 0.1371/journal.pone.0110600.gOOS 

mice. These mice will confer the problems derived from EGFP 

and EGFP LC3 to further the study of autophagy. In foture 
studies, we will 1 eport autophagic events in mouse tissues using 

these transgenic mice 

Materials and Methods 

Cells, Media, Materials, and Antibodies 

KOD-plusー（KOD-201)was employed for high-fide！町 poly-

merase chain reactions (TOYOBO). Huh 7 .5.1 cells derived from 
the Huh7 cell line (ATCC CCL-185) were cultured in a 

Dulbecco’s modified Eagle Medium (DME五•1; ＼ヘ1ako,045-30285) 
con ta凶ing 10% fetal calf臼 rumリ阻 b旧 scier 

l 2603C) and 1 % nonessent凶l 削 ino ac油 （In、，it
11140050). Polyclonal antibodies against human LC3 was 
described previously llOJ. The mouse monoclonal antibody, clone 

J¥12, against FLAG peptide (DYKDDDDK) (Fl804), ammonium 

chlo出 e(254134), and chloroquine diphosphate salt (C6628) were 
pwchased from SlGMA-ALDRICH, the mouse monoclonal 

antibodies郁 instGAPDH (ab8245) were from Abeam, and the 
rabbit monoclonal antibody against Myc epitope tag (2278) was 
from Cell Signaling Technology. Protein concentrations were 

cletennined using the bicinchoninic acid protein assay reagent 
(Pi町 ce,23225). E64d (4321 v) and pepstatin A (4397サwere

purchased from Peptide Institute, and the rapamycin (#tlrl-rap) 

was from InvivoGen. Torinl was a kind gt仕 fromDr. I¥athanael S. 

Gray at the Dana Farber Cancer Institute and Dr. David Sabatini 
at the Whitehead Institute for Biomedical Research.’fo introduce 

the plasmid into the cells, FuGENE HD transfection reagent 

(E231 l) was used (Promega）ー

Construction of plasmids for the expression of pHluorin-

based proteins 

The plasmid containing DNA f1 agments encoding super-ecliptic 
pHluorin was kincUy p1ovided by Dr. James Edward Rothman 

f24l pEX GFPhLC3wt, pEX GFPhLC3~G, pTag2B-hA’fG7, 

pTag2B-hATG7C572S, and pTag3B-hATG3C264S were de-

scribed previously [8,12,35]. A pmKate2 C plasmid containing a 

DNA fragment of mKate2日 181)was purchased from Evrogen, 
the pm＼ヘ＇asabiC plasmid (ABP-FP-¥1¥ICNCSlO) was from Allele 

Biotechnoloあらa吋 pEGFP-C〕l(#6084-1) was from Clontech/ 
TAKARA. FUGW (Addgene plasmid 14883) plasmid for 3'tl 

generation lentiviral plasmid with the human polyubiquitin C 

(h UbC) promoter was obtai凹 dfrom Addgene f25]. Using two 
primers, pHluorin NheI F (5’GCT AGC GCC ACC ATG AGT 

AAA GGA GAA GAA CTT TTC ACT GGA GTT G 3’） and 
pHluorirトGS-Bgl2-Rv(5’－AGA TCT ACC TCC TCC ACC 
TT、IG'l、ATAG TTC ATC CAT GCC ATG TGT AA T C-3’）， a 

DNA白agmentwas ampli日edvia high-fidelity polymerase chain 
reaction using the pHluorin plasmid as a template to introduce the 

NheI site and the Kozak sequence just prior to the start codon of 

pHluorin and the G!y-Gly-Gly-Ser sequence and BglII site prior 

to the stop codon of pH!uorin, and the amplified fragment was 
cloned into a pCRII-TOPO plasmid using a TA-cloning kit 

(K2050, LifとTech.),designated pCR pHluorin. To introduce the 

Bam.HI site before the start codon of mKate2 and the Gly-Gly-
Gly-Ser linker and the XhοI-BglII site before the stop codon of 

mKate2, a DNA fragment was amplified via high-fidelity 
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polymerase chain reaction using two primers, mKate2 BamHI F 

(5ぺGGATCC ATG G'l、GAGC GAG CTG A IT AAG GAG 

AAC A TG CAC-3’） and 吋 匂 te2GS-Bglll-Rv(5’－CTC GAG 
ATC TGA GTC CGG AAC C’rc CTC CAC CTC 'J、GTG-3’）
with pmKate2 C. The amplified DI¥A fragment was introduced 
into a pCRII・TOPOplasmid, designated pCR mKate2. The 

Nhel-Bglll DNA fragment containing the open reading frame of 

EGFP in the pEGFP-Cl was replaced with the NheI-Bglll DI¥A 

fragment containing the open reading frame of pH!uorin in the 

pCR-pHluo1in for the expression ofpHluorin under the control of 

a cytomegalovi1 us immediate early promote1, designated 
pHluorin-G. The BαmHI-BglII DNA 企agment containing 

mKate2 of pCR-mKate2 was旧sertedinto the BglII site of the 
pHluorin G plasmid for the expression of a pHluorin-mKate2 

fusion protein under the control of a cytomegalovirus immediate 

early promoter, designated pHmK-G. For the expression of wild 
type PK-hLC3, the Nhel-BgllI DNA fragment containing the 

open reading frame of EGFP of pEX-GFP-hLC3WT (Addgene 

plasmid 24・987, Addgene) [121 was replaced with the NheI-Bglll 
DNA fragment containing the open reading frame of pH!uorin 

mKate2 fusion protein de1ived from pHmK-G plasmid, and the 

resultant plasmid was designated pEX PK hLC3. For the expres-

sion of mntant Pf心hLC3~G, the Nhel-BglII EGFP DNA 

fragment of pEX-GFP-hLC3企G (Addgene plasmid 24988, 

Addgene) fl 2] was replaced w凶 theNheI-Bglll DNA fragment 

encoding pH!uorin-mKate2 fusion protein, and the resultant 

plasmid was designated pEX-PK-hLC3~G. For the lentiviral 
packaging system for the expression of PK-hLC3 fusion protein, 

the DI¥A仕agmentwas amplified via a high－日delitypolymerase 

chain reaction using pEX PK hLC3, pH-Bam-I¥he-F (5'-AAA 

GGA’rcc GCT AGC GCC ACC ATG AGT AAA GGA GAA 

G-3'), and hLC3-RI-Rv (5’－AAA GAA TTC TTA CAC TGA 

CAA TTT CAT CCC GAA CG-3’） primers. After the digestion 
of the amplified DNA fragment with BamHI-EwRI, the fトagment
was inserted into the Bam.HI Eco RI site of FUG\•V. The resultant 

plasmid was designated FUG¥'¥l-PK-hLC3. For a lentiviral 

packaging system for the expression of mutant PK-hLC38G, the 

hLC3~G-RI-Rv (5’－AAA GAA 'ITC TTA CAC TGA CAA 

Trr CAT GAA CG-3’） primer was employed instead of hLC3-

Rl-Rv, and the resultant plasmid was designated FUGW-PK-

hLC3~G 

lmmunoblotting analyses 
Cells 、、•ere washed twice in phosphate-buffered saline, lysed in 

lysis bufTer (IO m.1¥1 sodium phosphate, pH 7.2, 150 mM  NaCl, 

and I% sodium dodecyl sulfate) containing a Complete prote蹴ー

inhibitor cocktail (Roche Diagnostics, 1697498). Proteins (10 μg) 

of the lysate were separated on sodium dodecyl sulfate polyacrγl 

am凶 gelelectrophoresis (SDS-PAGE). After transたrringthe 

proteins to a polyvinylidine difluoride membrane using a Trans-

Blot SD transfer cell (Bi叶 Rad,170・3940),FLAG-Atg7, Myc-Atg3, 

LC3 and GAPDH in the lysate were recognized using the 

appropriate antibodies. A chemiluminescent method was carried 

out according to standard protocols with SuperSignal West Dura 

Extended Duration Substrate (Pierce, 34075) or Supe1Signal West 
Pico Chemiluminescent Subsnate (Pierce, 34077). 
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Fluorescent Micros仁opy

Cells were fixed in a fi tion solution (phosphate bu汀e：、 salm

containi1 4% paraforrnaldel市 ie)at room temperature白r5 min 

and perrneabilized in a phosphate-buffered saline containing 

50 μg/rnl digitoni】1.After cells were buffered in 20 rnλf citrate 

phosphate bu汀erat pH  5.5, 6.0, and 6.5 containing 150 rnM 

r、faCIwhen indicated, the fluorescence of the fluorescent proteins 

was monitored using a Biozero BZ田 8000microscope (KEYENCE, 

1、okyo,Japan). 

Laser scanning confocal microscopy 

The fluorescence of the fluorescent proteins in the cells 

expressing PK-hLC3 was monitored using a Olympus FluoView 

FY 1000 confocal laser scanning microscope. Peat son’s correlation 

coefficient (PCC) analysis with Costes’method [36] was employed 

to estimate the colocalization of rnKate2 signals with pH!uorin 

signals of at least 20 independent images using lmagc;J software 
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Clearing methods that render the brain optically transparent allow high-resolution three-

dimensional (3D) imagi月 ofneural networks. We used diffusion tensor imaging (DTI) and 

two-photon imaging of cleared brains to analyze white matter in BTBR mice. We con-

firmed corpus callosum agenesis and identified an abnormal commissure close to the third 

ventricle. DTI and cleared-brain two-photon imaging revealed that these commissural fi-

bers constituted a白・ontalclustering of the ventral hippocampal commissure and provided a 

detailed assessment of white matter structure in mice. 

Keywords: CLARITY, cleared brain, CUBIC, diffusion tensor imaging, mice 

Introduction 

Various methods of rendering the mouse brain 

transparent (SCALEA2, CLARITY, SeeDB, 3DIS-

CO, CUBIC) have recently been developed. 1 ・2 

These techniques yield optical transparency and 

thus allow the creation of three-dimensional (3D) 

neural network images with single-cell resolution; 

they are therefore highly advantageous in neuro” 

science because they create novel perspectives 

completely different from those available with 

standard glass slide immunostaining. In addition, 

clinically oriented human brain imaging methods 

such as diffusion tensor imaging (DTI) have been 

applied to laboratory animals, enabling improve-

ments in current experimental neuroscience. DTI 

allows researchers to measure the characteristics of 

local microstructural water diffusion in the brain,3'4 

taking advantage of the macroscopic geometric ar-

rangement of white matter bundles. 

*Corresponding author, Phone: +81-3-3813-3111, Fax：・＋81-
3・5684-0476,E-mail: kkamagat@juntendo.ac.jp 
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The inbred BTBR T十tf/J(BTBR) mouse strain 

is a mouse model of autism that displays robust 

analogies to the diagnostic signs of this disorder 

in humans.5 Neuroanatomical studies of the BTBR 

mouse brain have shown total agenesis of corpus 

callosum (CC) connective tissues, lack of a hippo-

campal commissure, and a putative accessory inter-

hemispheric white matter tract that is implicated in 
abnormal behaviors. 6 8 Here, to better characterize 

the inter-hemispheric commissure in the BTBR 

strain of mice, we performed a neuroanatomical 

analysis by using both 3D high-resolution two-

photon images of the transparent mouse brain and 

DTI. To our knowledge, this is the first report on 

the use of this dual procedure in the mouse brain. 

Materials and Methods 

Sαmple prepαration 

We performed two-photon analysis on the brains 

of five BTBR mice and five C57BL/6J (B6) mice 

(obtained from Jackson Laboratory, Bar Harbor, 

ME, USA) as controls. The brains of two of the 
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BTBR mice and two of the B6 mice were also scan-
ned by MRI. Twelve-week-old male BTBR and B6 
mice were deeply anesthetized and then perfused 
with 25 ml of ice-cold PBS・heparin(10 U /ml) solu-
ti on followed by 25 ml of ice-cold paraformalde・
hyde (PFA) hydrogel solution (acrylamide 4%, bis 
0.05%, Bio-Rad Laboratories, Inc., Hercules, CA, 
USA; PFA 4%, VA・044 initiator 0.25%, 145-
05605, Wako Pure Chemical Industries Ltd., 0-
saka, Japan). The brain was carefully dissected and 
incubated in 10 ml of fresh hydro gel PFA solution 
in a sealed 50・mlconical tube for 2 days at 4 °C. 
The tube containing the brain sample was then de-
gassed and placed in a water bath for 3 h at 3 7°C 
for hydrogel polymerization. The brain was then 
carefully removed from the polymerized hydrogel 
and embedded in 1 % agarose for MRI. All animal 
protocols were approved by the Animal Care and 
Use Committee of Juntendo University. 

MRI 

MR images were acquired within 2 weeks from 
perfusion using a 7T animal MRI system (MRI Sys-
tem, Agilent Technologies Inc., Palo Alto, CAラ

USA). The DTI sequence used was a 3D diffu-
sion-weighted FSE, with TR = 300 ms, echo train 
length = 4, TE = 31. 86 ms, two averages, field of 
view 19.2× 19.2×19.2 mm, and matrix size 128× 

128 x 128, yielding an image with 150・μmisotrop-
ic voxels. The b value was 1,000 s/mm2 (8 = 8 ms, 
6= 13.0ms), and there were 30 diffusion direc-
tions. The total imaging time was 21 h and 10 min. 
Maps of fractional anisotropy (FA) and mean dif-
fusivity (MD) were computed by using dTV II and 
VOLUMEONE l. 72, developed by Masutani et at.9 
Diffusion tensor tractography (DTT) of the BTBR 
mice and the B6 controls was performed with a de-
terministic fiber assignment by using a continuous 
tracking approach.10 The FA threshold for tracking 
was set at 0.13, and the stop length was set at 160 
steps. The bending angle of the tract was not al-
lowed to exceed 45°. 
In the B6 mice, we identified the corpus callosum 

(CC), dorsal hippocampal commissure (DHC), an幽

terior commissure (AC), posterior commissure 
(PC), and ventral hippocampal commissure (VHC) 
as red areas on a mid-sagittal color-coded map 
(Fig. IA). In BTBR mice, on the same type of map, 
we confirmed a total lack of the CC and DHC, al・
though the AC and PC were present (Fig. IE). We 
did not identify the VHC in BTBR mice, but we did 
find a red area in the rostral region of the third ven-
tricle (Fig. 1 E). The seed region of interest (ROI), 
including the entirety of the AC (blue), PC (yel-
low), and VHC (red) or abnormal commissure in 
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the rostral region of the third ventricle (red), was 
placed manually on a reconstructed mid-sagittal 
isotropic diffusion-weighted image by referring to 
the mid-sagittal color-coded map (Fig. lA, B, E, 
F). Because the habenular commissure (HBC) was 
a very small structure, we did not identify it in red 
on the mid-sagittal color-coded map; instead, we 
drew the seed ROI of the HBC on the mid-sagittal 
isotropic diffusion-weighted image while referring 
to a coronal norトdiffusion-weightedimage (Fig. 
IC, G). 

Tissue clearing and twoてphotonimage acquisition 
We used a modified version of the CLARITY1 

and CUBIC2 protocols. The brain was removed 
from the agarose and washed in PBS・TritonX-100 
(0.1 %) for 1 hon a moving plate at 37°C. Sections 
(2 mm thick; coronal or sagittal) were obtained by 
using a mouse brain matrix (Muromachi Kikai Co., 
Ltd., Japan). Brain slices were incubated for 3 days 
at 3 7°C on a moving plate in a solution composed 
of 5 wt% urea (35904-45; Nacalai Tesque Inc., Ja-
pan), 25 wt% NヲN,N',N'-tetrakis(2-hydroxypropyl) 
ethy lenediamine (T078 l; Tokyo Chemical Industry 
Co., Ltd., Japan）ラ and15 wt% Triton X且 100(25987-
85; Nacalai Tesque Inc.). The brain slices were 
washed in PBS-Triton X-100 (0.1%) overnight and 
then incubated with FluoroMyelin green (1: 100; 
Invitrogen) for 5 days at 37°C on a moving plate. 
They were then washed in PBS-Triton X-100 
(0.1 %) overnight and incubated with a solution 
composed of 50 wt% sucrose (30403・55;Nacalai 
Tesque Inc.), 25 wt% urea, 10 wt% 2,20,20にnitrilo-
triethanol ( 145・05605;Wako Pure Chemical Indus-
tries Ltd., Japan), and 0.1 %か／v)Triton X-100. Im-
age acquisition was performed with a Carl Zeiss 
LSM 780 two-photon microscope (two-photon 
Chameleon laser; wavelength 800 nm) with a×10 
Plan Apochromat objective (numerical aperture 
0.45; working distance 2 mm). Image processing 
was performed with Imaris Interactive Microscopy 
Image Analysis software (Bitplane ). 

Results 

DTI and DTT revealed agenesis of the CC but 
intact inter-hemispheric tracts in the AC, PC, and 
HBC of all BTBR mice (Fig. 1 ), along with abnor-
mal commissure fibers in the rostral region of the 
third ventricle. DTT revealed that these abnormal 
commissural fibers seemed to connect with the白m-
bria (Figs. lH and 2B), which is the route followed 
by hippocampal axons to reach the hippocampal 
commissure at the midline. Therefore, we suspect酋

ed that the abnormal inter-hemispheric commissure 
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Fig. 1. Diffusion tensor imaging (DTI) and diffusion tensor tractography (DTT) of B6 mice and 
BTBR mice. Mid-sagittal color-coded fractional anisotropy (FA) map (A), isotropic diffusion-weight-
ed image (B), coronal non-diffusion-weighted image (C), and DTT (D) in a B6 mouse. Mid-sagittal 
color-coded FA map (E), isotropic diffusion-w巴ightedimage (F), coronal non-diffusion-weighted 
image (G), and DTT (H) in a BTBR mouse. 

was the VHC positioned more rostral than in B6 

mice (Fig. ID). By using two-photon imaging of 

cleared mouse brains, we assessed whether the ab-

normal commissural fibers were in fact connected 

to the fimbria. In all BTBR mice, they were indeed 

connected to it (Fig. 2A). 

Discussion 

There were two Iτiain findings of our analysis. 

First, in BTBR mice, we confirmed agenesis of the 

CC and found intact inter-hemispheric tracts in the 

AC, PC, and HBC. Second, we identified an abnor-

mal inter-hemispheric commissure in the rostral re-

gion of the third ventricle, and we found that this 

abnormal commissure constituted a frontal cluster-

ing of the VHC. 

The CC agenesis and intact inter-hemispheric 

tracts in the AC, PC, and HBC in BTBR mice were 

in line with the findings of previous reports. 6 8 In 

addition, Miller et al. 6 reported that the abnormal 

inter-hemispheric commissural fibers in the rostral 

region of the third ventricle constituted a novel 

connective inter-hemispheric structure between 

the left and right hemispheres that may contribute 

Vol. 14 No. 2, 2015 

Fig. 2. Two-photon imaging of cleared BTBR 
mouse brain (A) and diffusion tensor tractography of 
BTBR mouse brain (B). In BTBR mice, the abnormal 
inter”hemispheric commissural fibers were connected 
to the fimbria; we considered them equivalent to the 
ventral hippocampal commissure (VHC). 
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to the behavioral abnormalities of BTBR mice. 

However, we confirmed by DTI and two-photon 

imaging that the abnormal inter-hemispheric com-

missural fibers in the rostral region of the third ven-

tricle were connected to the fimbria. Wyss et al. 11 

reported that the topographic organization of the 

fibers in the fimbria is reflected in the arrangement 

of the crossed components in the VHC. Therefore, 

the inter-hemispheric commissural fibers in the ros・

tral region of the third ventricle in BTBR mice rep-

resent not a novel inter-hemispheric commissure, 
as reported by Miller et al., 6 but the VHC. 

White matter voxels in the brain contain multiple 

白berbundles in tracts that are oriented in different 

directions (e.g., crossing，“kissing，＇’ and “fan-
ning”）； in these areas, DTT is not reliable. 12 DTT 

evaluations of the connectivity of nerve fibers can 

depict nerve fiber connectivity where none is pres-

ent. By using 3D images of cleared mouse brains 

with single-cell resolution, we confirmed here that 

the inter司 hemisphericfibers were connected to the 

fimbria. Because two-photon imaging of cleared 

mouse brains enables the evaluation of the brain 

microstructure with high resolution, it is useful for 

local-area characterization of the brain. However, 

evaluating macroscopic nerve fiber connectivity by 

this method is difficult. Therefore, combining DTI 

and two-photon imaging of cleared mouse brains 

improves the reliability of analyses of brain white 

matter connections. 

Conclusion 

DTI combined with two-photon imaging of the 

cleared mouse brains enables detailed assessment 

of white matter structure. 
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Perinatal匂b2gene transfer rescues hearing 

in a mouse model of hereditary deafness 
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Abstract 

Hearing loss is the most widespread sensory disorder, with an incidence of congenital genetic deafness of 1 in 1600 children. For 

many ethnic populations, th巴mostprevalent form of genetic deafness is caused by recessive mutations in the gene gap junction 

protein, beta 2, 26 kDa (GJB2), which is also known as connexin 26 (Cx26). Despite this knowledge, existing treatment strategies 

do not completely recover speech perception. Here we us巴da gene delivery system to rescue hearing in a mouse model of Gjb2 

deletion. Mice lacking Cx26 are characterized by profound deafness from birth and improper development of cochlear cells. 

Cochlear delivery of Gjb2 using an adeno-associated virus significantly improved the auditory responses and development 

of the cochlear structure. Using gene replacement to restore hearing in a new mouse model of Gjb2-related deafness may lead 

to the development of therapies for human hereditary deafn巴SS.

in the gene encoding connexin26 （匂B2},which is expressed in 

the non-sensory cells of the cochlea. The GJB2 mutations cause 

between one third and 50% of pre Jin思mlgenetic non-syndromic 
hearing Joss, including dominant and recessive mutations (1) 

In the inner ear of mice, both a spatially specific approach that 

targeted th巴 deletionof the Gjb2 in the cochlear sensory ep日he

lium resulted in the death of different types in the inner ear after 

onset of hearing (8). On the other hand, a dominant negative匂b2
R75W transgenic mouse created in our laboratories clearly 

showed incomplete development of the cochlear supporting 
cells, resulting in profound deafness from birth (9, 10). The outer 

hair cells from the dominant-negative mutation of Gjb2 showed 

normal development and maturation (11). Furthermore, three in 

dependent lines of conditional Cx26 null mice, which were gen-

erated by methods different from those of the previous study, 

revealed that postnatal development of the organ of Corti was 

Introduction 

Severe一t口－profoundgenetic hearing loss aff巴ctsapproximate! y 
口nein 1600 children (1). Alth口ughearly management of hearin 

impairment with hearing aids and亡口chlearimplants often im 

proves speech perception, profoundly deaf children cannot com-

pletely acquire the ability to develop spoken lan忠」age,and thus 

intelligible speech is severely restricted （勾Genetherapy may be-
come a powerful technology that could fundamentally correct 

the disease phenotype of genetic deafness. However, gene re-
placement approaches for animal models of inherited deafness 

have been extremely limited (3-7} 

Currently 160 loci for the monogenic forms of human deaf 

ness have been reported, and 60 genes have been identified (see 

http ://hereditary hearingloss. orダ）.The most prevalent form of 

genetic hearing loss in many ethnic populations is due to defects 
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mice showed normal gross anatomy with no obvious collapse 

or expansion of the Reissner’s membrane. No defects were appar-

ent in the tectorial membrane, stria vascularis or spiral ligament 

in mice lacking Gjb2 expression, although a dramatic collapse of 

the organ of Corti including loss of hair cells and suppo口ingcells 
was evident (Fig. 1D}. Transmission electron microscopy showed 

collapse of both the tunnel of Corti and Nuel’s space and deform-

ities in the shapes of supporting cells, despite the presence of 

hair cells in the Cx26fl/flPO・Cremice at P35. In contrast, fine struc-

tures of the stria vascularis and the spiral ligament were intact 

(Fig. 1E}. 
We then measured the endocochlear potential (EP), which 1s 

the resting DC potential in the scalaロiediaof the cochlea that 

is produced by the stria vascularis. These measurements were 
taken from the basal tum. The average EP value in Cx26fl/flPO-

Cre mice was 40.3土 15.5mV (n = 8), which was significantly re 
duced as compared with control mice (80.5 ± 10.7 mV, n = 6; P < 

0.01; Fig. 1F}. However, the presence of a res地 ialEP value。f
～40 mV cannot completely explain the reduced ABR thresholds 

that characterized the Cx26fνflPO Cre mice. The EP is determined 

by two K+ diffusion potentials of the stria vascularis across the 

elect町 albarrier (18}. The latter is closely related to tight junction 

proteins around the cochlear duct (19-21}. Since the EP depres-

sion previously reported in Gjb2-deficient mice has been ex 

plained by the disruption of the reticular lamina (8), the tight 

junctions between the hair cells and supporting cells were ob 

served. The fine structure of tight junctions within the organ of 

Corti was well preserved in the Cx26fl/flPO-Cre mice (Fig. 1G}. 

Thus, the EP defects observed in Cx26fl/日PO-Cremice may have 

resulted from insufficient K+ recycling through the gap junction 

network rather than through a disruption of the intercellular 

barrier associated with the cochlear duct 

Human Molecular Genetics, 2015, Vol. 24, No. 13 

arrested before the occurrence of cell death in the organ of Co口l

(12). Thus, Gjb2 appears to be indispensable in the postnatal de-

velopment of the organ of Corti and normal hearing. Very rec巴nt
ly, we developed a conditional Cx26-deficient mouse with a 

localized gene deletion in the inner ear under the control of the 

Protein 0 (PO} promoter. Wild-type mice revealed that both Cx26 

and Cx30 were expressed at the cell border forming orderly pen-

tagonal or hexagonal outlines in the whole-mount cochlear tis-

sues. On the other hand, the punctate distribution of Cx30 

alone was observed along the cell border in the Cx26-deficient 

mouse (13) 
Gene delivery systems must be non-cytotoxic, and must be 

able to return to a normal physiological state after treatment 

(1勾Wedeveloped a technique for successful transgene expres-
sion through the round window membrane in the supporting 

cells of the neonatal mouse cochlea using adeno-associated 
viral (AAV) vectors without causing additional damage to the 

cochlear function (15). Therefore, we investigated the ef且cier

and specificity of transcriptionally targeted AAV vectors to de 

liver Cx26 into the cochlea of Gjb2 de負cientneonatal mice. We 

demonstrated efficient expression口fCx26 in the non-sensory 

cells of the organ of Corti. In addition, gene transfer prevented 

the progression into profound deafness as indicated by the func-

tional assessment of hearing when the treatment was performed 

during the neonatal stage. The successful restoration of hearing 

mediated by gene replacement in the genetically created deaf 

mouse model of Gjb2 could contribute to the development of clin 

ical applications for human hereditary deafness. 

Results 

3652 

No correction of hearing by AAV-mediated delivery of 

Gjb2 to adult Gjb2-de負dentmice 

To potentially rescue deafness using gene therapy, we generated 

an AAV vector that drove Gjb2 expression with the cytomegalo 

virus promoter. This AAV vector that encoded the Cx26 protein 

was applied to the perilymph through the round window mem-

brane in adult (P42} Cx26fl/flPO-Cre mice. Eight weeks after treat-

ment, the ABR was measured, and cochlear sections were 

examined for Cx26 expression. Although the Cx26 gene was 

transduced moderately in the spiral ligament, the spiral limbus 

and, weakly, in the organ of Corti, the organ of Corti remained 

collapsed, and no sensory hair cells were observed. Non treated 

cochleae did not show restored Cx26 expression and did not 

have rescued cod巾 armorphology (Fig. 2A}. Furthermore, no sig 

nificant change in the ABR threshold was measured in treated 

or non-treated cochleae (Fig. 2B). Thus, delivery of Gjb2 to the 

perilymphatic space of adult Cx26fl/flPO-Cre cochleae failed to 

improve hearing despite the successful restoration of Cx26 

expression in the organ of Corti, the spiral ligament and the spiral 

limbus. This suggests that the secondary degeneration of hair 

cells observed in adult Cx26日／flPO-Cremice was not arrested or 

repaired by Gjb2 gene delivery. 

Developmental changes associated with auditory 
function and cochlear morphology in Gjb2・deficientmice 

We next compared the developmental course of the ABR thresh-

olds between Cx26日／flPO・Creand control mice. In controls, the 

onset of hearing occurred between P11 and P12, and the ABR 

thresholds essentially reached adult levels between P18 and 

Mice lacking Gjb2 exhibit embryonic lethality because of defect-

ive glucose transport across the placenta (16). To circumvent 

this lethality, we deleted Gjb2 in a speci五cspatial pattern by 

crossing Cx26fl/fl mice with mice expressing Cre recombinase 

under the control of the PO promoter (PO-Cre; Fig. 1A). PO pro 

moter activity was clearly observed at the otic vesicle of the 

mouse (17). To characterize Cx26 expression in the cochlea, we 

perfoロn巴dimmunohistochemistry. High levels of Cx26 protein 

were detected in the supporting cells of the organ of Corti, spiral 

limbus and the lateral wall fibrocytes oflittermate controls. How-

ever, Cx26 was not detected in the cochlear tissues of Cx26fl/flPO-

Cre mice (Fig. 1B}. To confirm the expression pattern of PO in the 

inner ear lineage, PO Cre mice were crossed with R26RGFP repo口er

mice, which contained GFP knocked into the ROSA26 locus, aト

lowing for the activation of GFP using Cre recombinase, and 

GFP signals were observed at the otocyst (13,17}, which is consist 

ent with the finding that Cx26 ablation disrupted gap junction 

networks within both epithelial and connective tissues 

The body weight and litter size of Cx26fl/flPO-Cre mice were 

normal, and the only apparent phenotypic difference exhibited 

by these mice was deafness. We evaluated the auditory function 

in Cx26fl/flPO Cre mice by recording the auditory brainstem re-

sponse (ABR}, which is widely used to objectively determine 

hearing thresholds. Thresholds for the wave III component of 

the ABR were measured for click and tone burst stimuli of 8, 12, 

16 and 20 kHz in adult Cx26日／flPOCre (n = 5) and control (n = 7) 

mice; the evaluated mice were 5-6 weeks old (Fig. 1C}. ABR 

thresholds in Cx26fl/flPO Cre mice were ~100 dB sound pressure 

level (SPL) for click stimuli (data not shown) and >90 dB SPL for 

tone bursts. Control mice exhibited normal values for these 

thresholds (15-20 dB SPL}. At P161, cochleae of Cx26日／flPO-Cre

Creation of Gjb2 conditional knockout mice 
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Figure 1. Generation and functional analyses of Gjb2 conditional knockout mice. (A) S甘uctureof the mutated alleles. A Cx26 conditional knockout allele was generated 
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BamHI; H, HindIII; Sc, Sac!; X, Xbal; El, exon l; E2, exon 2; DTA, diphtheria toxin A; Pl and P2, PCR primers used for genotyping. (B) Cx26 distribution (red) in transverse 

sections of the cochlear duct of control and Cx26fV"PO-Cre mice at postnatal day (P)56. (CJ Ave日geABR thresholds (dB SPL) to pu問 tonebursts in control (n = 7) and Cx26fV"poαe 

(n = 5) mice (P35 P42). (D) Histological analysis of cochlear structure in control and Cx26"1"PO Cre mice (P161). (E) Electron microg日 phsof the organ of Corti in control and 

cx26"mpo・Cremice ~eft two panels). The organ of Corti in the control showed the tunnel of Corti (')and Nuel's space(#) around the outer hair cells. The stria vascularis and 

spiral ligament from a Cx26"1"Po Cre mouse are shown in the right panel (P35). (F) EP in control (n = 6) and Cx26fVflpo.cre (n ＝劫mice(P63 P84). •p < 0.05 calculated using the 

Student’s t-test. (G) Z0-1 localization (green) in control and Cx26fV"po.cre mice (top panels). Electron micrograph of tight junctions (')around hair cells and supporting 

cells of Cx26w"PO-Cre mice (bottom panel). OHC, outer hair cell; IHC, inner hair cell; SV, stria vascularis; SL, spiral ligament; EP, endocochlearpotential. Error bars represent 

the SEM. Scale bars= 100 μm (except for electron micrographs) 

。
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Figu回 2.AAV mediated delivery of Gjb2 to adult Cx26n;"Po-Cre mice (P42). (A) Cx26 localization (red, left panels) and light microg日phs(right panels) of transverse sections 
of treated and non-treated cochleae from Cx26fllflpo Cre mice (P198). (B) Average ABR th日sholdsto pure tone bursts (12 and 24 kHz) in the tr田 tedand non treated side of 
Cx26fllnpo-Cre mice (P98; n = 5). Significance was calculated using the paired t-test. NS, not significant. Scale bars= 100 μm 
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vector containing wild-type Gjb2 was introduced into the 

cochlear perilymph through the round window membrane. We 

measured the ABR and examined cochlear sections 10-12 

weeks post-treatment. A significant improvement in the ABR 

thresholds was observed (Fig. 4A), together with the successful 

rescue of Cx26 expression in supporting cells of the organ of 

Corti, the spiral ligament fibrocytes and the spiral limbus 

(Fig. 4B). Non rescued cochleae lacked Cx26 expression in these 

tissues (Fig. 4B). Fluorescence confocal images in the lateral 

wall fibrocytes showed that the Cx26 staining was punctate 

along the plasma membrane (Fig. 4C and D) 

Histological examinations revealed proper formation of the 

tunnel of Corti and preservation of inner and outer hair cells, 

as well as supporting cells (Fig. SA). These rescued phenotypes 

were more apparent at the basal turn than at the apical turn 

Morphological differences between turns may have resulted 

from differential access to the perilymph through the round 

window membrane. AAV transduction lasted over 6 months 

(data not shown). Non-rescued cochleae showed unchanged 

P20 (Fig. 3A). For Cx26白川PO-Cremice, however, click stimuli 

never elicited detectable ABR waveforms, indicating that devel-

opment of the auditory organ had been disrupted. Histological 

examination of cochleae from Cx26fl/f!PO-Cre mice revealed 

that the tunnel of Co口i,which normally opens by PlO, failed to 

open before the organ of Corti degenerated (Fig. 3B), indicating 

a developmental defect. In the present mouse model of Gjb2 de-

ficiency, functional and morphological findings confirmed that 

Gjb2 is indispensable during postnatal development of suppo口
ing cells in the organ of Corti. In other words, a well-timed trans-

fer of functional Gjb2 may rescue the postnatal development of 

the organ of Corti and prevent the secondary degeneration of 

hair cells 

Successful hearing correction after AAV-mediated 

delivery of Gjb2 to neonatal Gjb2-deficient mice 

We next used a different gene therapy strategy to prevent deaf-

ness caused by Gjb2 deficiency. At PO (rather than P42), an AAV 
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concernmg virus vectors and application routes (15). The extent 

of adenovirus GFP transfection was extremely limited in the 

mesenchymal cells. AAV-directed gene transfer after injection 
into the scala media through a cochleostomy showed transgene 

expression in the supporting cells, inner hair cells and lateral wall 

with resulting hearing loss. On the other hand, gene expression 

was observed in supporting cells, inner hair cells and lateral 

wall without hearing loss after the application of AAV into the 

scala tympani through the round window membrane. Thus, in-

jection of AAV into the scala tympani of the neonatal mouse 

cochlea was considered to have the potential to efficiently and 
noninvasively introduce transgenes into the cochlear supporting 

cells and lateral wall fibrocytes of the neonatal mouse. A success-

ful hearing rescue mediated by AAV based delivery of a wild type 
gene through the round window membrane during early post-

natal stages in the present study is well comparable with a previ-

ous study to restore hearing in mice caロyinga mutation in the 

vesicular glutamate transporter-3 (VGLUT3) (4). However, AAV 
driven transfer 。fGjb2 into the scala media of early postnatal 

conditional Gjb2 knockout mice did not show significant hearing 

improvement irrespective of the substantial reduction of both 

cell death in the organ of Corti and degeneration of spiral gan-

glion neurons (7). The electrochemical environment in the endo-

lymph is extremely feasible since physiological experiments 

demonstrated that the l吋ectionof volumes >8 nl into th巴scala
media suppressed EP with swollen outer hair cells and shrunken 

inner hair cells (22}. The i吋ectionof sodium-based phosphate-

buffered solution into potassium rich endolymph is thought to 

disturb the mechanotransduction of the hair cells (23}. Thus, 

the subtle change in the cochlear function is likely to be brought 

about by the endolymphatic application of the vector 

To deliver Gjb2 to non-sensory cells of the neonatal cochlea, 
we used an AAV vector that was developed as a stable, efficient 

and potentially long teπn transgene expression system for pre 

serving hearing function in the neonatal cochlea (15} and fetal 

otocyst (24}. The exogenous Cx26 protein in Gjb2 null mice was 

expressed in various types of cochlear cells, similar to the expres-

sion pattern of GFP protein following AAV GFP transfection in 

wild-type mice (15}. The same results were also reported in a pre-

vious study using another type of Gjb2-deficient mice (7). How-

ever, in congenital deaf mice lacking VGLUT3 the expression of 

VGLUT3 protein was restricted to the targeted cells, namely the 

inner hair cells (4). Although the underlying mechanism of the 

difference between Gjb2 and VGLUT3 genes is unknown, AAV 

Gjb2 delivery to the Gjb2 null mice is expected to result in wide-

spread expression in the cochlea. Among available viral vectors, 

AAV is one of the most promising for use in human clinical trials 
that involve gene therapy (25). However, the aud巾 rysystems of 

mouse and humans develop quite differently, as the human 

auditory end organ is almost completely matured by 26-28 

weeks of gestation. Therefore, in uterine gene therapy must be 

considered to treat human GJB2-related deafness 
Data regarding the Cx function in the cochlea support two hy-

potheses: (i) the epithelial gap junction network supplies meta-

bolites, nutrients and second messengers that are essential for 

postnatal dev巴lopmentof the organ of Corti (biochemical or 

metabolic coupling), and (ii) the connective tissue gap junction 

network recycles K+ to establish and maintain the ionic and elec-

trical environments of the endolymph after hearing onset (ionic 

coupling) (9,12,25-31}. The development and postnatal matur-

ation of the organ of Corti are affected in a dominant-

negative Gjb2 R75W transgenic mouse (9) and in conditional 
Gjb2-null mice as shown previously (12} and in the present 

study. Both homomeric (e.g. Cx26 or Cx30} and hybrid (e.g 
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Figure 3. Developmental changes associated with auditory function and cochlear 
mo叩hologyin Gjb2-deficient mice. (A) Postnatal ABR thresholds to click tones in 
control and Cx26fllflpo-cre mice. (B) Transverse sections of the organ of Co巾 in
control and Cx26fllflpo Cre mice at Pl, P10 and P12. Arrows indicate the tunnel 
of Corti. Scale bar= 100 μm 

ABR thresholds (Fig. 4A} and collapsed organs of Corti and 

degenerated hair cells (Fig. SA}. Spiral ganglion neuron degener-

ation was examined by light microscopy (Fig. SB}. In non-

rescued cochleae, both apical and middle turns showed a 

mild to moderate loss of spiral ganglion neurons, whereas a 

marked reduction in spiral ganglion neurons was observed at 

the basal turn. Spiral ganglion neurons at the middle and 

basal turns were apparently better preserved than those in 

non rescued cochleae. Quantitative analysis of the height of 

the pillar cell and the number of spiral ganglion neurons was 

performed (Fig. 6}. The height of the pillar cells of the basal 

turn in rescued cochleae, which failed to reach full maturation 

as compared with controls, was significantly increased as com-

pared with that of non-rescued cochleae (Fig. 6A). Quantitative 

analysis showed that spiral ganglion neuron degeneration pro-

gressed from base to apex in Gjb2・deficientmice (Fig. 6B}. Gjb2 

transfer resulted in a significant increase in the density of neu-

rons at the middle and basal turns. Thus, prevention of both hair 

cell and spiral ganglion neuron degeneration well explains the 

preservation of the ABR responses in Gjb2 transfected cochleae. 

Discussion 

Using the cuπent mouse model of Gjb2・baseddeafness, we first 

identified a promising and novel strategy for restoring hearing. 

Gene therapy failed to rescue hearing in adult Gjb2 null mice be 

cause secondary hair cell loss was not restored by wild-type Gjb2. 

Performing the gene transfer at early stages of postnatal develop 

ment, however, i.e. before hair cell degeneration, prevented the 

onset of deafness. In our laboratory, the gene expression in sup 

porting cells of the neonatal mouse cochlea has been evaluated 
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Figure 4. AAV-mediated delivery of Gjb2 to neonatal (PO) Cx26 deficient mice. (A) ABR thresholds to pure tone bursts (12 and 24 kH司forrescued and non rescued cochleae 
of Cx26町＂PO-Cremice (P60-P90; n = 5). P < 0.05 was calculated using the paired t-test. (B) Cx26 localizat10n （目d)after Gjb2 delivery to Cx26町＂Po-eremice. Scale 
bars= 100 μ.m. (C) Cx26 distribution (in red) in lateral wall fibrocytes of Cx26'"PO-Cre mice cochlear cryosections at 10 weeks after AAV-Cx26 i町ectionshowing the 
cochlear gap junctions with Cx26. Scale bars: 10 μm. (D) A magnified image of region in (C). Nuclei were counterstained with DAPI似ue).Scale bars: 10 μm 

postnatal development. In contrast, permanent or repeated re 

constitution of the K+ recycling pathway would be required in 

connective tissue gap junctions. Timed conditional null of Cx26 

in mice demonstrated that Cx26 plays essential roles in the mat 

uration process of the organ of Corti prior to the establishment of 

high K+ in the endolymph and the onset of hearing (39,40). 

The absence of Cx26 or Cx30 is unlikely to disrupt endolym-
phatic K+ recycling. The dominant-negative Gjb2 R75W transgenic 

mouse is deaf but exhibits a normal EP (9). Normal EP in the dom-

inant negative R7SW mouse can be explained by the fact that 

homotypic Cx26 channels are permeable to K+ ions (34,41) and 

that gap junctions harboring Cx26 mutations associated with 

hearing loss have no abnormal electrophysiological characteris-

tics, includir 】＜＋p叩悶abil町 （35,36).In Cx30 nul 
coupling am口ngcochlear supporting cells is indistinguishable 

from that in wild type (30), and is thought to be easily comparable 

to that of Cx26 null mice. These findings indicate that the move-

ment of intercellular K+ can be mediated by gap junction chan 

nels composed of Cx30 alone. Lower EP values measured in the 

current conditional Gjb2 null mice may reflect reduced K+ con 

ductance in connective tissues that resulted from a decrease in 

the total number of gap junction proteins, i.e. the absence of 

Cx26. The transduction of wild-type Cx26 into cells of the pillar 

cells is unlikely to be completely sufficient on the basis of the 

heterotypic and heteromeric Cx26/Cx30) gap junction channels 

form intercellular networks in non-sensory cells of the cochlea 

(32,33). Homotypic Cx26 channels, but not homotypic Cx30 

channels, are permeable to anion tracers (34). Compared with 

homomeric channels, hybrid channels relay intercellular Ca2+ 

signals more rapidly(35) and are more permeable to neurobiotin 

(34). Overexpression of mouse Gjb2 can rescue hearing loss in 

Gjb6/Cx30 null mice (36). In addition, a Cx30 knockout mouse 

model that preserved half of the Cx26 expression resulted in 

normal hearing (37). Thus, biochemical coupling in the cochlea 

requires hybrid Cx26/Cx30 or homotypic Cx26 gap junctions. 

Targeted deletion of Cx26 in a mouse mod巴limpairs in vitro bio 

chemical coupling (7,38). Transdu亡i昭 thecochlear cultures (38) 

and the scala media (7) with an AAV vector containing Cx26 

restores Cx26 expression and rescues biochemical coupling 

The rescue of gap junction biochemical coupling may represent 

the mechanism by which gene transfer restored hearing in our 

mouse model of Cx26 deficiency. In the present study, gene ther 

apy likely reconstitutes the hybrid Cx26/Cx30 and/or homotypic 

Cx26 gap junctions in the organ of Corti, as Cx30 was extensively 

expressed in Cx26-deficient mice (13). Restored biochemical or 

metabolic coupling in the organ of Corti may lead to appropriate 

postnatal development. To restore hearing, therefore, it may be 

sufficient to supply a wild-type version of Cx26 only during 
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Figure 5. Light microg四 phsof the organ of Corti (A) and the spiral ganglion neurons (B) at the apical, middle and basal turns. Images from control mice, non-rescued 

Cx26fllflpo.cre mice and rescued Cx26fllflpo Cre mice are shown. Scale bars= 100 μm 
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Figure 6. The mo中hometricanalysis derived from Figure 5. (A) The height of the pillar cells at the basal turn among control mice and non rescued and rescued cochleae of 
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were generated by crossing two Fl double heterozygotes. Geno 
typing was performed via PCR amplification using tail lysates 

as templates and the primers shown in Figure 1A {Pl: AAAC 

TACCGGGAAGCGACACGGGGT; P2: GGTTACGGGGTGCACCAAAG 
CACAG). No abnormalities were apparent in Cx26fllfl mice. Otic 

vesicle-specific Cx26 knockout mice {Cx26町flPO-CreJwere gener-

ated by breeding Cx26町flmice with PO Cre mice. All animal work 

was carried out in accordance with institutional i刊idelines(see 

below) 

Injection of the AAV-Cx26 viral vector 

Animals were anesthetized with an intraperitoneal injection of 

ketamine {100 mg/kg) and xylazine {10 mg/kg) in all experiments. 

All experimental protocols were approved by the Institutional 

Animal Care and Use Committee at Juntendo University School 

of Medicine and were conducted in accordance with the US 

National Institutes of Health Guidelines for the Care and Use of 

Laboratory Animals. 

The same protocol was used to treat both the adult and neo 

natal mice. An AAV serotype 5 vector was generated that used the 

CMV promoter to drive the expression of mouse Cx26. The coding 

region from mouse匂b2cDNA {GenBank accession number 

BC013634.1) was inserted into the pAAV-IRES-hrGFP vector {Agi-

lent Technolog悶， CA,USA). This AAV Cx26 vector was明ected

into the perilymph through the round window membrane 

Glass capillaries {Drummond Scientific Co., PA, USA) were 

drawn with a PB-7 pipette puller (Narishige, Tokyo, Japan) to 

achieve an outer tip diameter of～10 μm. A polyethylene tube 

(outer diameter, 1.7 mm; Atom Medical Co., Saitama, Japan) 

was connected to the glass micropipette. The viral vector with 

a concentration of 8.6 x 1011 viral particles was injected into the 

perilymph at a rate of 0.05 μl/min in adult mice and 0.02 μνmin 

in neonatal mice for 10 min using a syringe connected to a poly-

ethylene tube. To allow the vector to spread throughout th巴inner

ear, the glass micropipette was left in place for 1 min after the in-

jection procedure. The leakage of perilymph was confirmed to be 

nominal after removing the micropipette. It took ~20 min to com-

plete the surgical procedure. After the surgery, the mice were 

kept in another cage until they awoke from anesthesia 

height of the organ of Corti {Fig. 5). The wild匂 peCx26 was trans-
duced into type I and IV fibrocytes of the spiral ligament {Fig. 4B), 

which was consistent with the dぉtributionof回 tiveCx26 {33), 

suggesting that the EP would likely be partially recovered, al 
though the EP was not measured in rescued cochleae. 

Future experiments should focus on improving transduction 

efficiency to the supporting cells as well as the long lasting trans 

duction of wild-type Cx26, or replaceable genes such as Cx30 and 

Cx32 {34,42), in connective tissues. 

Using a conditional knockout mouse and gene transfer tech-

niques, we have clarified the molecular mechanisms by which 

Gjb2 affects cochlear physiology. The epithelial gap junction net 

work composed of hybrid Cx26/Cx30 channels is required for 

postnatal development of the organ of Corti and for normal hear 

ing. In contrast, the K+ recycling pathway, which is mediated by 

the gap junction network of connective tissues, can be supported 
by both hybrid and homomeric channels involving Cx26 and/or 

Cx30. These results will help begin a new era in the comprehen 

sive treatment of hereditary deafness. 

Materials and Methods 

Generation of mice with a floxed Cx26 allele 

A targeting vector of a floxed Cx26 allele was constructed usmg 

phage DNA clones that included exons 1 and 2 of Cx26 from a 

genomic library of J1 embryonic stem cells. An ~8.4 kb HindIII-

BamHI fragment containing exon 1 and a 2.85 kb 'Sac! Sa cl' frag 

ment containing the 3' half of exon 2 (long and short homologous 

sequences, respectively) we陀 isolatedand used to construct the 

targeting vector. One loxP sequence was introduced at the end of 

intron 1, and the Neo cassette was introduced between two loxP 

sequences in exon 2. The diphtheria toxin A chain expression 

cassette was used as a negative selection marker. The linearized 

targeting vector was introduced into J1 embryonic stem cells by 

electroporation, and G418 resistant clones were analyzed by 

Southern blotting to isolate homologous recombinants as de-

scribed {43). Recombinant embryonic stem cells were injected 

into C57 /BL6J blastocysts. A mouse strain harboring the floxed 

Cx26 allele was established by crossing chimeras with C57/BL6J 

females to produce Fl heterozygotes (Cx26fl1+). F2 offspring 
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Immunohistochemistry 

Mice were anesthetized and then perfused intracardially with 

PBS, followed by 4% PFA in PB. Cochleae were excised and fixed 

in 4% PFA for 2 hand then decalcified in 0.12 M EDTA for 7 d at 

room temperature. For frozen sections, specimens were cryo-pro 

tected in 30% sucrose in PBS overnight at 4°C and then embedded 

in OCT compound, frozen and sectioned {10 μm). For immuno-

fluorescence, sections were incubated with 50% Block Ace {DC 

Pharma Biomedical, Osaka, Japan) in PBS/0.3% Triton X-100 for 

60 min and then incubated overnight at 4°C with rabbit poly 
clonal antibodies directed against Cx26 and Cx30 (1：・200;Zymed 

laboratories, CA, USA) that were diluted in PBS. Tissue specimens 

were then rinsed with PBS, incubated with goat anti・rabbitIgG 

antibodies conjugated with Alexa Fluor 594 {1:500; Molecular 

Probes, OR, USA) for 60 min and then rinsed with PBS. Specimens 

were mounted in Vectashield antifade mounting medium {Vec-

tor Laboratories, CA, USA). Images were captured using a Zeiss 

Axioplan2 microscope, an AxioCam HRc CCD camera and AxioVi・

sion Rel.4.5 software {Carl Zeiss, Esslingen, Germany). Fluores-

cence confocal images were obtained with a LSM510・META

confocal microscope (Carl Zeiss, Jena, Germany）。

3659 Human Molecular Genetics, 2015, Vol. 24, No. 13 

Auditory brainstem response 

All electrophysiological measurements were performed withm a 

grounded test room that was acoustically and electrically insu-

lated. For the ABR measurement, mice were anesthetized and 

maintained in a headholder. Stainless steel needle electrodes 

were placed at the ve口exand ventrolateral to the left and right 

ears. The ABRs were measured using waveform storing and 

stimulus control with Scope software on the Power Lab system 

{PowerLab4/25; AD Instruments, Castle Hill, Australia). Electro-

cardiogram recordings were performed using an extracellular 
AC Preamplifier {P-55; Astro-Med, Inc., RI, USA). Acoustic stimuli 

were delivered usi珂 acoupler type speaker {ESlspc; Bio Research 

Center, Nagoya, Japan). Thresholds were determined for click 

sounds and tone bursts (frequencies of 8, 12, 16, 20 and 24 kHz) 

from a set of responses at different intensities (5 dB intervals). 

Electrical signals were averaged over 512 repetitions. Hearing 

thresholds >95 dB were listed as 100 dB. 

Endocochlear potential 

Statistical analyses 

Error bars represent the SEM. Statistical differences were calcu-

lated using the Student’s t-test or paired t-test where indicated 

Differences were considered significant for P < 0.05 

For EP measurements, each mouse was artificially ventilated 
with a respirator through a tracheal cannula after deep anesthe-

sia and muscular relaxation. Rectal temperature was maintained 

at37。C,and an electrocardiometer was used to monitor the heart 

rate. A glass microelectrode filled with 150 mM KCl was inserted 

into the scala media of the basal tum through the lateral wall of 

the cochlea as previously reported {44). Output was recorded 

using a high impedance dual electrometer 
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Light microscopy 

Animals were anesthetized and then perfused intracardially with 

0.01 M phosphate buffered saline {PBS; pH 7.2), followed by 4% 

paraformaldehyde {PFA; pH 7.4) in 0.1 M phosphate buffer {PB; 

pH 7.4). The mice were decapitated and their cochleae dissected 

under a microscope. Dissected cochleae were placed in 4% PFA at 

room temperature overnight. Cochleae were then placed in 
0.12 M ethylenediaminetetraacetic acid {EDTA; pH 7.0) in PBS 

for 1 week for decalcification. Specimens were then dehydrated, 

embedded in paraffin and sectioned (6 μm). Serial sections were 

stained with hematoxylin and eosin staining 

Quantitative analyses of spiral ganglion neurons 

To evaluate the survival of the spiral ganglion neurons, four 
animals from each group were used for cell counting. Five 

cross』sectionsof hematoxylin and eosin staining randomly 

selected from each animal were analyzed. The area of the 

Rosenthal’s canal at the basal, middle and apical turns was mea 

sured using Image Pro Plus 6.0 software. The number of spiral 

ganglion neurons per 1000 μm2 was calculated for each profile. 
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Transmission electron microscopy 

Animals were anesthetized and then perfused intracardially with 

0.01 M PBS, followed by 4% PFA and 2% glutaraldehyde {GA) in 

0.1 M PB. The cochleae were opened and flushed with buffered 

4% PFA and 2%GA and fixed for2 hat room temperature. Thespe-

cimens were washed and then post fixed using 2% Os04 in 0.1 M 

PB for 1.5 h. Specimens were then dehydrated through graded 

concentrations of ethanol and embedded in Epon. Samples 

were sectioned {1 μm), stained with uranyl acetate and lead 

citrate and examined using an electron microscope (H-7100; 

Hitachi, Tokyo, Japan). 
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Background: Lys-63-linked ubiquitination in mitochon-
dria occurs in PINK1/Parkin-mediated mitophagy, and
its important roles have been proposed.
Results: The suppression of Lys-63-linked ubiquitination
did not modulate PINK1/Parkin-mediated mitophagy
and Drosophila mitochondrial phenotypes.
Conclusion: Lys-63-linked ubiquitination is dispensable
for PINK1-Parkin pathway.
Significance: This is the first study to report the biologi-
cal significance of Lys-63-linked ubiquitination in PINK1-
Parkin pathway in vitro and in vivo.

PINK1/Parkin-mediated mitophagy is thought to ensure mito-
chondrial quality control in neurons as well as other cells. Upon the
loss of mitochondrial membrane potential (��m), Lys-63-
linked polyubiquitin chains accumulate on the mitochondrial
outer membrane in a Parkin-dependent manner. However,
the physiological significance of Lys-63-linked polyubiquiti-
nation during mitophagy is not fully understood. Here, we
report that the suppression of Lys-63-linked polyubiquitina-
tion through the removal of Ubc13 activity essentially affects
neither PINK1 activation nor the degradation of depolarized
mitochondria. Moreover, the inactivation of Ubc13 did not
modulate the mitochondrial phenotypes of PINK1 knock-
down Drosophila. Our data indicate that the formation of
Lys-63-linked polyubiquitin chains on depolarized mito-
chondria is not a key factor for the PINK1-Parkin pathway as
was once thought.

Mutations of the Parkin and PINK1 genes cause selective
degeneration of the midbrain dopaminergic neurons in auto-
somal recessive juvenile Parkinson disease (1, 2). The Parkin
and PINK1 genes encode a ubiquitin-ligase (E3)3 and a serine/
threonine protein kinase, respectively (3–7). Loss of the Parkin
and PINK1 genes in Drosophila leads to the degeneration of the
mitochondria in tissues with high energy demands, such as the
muscles and sperm, and genetic analysis has demonstrated that
PINK1 is an upstream regulator of Parkin, suggesting an impor-
tant role of Parkin and PINK1 in mitochondrial maintenance in
the midbrain dopaminergic neurons that are affected in Parkin-
son disease (8 –10).

A series of cell biological studies has provided strong evi-
dence that Parkin cooperates with PINK1 to induce mito-
chondrial autophagy or mitophagy when the mitochondria
are damaged (11–16). The reduction of ��m leads to the
accumulation and activation of PINK1 in the mitochondria
(12, 17), which leads to the phosphorylation of a latent form
of Parkin, priming its E3 activation (17, 18). PINK1 also
phosphorylates ubiquitin (19 –21), which in turn fully acti-
vates Parkin E3 activity, leading to Parkin translocation from
the cytosol to the mitochondria and the subsequent ubiquiti-
nation of mitochondrial proteins (14, 15). Ubiquitin modifi-
cation on the mitochondria induces the LC3-mediated
autophagic elimination of the damaged mitochondria, a
process known as mitophagy (11). The ubiquitination of
mitochondrial proteins mainly produces Lys-63-linked
polyubiquitin and only a small portion of Lys-48 linkages (22,
23). The Lys-63-linked polyubiquitin chain is proposed to
activate PINK1 (24) and the mitochondrial translocation of
Parkin (25). We examined the impact of Lys-63-linked
polyubiquitination on PINK1/Parkin-mediated mitophagy
in cells and mitochondrial maintenance in Drosophila and
report that Lys-63-linked polyubiquitination is dispensable
for PINK1 activation, mitochondrial clearance, and Drosophila
mitochondrial homeostasis.

EXPERIMENTAL PROCEDURES

Antibodies, Reagents, Plasmids, and Cell Lines—The follow-
ing antibodies were used in the Western blot analysis: anti-
PINK1 (1:1,000 dilution; Novus Biologicals, BC100-494),
anti-Mfn1 (1:1,000 dilution; Abnova, clone 3C9), anti-Ubc13
(1:1,000 dilution; Life Technologies, clone 4E11), anti-poly-
ubiquitin (1:1,000 dilution; MBL International, clone FK2),
anti-Lys-63-linked polyubiquitin (1:1,000 dilution; Cell Signal-
ing Technology, clone D7A11), anti-Lys-48-linked polyubiqui-
tin (1:1,000 dilution; Cell Signaling Technology, clone D9D5),
anti-Tom20 (1:500 dilution; Santa Cruz Biotechnology,
FL-145), anti-HA (1:1,000 dilution; Roche Applied Science,
clone 3F10), anti-FLAG-HRP (1:2,000 dilution; Sigma-Aldrich,
clone M2), anti-actin (1:10,000 dilution; Millipore, MAb1501),
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anti-Hsp60 (1:10,000 dilution; BD Biosciences, clone 24/
Hsp60), anti-NDUFS3 (1:10,000 dilution; Abcam, 17D95), anti-
Drosophila Hsp60 (1:1,000 dilution; Cell Signaling Technology,
D307), and anti-Drosophila Mitofusin (dMfn) (1:2,000 dilution;
made in-house). The following antibodies were used for immu-
nocytochemistry analysis: anti-polyubiquitin (1:250 dilution;
MBL International, clone FK2), anti-Lys-63-linked polyubiqui-
tin (1:50 dilution; Millipore, clone Apu3), and anti-Tom20
(1:1,000 dilution; Santa Cruz Biotechnology, FL-145). Mouse
embryonic fibroblasts (MEFs) harboring wild-type or homozy-
gous loxP-flanked Ubc13 alleles (26) were stably transfected
with Cre recombinase controlled by Tet-On systems. Ubc13
genes were floxed out following Cre-mediated excision by
treatment with 1 �g/ml doxycycline (Dox) for 72 h to generate
Ubc13�/� MEFs. Wild-type Ubc13 MEFs were also treated
with Dox as a control. The plasmids encoding GFP-Parkin,
HA-Parkin, and PINK1-FLAG have been described previ-
ously (15, 27). MEFs and HeLa cells were retrovirally trans-

fected with pMXs-puro harboring PINK1-FLAG, HA-Par-
kin, and GFP-Parkin, and the infected cells were selected
with 1 �g/ml puromycin. The mitochondrial uncoupler car-
bonyl cyanide m-chlorophenyl hydrazine (CCCP) and the
ubiquitin-activating enzyme (E1)-specific inhibitor UBEI-41
were purchased from Sigma-Aldrich. The mitochondrial
uncoupler valinomycin and TUBE1-agarose were obtained
from Wako and LifeSensors, respectively.

Immunocytochemical and Biochemical Analyses—Cells plated
on 3.5-mm glass-bottom dishes (MatTek) were fixed with 4%
paraformaldehyde in PBS and permeabilized with 50 �g/ml digi-
tonin in PBS. The cells were stained with anti-Tom20 or anti-
ubiquitin antibodies. The cells were imaged using laser-scanning
microscope systems (LSM510 META, Carl Zeiss). Phos-tag
(Wako Pure Chemical Industries) Western blotting was per-
formed as described previously (18).

Drosophila Genetics—Fly experiments were performed as
described (28). The w1118 (w�) line was used as a wild-type

FIGURE 1. The loss of Ubc13 activity impairs the accumulation of Lys-63-linked ubiquitin chains during Parkin-mediated mitophagy. A, MEFs
retrovirally introduced with GFP-Parkin were treated with Dox to remove Ubc13 genes and then treated with 30 �M CCCP for 6 h. Parkin and mitochon-
dria were visualized with GFP fluorescence (green) and anti-Tom20 (red), respectively. B, the mitochondrial translocation efficiency of Parkin treated as
in A was graphed. The values represent the means � S.E. of the percentages of cells exhibiting mitochondrial recruitment in three independent
experiments. The translocation efficiency was similar in Ubc13�/� and Ubc13�/� (3 h, p � 0.8024; 6 h, p � 0.1309 by Student’s t test). C, ubiquitin
accumulation was detected with anti-polyubiquitin (red) in cells treated as in A. D, accumulation of a Lys-63-linked ubiquitin (K63-Ubiquitin) chain was
detected with anti-Lys-63 linkage-specific ubiquitin antibody (red) in cells treated as in A. Scale bars � 10 �m. E, accumulation of Lys-63-linked
polyubiquitin (K63-Ub) but not of Lys-48-linked polyubiquitin (K48-Ub) was reduced in the absence of Ubc13 activity. Crude mitochondrial fractions from
MEFs expressing GFP-Parkin (1 	 106) treated with (�) or without (�) 30 �M valinomycin for 6 h were prepared. Polyubiquitin purified with TUBE1-
agarose in the mitochondrial fractions was detected by Western blot. poly-Ub, polyubiquitin. All experiments were repeated at least three times in A–D
and two times in E, and representative results were shown.
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genetic background. The Ubc13 RNAi line was obtained from
the Vienna Drosophila RNAi Center and was characterized in
Ref. 29. Other fly stocks used in this study have been described
previously (8).

RESULTS AND DISCUSSION
Because Ubc13 is an E2 enzyme crucial for generating

Lys-63-linked chains (30), we tested PINK1/Parkin-mediated
mitophagy in Ubc13 mutant cells to estimate the effects of Lys-
63-linked polyubiquitin chain formation. In the Ubc13 mutant
cells harboring the loxP-flanked Ubc13 gene, Ubc13 can be
inactivated by Dox-induced flox-out. We inactivated Ubc13 by
Dox treatment and induced the mitochondrial translocation of
GFP-Parkin and the accumulation of ubiquitin chains using
CCCP. The mitochondrial translocation of GFP-Parkin
occurred with similar efficiency (Fig. 1, A and B). In contrast,
the accumulation of total ubiquitin (Fig. 1, C and E) as well as
Lys-63-linked polyubiquitin (Fig. 1, D and E) in the mitochon-
dria was dramatically reduced in the absence of Ubc13 activity.
Accumulation of Lys-48-linked polyubiquitin in the mitochon-
drial fractions was similar between Ubc13�/� and Ubc13�/�

MEFs expressing GFP-Parkin (Fig. 1E).
Polyubiquitination induces the degradation of mitochondria

outer membrane proteins through the proteasome and recruits

LC3-mediated autophagy machinery (22). To test whether
autophagy is altered in Ubc13�/� MEFs, we examined the levels
of Mfn1, a known substrate of Parkin E3; a mitochondrial outer
membrane protein, Tom20; and a matrix protein, Hsp60. The
time-dependent degradation of Mfn1, Tom20, and Hsp60 in
Ubc13�/� MEFs was comparable with that in Ubc13�/� MEFs
(Fig. 2A). When Parkin is activated upon CCCP treatment,
Parkin is subjected to autodegradation by the proteasome (18).
The degradation efficiency of HA-tagged Parkin was similar
between Ubc13�/� and Ubc13�/� MEFs, suggesting that the
formation of Lys-63-linked polyubiquitin affects neither the
activation of Parkin nor the autophagic clearance of
mitochondria.

It has been proposed that Lys-63-linked ubiquitination of
PINK1 by TRAF6 is required for the mitochondrial accumula-
tion of PINK1 and mitochondrial translocation of Parkin upon
a reduction of ��m (24). PINK1 stabilization on the mitochon-
drial outer membrane stimulates its dimerization and is closely
correlated with its autophosphorylation at Ser-228 and Ser-402
in an intermolecular fashion (31), through which PINK1 kinase
activity is thought to be activated (32). We estimated the extent
of PINK1 accumulation and PINK1 autophosphorylation by
conventional Western blot and Phos-tag Western blot analyses,

FIGURE 2. Suppression of Lys-63-linked ubiquitin chain formation does not affect PINK1 activation or mitochondrial clearance. A, MEFs expressing
HA-Parkin were treated with 30 �M CCCP for up to 24 h and subjected to Western blot analysis. Mfn1 and Tom20 were used as markers of mitochondrial outer
membrane proteins. Hsp60 was used as a marker of mitochondrial matrix proteins. Actin was used as a loading control. B, MEFs expressing PINK1-FLAG were
treated with 30 �M CCCP as in A. The autophosphorylation of PINK1 and accumulation of PINK1 were estimated by Phos-tag Western blot with anti-PINK1
(Phos-tag WB) and conventional Western blot with anti-FLAG (WB). C, MEFs harboring loxP-flanked Ubc13 were treated with (�) or without (�) Dox for 72 h and
were further treated with CCCP for the indicated time periods. The degradation of Parkin, Mfn1, and Tom20 was analyzed by Western blot analysis. D, HeLa cells
stably expressing GFP-Parkin were pretreated with 60 �M UBEI-41 (E1 inhibitor) or dimethyl sulfoxide (DMSO) solvent for 1 h and were further treated with or
without 20 �M CCCP for 3 h. GFP-Parkin and mitochondria were visualized with GFP signal (green) and anti-Tom20 (red), respectively. Scale bars � 10 �m. All
experiments were repeated at least three times in A–C and two times in D.
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respectively (Fig. 2B). However, there was no evidence that
PINK1 accumulation and autophosphorylation were altered in
the absence of Ubc13 activity, suggesting that the formation of
the Lys-63-linked polyubiquitin chain is not a key factor in
PINK1 regulation in mitophagy.

Because MEFs are derived from a heterogeneous population
of cells, the response to PINK1/Parkin-mediated mitophagy
might differ among different batches of cells. To exclude this
possibility, we used the same batch of Ubc13 mutant cells,
which were treated with or without Dox. PINK1/Parkin-medi-
ated mitophagy was induced by CCCP treatment for up to 24 h.
We again confirmed that the efficiency of the degradation of
HA-Parkin, Mfn1, and Tom20 is comparable between Dox-
treated and untreated cells (Fig. 2C).

It has been reported that Parkin is also involved in xenophagy
for Mycobacterium tuberculosis, in which the co-localization of
a Lys-63-linked ubiquitin chain with phagosomes containing
M. tuberculosis was observed (33). Because the formation of
Lys-63-linked ubiquitination, the subsequent accumulation of
the ubiquitin adaptors, and the autophagy machinery are Par-
kin-dependent, Lys-63-linked ubiquitination likely mediates

the recruitment of autophagy-related proteins, as proposed in
studies of mitophagy (14, 22). Lys-63-linked ubiquitination is
also observed in Salmonella xenophagy (34). However, the
recruitment of the autophagy machinery occurred with the
same efficiency in Salmonella xenophagy (35). The results
describing both mitophagy and xenophagy suggest that the
autophagy machinery can recognize other polyubiquitin link-
ages in addition to Lys-63 or that Lys-63 linkage is not involved
in this step. Although Lys-63-linked ubiquitination is not
essentially required for mitochondrial translocation of Parkin,
the inhibition of all of ubiquitination reactions by an E1-specific
inhibitor completely suppresses Parkin translocation, suggest-
ing that ubiquitination is part of the regulation in Parkin trans-
location (Fig. 2D).

The formation of Lys-63-linked polyubiquitination by Ubc13
and Uev1a is involved in the TNF signaling in both mammals
(36) and Drosophila (29). Knockdown of Bendless (Ben), an
ortholog of Ubc13, suppresses TNF signaling in Drosophila,
suggesting that the formation of Lys-63-linked polyubiquitina-
tion is inhibited (29). Muscular mitochondria in the thorax, in
which Ben was inactivated, showed a normal gross morphol-

FIGURE 3. Inhibition of Ubc13 does not modulate the mitochondrial phenotypes caused by PINK1 inactivation. A, fluorescent images of the indirect flight
muscle in 7- and 30-day-old adult flies expressing the indicated shRNAs are shown. To visualize the mitochondria, the mitoGFP (green) transgene was
co-expressed, and the muscle tissue was counterstained with phalloidin (magenta). Representative images from three independent samples in each genotype
are shown. Experiments were repeated two times. Scale bar � 10 �m in the fluorescent images. B, the protein levels of dMfn, complex I subunit NDUFS3, and
Hsp60 from the thoraxes of 7-day-old adult flies were analyzed by Western blot. Coomassie Brilliant Blue (CBB) staining around the dMfn migration position
confirms that approximately equivalent amounts of protein were loaded. C, the band intensities of dMfn and NDUFS3 were normalized to each Coomassie
Brilliant Blue signal. The values (arbitrary units (A.U.)) represent the means � S.E. from 4 –5 independent samples as in B. Although dMfn and NDUFS3 levels
showed increasing and decreasing tendencies, respectively, with PINK1 inactivation as reported (28), there were no statistical differences between any
combinations. N.S., not significant. n � 4 –5. D, ATP contents of thorax muscle tissues of 7-day-old adult flies were measured. ATP contents were normalized
against the protein levels. The values represent the means � S.E. from five independent samples. *, p � 0.05, **, p � 0.01 by Tukey-Kramer test. Fly genotypes
used in A–D are as follows: UAS-mitoGFP/UAS-LacZ RNAi; MHC-GAL4/� (LacZ RNAi), UAS-mitoGFP/UAS-Ben RNAi; MHC-GAL4/� (Ben RNAi), UAS-mitoGFP/UAS-
LacZ RNAi; MHC-GAL4, UAS-PINK1 RNAi/� (PINK1 RNAi, LacZ RNAi), UAS-mitoGFP/UAS-Ben RNAi; MHC-GAL4, UAS-PINK1 RNAi/� (PINK1 RNAi, Ben RNAi).
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ogy, implying that Lys-63-linked ubiquitination is dispensable
for mitochondrial maintenance under steady-state conditions
(Fig. 3A). In contrast, PINK1 activity is essential for maintaining
mitochondrial homeostasis because inactivation of PINK1
largely leads to mitochondrial degeneration, as described pre-
viously (Fig. 3A) (8). The mitochondrial degeneration by PINK1
inactivation was no longer modulated by the suppression of Ben
activity, even in old flies (Fig. 3A). Consistent with the histo-
chemical analysis, levels of a mitochondrial outer membrane
protein Mitofusin, which is a ubiquitination substrate of Parkin,
as well as the mitochondrial complex I subunit NDUFS3, were
not altered by Ben inactivation (Fig. 3, B and C). In addition, the
absence of Ben did not affect mitochondrial ATP production
(Fig. 3D).

In conclusion, this study revealed that Lys-63-linked ubiq-
uitination is dispensable for the PINK1-Parkin pathway.
Although Lys-63-linked ubiquitination by Parkin has been sug-
gested to be important for the suppression of protein toxicity by
Parkin, further investigations will be required to determine
whether specific roles of Lys-63-linked ubiquitination in the
PINK1-Parkin pathway exist (37, 38).

Acknowledgments—We thank Drs. S. Akira and M. Yamamoto for
Ubc13 mutant cells, and T. Arano and T. Imura for technical
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Addendum—After submission of this study, two studies using
siRNA against Ubc13 reported that Ubc13 has a role for the
autophagy process of Parkin-mediated mitophagy (39) and Parkin
translocation (40). As we also observed some delay in mitophagy in
our initial study using siRNA, we feel that certain sequences of
siRNA affect mitophagy.
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Hereditary deafness affects approximately 1 in 2,000 children. Mutations in the gene encoding the cochlear gap 

junction protein connexin 26 ( CX26) cause prelingual, nonsyndromic deafness and are四 sponsiblefor as many 

as 50% ofhereditary deafness cases in certain populations. Connexin・associateddeafness is thought to be the 

result of defective development of auditory sensory epithelium due to connexion dysfunction. Surprisingly, 

CX26 deficiency is not compensated白rby由eclose片relatedconnexin CX30, which is abundantly expressed in 

the same cochlear cells. Here, using two mouse models ofCX26・associateddeafness, we demonstrate that dis-

ruption of the CX26-dependent gap junction plaque ( GJP) is the earliest observable change during embryonic 
development of mice with connexin-associated deafness. Loss of CX26 resulted in a drastic reduction in the 

GJP area and protein level and was associated with excessive endocytosis with increased expression of caveolin 
1 and caveolin 2. Furthermore, expression of deafness-associated CX26 and CX30 in cell culture resulted in 

visible disruption of GJPs and loss of function. Our results demonstrate that deafness-associated mutations 

in CX26 induce the macromolecular degradation oflarge gap junction complexes accompanied by an increase 
in caveolar structures. 

Introduction 

Hearing loss is the most common congenital sensory deficit (1, 2). 

Approximately 1 child in 1,000 is affected at birth or during early 
childhood by severe hearing loss, which is defined as preling凶 lde必

ness (3, 4), with about half of the cases attributable to genetic causes 

(5). Among the more than 100 known forms of nonsyndromic deaf-
ness with identified genetic loci, by far the most common and best 
characterized is the one associated with G]B2 (OMIM 121011), the 

gene encoding the connexin 26 (CX26) protein (6). This gap junc-
tion protein, whichぉsemblesto form channels between cells in the 

cochlear supporting cells, allows the rapid removal ofK+ away from 

the base of hair cells, resulting in the recycling of this ion back to 
the endolymph to maintain cochlear homeostasis (7). CX26 and 

CX30 are the two most abundantly expressed gap junction proteins 

in the cochlea (8) and form heteromeric and heterotypic channels 

in most of the cochlear gap junction plaques (GJPs) (9) as well as 

in in vitro experiments (10). In addition to their effects on K+, gap 
junction proteins mediate the movement of Ca2+ and anions via 

inositol I人5-trisphosphate，♀swellas the cell-signaling, nutrient, 
and energy molecules ATP and cAMP ( 11 ). 

Connexins are assembled into hexameric connexons in the endoplas-

mic reticulum and are trafi白ckedto the plお mamembrane. Hemichan-

nels dock head to head with partner hexameric channels positioned 

on neighboring cells (12). The resulting GJP may vary丘om100 nm 
to several micrometers in diameter and can contain up to 10,000 con-

nexons. Newly synthesized gap junctions always merge into the our-
side of existing GJPs, and the older gap junctions in the central area of 

Conflict of mterest: The authors have declared that no conflict of mterest exists 

Ci ta白onfor this article: J Clin Jn出st.2014;124(4):1598 1607. doi:I0.1172βCI67621 

the plaques are internalized in appro氾mately1 to 5 hours (13). Diι 

ferent types of connexin channels segregate into the different plaques 

forming both hetero-and homoconnexons (14). This dynamic process 

regulates gap junction assembly and disassembly in living cells. 

In this study, we demonstrate that a mutation in CX26 induces 

the macromolecular degradation oflarge g叩 junctioncomplexes 
accompanied by an increase in caveolar structures and that the 

assembly of this macromolecular complex requires CX26. 

Results 

In this study, we performed a detailed compositional analysis of 

cochlear GJPs using models of two m勾ortypes of CX26-related 
hearing loss. The first model consists of a mouse that expresses 
human CX26 with the R75W dominant negative mutation 

(CX26117Slf'+; refs. 15 17 and Supplemental Figure 1, A and B; sup-

plemental marerial available online with rhis article; doi: 10.1172/ 

JCI67621DS1). The other is a newly developed condition乱l
Cx26-de白cientmouse (Cx2(jf/fpo Cre) with localized gene deletion 

in the inner ear under the control of the protein 0 (PO) promoter 
(ref. 18 and Supplemental Figure lC). To confirm the expression 

pattern of PO in the inner ear lineage, PO-Cre mice were crossed 
with R26RGFr reporter mice, which contain GFP knocked into the 

ROSA26 locus，乱IIowing for the品ctivationofGFP using Cre recom-

bin出 e,and GFP signals were observed at the otocyst (Supplemen-
ral Figure 2). Cx26flf PO一CγEmice had severe sensorineural hearir 1 g 
loss (Supplen 
observed in other organs (data not shown). Furthermore, these 

mice displayed an impaired ability to propagate Ca2+ oscillations 

from cell to cell at PS (Supplemental Figure 3), which is proba-

bly related to an impaired function of g叩 junctions(19, 20) and 

1598 The Journal ofChnical Investigation hrrp://www.jci.01g Volume 124 Number 4 April 2014 
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Figure 1 

Drastic disruption of cochlear GJPs in two models of CX26-associated deafness. (A) Schematic illustration of cochlear ISCs. (B and C) CX26 

distribution (in red) in ISCs (boxed region in A) in P12 cochlear cryosections from CX26R7sw+ mice show fragmented GJPs (C, small arrows) in 

contrast to GJPs in control mice (B). (D and E) Double staining of CX26 and CX30 in whole-mount cochlear tissue at 3 weeks showing that these 
GJPs are composed of both connexins in control (D) and CX26R7sw+ (E) mice. (F-H) GJP formation in 8・week-oldadult cochleae from a CX26R7sw+ 

mouse (G), a non-Tg littermate control (F), and a Cx26附 PO-Cremouse (H). The partial EGFP signals in G indicate that it is a transgenic animal 

(1-K) Image of each boxed region in F-H, respectively. Inset in K shows the GJPs in a Cx26111 littermate control mouse. (L-N) Three-dimensional 

images reconstructed from the images in 1-K, respectively. (0) Lengths of the largest GJPs (brackets in 1-K) along a single cell border (mean ± SE, 
n = 25 for all four groups). ***P = 4.7×10-14 and 1.2 x 10-16 for CX26R75w+ and Cx26111 PO-Cre cochleae, respectively, relative to controls (Student's 

t test). (P-R) At E175, CXx26R75w+ ISCs showed a number of S-GJPs (Q, arrows), including some L-GJPs (Q, arrowheads), as observed in the 

non-Tg control ISCs (P). Cx26111 PO-Cre ISCs (R) showed totally disrupted GJPs, although the control ISCs (Cx26ペinsetin R) showed L-GJPs 

Nuclei were counterstained with DAPI (blue). Scale bars: 10 ~tm . 

which occurs before the onset of hearing. We note that although 

the propagation range was affected, the frequency of the Ca2' oscil-

lations did not change significantly (Supplemental Figure 3 and 

Supplemental Videos 4-7). 

In a detailed analysis with a three-dimensional graphic construc-

tion of the GJP structure in the inner sulcus cells (ISCs; Figure lA), 

WT  adulr mouse cochleae showed large, planar GJPs (L-GJPs; Fig-

ure lI) at the cell border that formed orderly pentagonal or hex-

agonal outlines around normal ISCs (Figure 1, B, D, F, I, and L). 

In contrast, cochleae from CX26R万桝 （Figure1, C, E, G,J, M, and 

Supplemental Video 1) and Cx2611f PO Cre (Figure 1, H, K, and N) 

mice showed drastically fragmented, small vesicle like GJPs (S-G]Ps; 

The Journal ofClirucal Investigation hrrp：／／州市.jci.org Volume 124 Number 4 Ap口12014 1599 
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Changes in gap junction proteins in 8-week-old CX26-mutant mice. (A and B) lmmunoblot analysis showed decreased protein expression not 
only for CX26, but also for CX30 in both CX26R7sw+ (A) and Cx26"t PO・Cre(B) mice. CX43 expression in the different cochlear cells was analyzed 
as a control. (C and D) CX26 and CX30 protein levels were normalized to the corresponding fl-actin levels and were expressed relative to the 
amount present in each littermate control. Values represent the mean土 SEM(error bars; n = 5). P = 7.0 x 10-a and 1.4 x 10 5 for CX26 and CX30, 
respective I弘inCX26R75w+ mice; P = 5.6 x 10-11 and 8.7×10 6 for CX26 and CX30, respectively, in Cx26附 PO・Cremice. ***P < 0.001. 

Figure 1,J, K, M, and N), resulting in an extremely diminished total 

plaque area as compared with that seen in control mice. In addition, 

the significant reduction in the protein levels of not only CX26 but 

also CX30 (Figure 2) suggested that the macromolecular complex 

had been degraded. The drastically dispersed plaques were observed 

from El7.5 (Figure 1, P R). At the initial stage of cochlear GJP for-

mation on E14.5, we obser、吋thatGJP disruption was already pres-

ent. Two CX26-mutant n1ice did not show GJPs at many of the cell 

borders, although a part of the cells showed sigm白cantlyshorter 

GJPs compared with the those of controls (Supplemental Figure 

4). Since drastic GJP disruptions were observed even at E17.5 and 

the initial GJP formations were also品bnormalat E14.5, v.hich is the 

earliest histological change in this disease yet reported, we believe 

that this may be an initial phenotypic change that is followed by 

physiological disorder・inthe inner ear. As some undisrupted L-GJPs 

(Figure lQ, arrowheads) were still prese町 amongthe S-GJPs (Fi早1re

lQ, arrows) in CX26R75¥糾 miceat E17.5, GJP disruption was thought 

to begin during embryonic development. 

Since CX26 immunolal冗 lingwas rarely detected even in Cx26flf 

PO Cre mouse cochlea, the numbers of CX26-positive ISCs in 5 

mice were counted at the middle turn of the cochlea. Approxi・

mately 1.6% (1.6 ± 0.3%，ド5)ofISCs in Cx26flf PO・Cremice showed 

CX26 expression (Figure 3A, arrows), in contrast to 100% (100 ± 0%, 

n ~ 5) in their littermate controls ( Cx26flox/jlぺreferredto herein as 

Cx26町.These CX26-positive cells in Cx26/lf PO一Ci・emice may have 

invaded the cochl回 fromother tissues such as bone marrow and 

thus did not undergo Cre recombinase regulation (21). This eel-

lular mosaicism enabled us to analyze differences in the cochlear 

GJPs formed by adjacent cells with and without the expression of 

CX26 and, critically, revealed the CX26-dependent differences in 

the formation of the two GJP types (L-GJP and S-GJP). Cochlear 

GJPs with both CX26 and CX30 formed L-GJPs, as compared with 

the S-GJPs that formed without CX26 (Figure 3, A-E, Supplemen-

tal Figure 5, E and F, and Supplemental Videos 2 and 3). Even in 

a single cell, the GJP type at each junctional side varied depending 

on the connexin expression i口theadjacent cells (F早1re3D, arrow-

heads). The cells were classified as either CX26-positive cells (CX26 

in Figure 3, B and C), which expressed CX26 in at least one GJP at 

the lateral cell junction site, or CX26-negative cells (KO in Figure 3, 

Band C). Based on this finding, we categorized the resulting GJPs 

丘sone of four types (Figure 3, F I). It is notable that even though 

a cell expressed CX26, this protein was not able roお sembleinto a 

GJP when the adjacent cell did not also express CX26 (Figure 3H). 

These GJP disruptions in the cochlea were also produced by 

human cDNA clones in HeLa cells (22, 23) that stably expressed 

mutant CX26 together with CX30 (Figure 4, A-E). Interestingly, 

these cell lines clearly showed functional differences in neuro-

biotin (NB) transfer analysis (Figure 4, I,], 0, and P) depending 

on the level of GJP disruption (Figure 4, F, G》 L,and M), even 

when mutations at the s孟meamino acid in CX26 were used (i.e., 

R75W and R75Q, which also cause hereditary deafness; ref. 24). 

The cells with smaller GJPs had less extensive NB dye transfer as 

compared with cells with larger GJPs (Figure 4, H Q). To investi-

gate whether supplementation with WT  CX26 can rescue the GJP 

size in the two mutant mouse strains, we perforrn.ed an overex-

pression experiment with adeno-associated virus (AAV) carrying 

WT  CX26 tagged with FLAG in cochlear organ cultures from 

CX26n75iv+ mice and Cx26flf PO・Cre mice (Supplemental Figure 6). 

In this context, CX26-FLAG formed mainly small (0.93 ± 0.14 μm) 

vesicle-like GJPs in CX2611万irr+mouse cochle丘e,although it formed 

relatively large (3.7 ± 0.7 ~tm) GJPs in cochleae仕omCx26t:f PO・Cre

mice. Considering the original GJP size for the adult CX26・mutant 

mice shown in Figure 10 （～1 μm for both CX26-mutant mice and 

-6 μm for the control littermate), the GJP size of Cx26flf PO・Cre

ISCs may be rescued by supplementation with WT  CX26, while 

some mutants such as CX26R75W+ may not be rescued due to 

their dominant-negative effects. These results corresponded with 

the functional changes analyzed by fluorescence recovery after 

photobleaching (FRAP) or dye transfer analysis in HeLa cells in 

our previous reports (22, 23). 

A丘erextensive protein analysis with mutant cochleae (Supple-

mental Figure 7 and data not shown), we found that caveolin 1 

(CAVl) and caveolin 2 (CAV2), components of the caveolae (which 

form during endocyrosis), were molecules that were altered in 

the P品thology.Interestingly, we observed a drastic isoform shift 

in CAVl from CAVlα to CAVlf), which lacks the N-terminal 

1600 TheJournalofClimcallnvestigation http://wwW.JCi.org Volume 124 Number4 April 2014 
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hydrophilic region of CAVlαin CX26R万w+cochleae, and found 

significantly increased expression of CAVl~ and CAV2 in both 
CX26n7sw+ and Cx26flfPO-Ci-e cochleae (Figure 5, A-D). CAVl and 

CAV2 showed excessive accumulation (Figure 5, E K) in 3-week-

old CX26R?S¥11+ cochleae. These cells that accumulated CAVl 

or CAV2 were occasionally observed at the inter-GJP space or 

on the surface of the GJPs (Figure 5, G, H, J, and K) in 3 week 
old CX26R7siv+ cochleae, although no accumulated signals were 

observed in the control mice (Figure 5, E and I). We quantified the 

number ofISCs that had accumulated CAVl and CAV2 in both 

CX26 mutants. There was no difference in their disrrit丸山onpat-

tern or in the number of positive cells (P = 0.16) with respect ro 

CAVl (7.3 ± 1.3%) and CAV2 (5.6 ± 0.9%) acc山 nulation(Figure SL). 

In the overexpression ofCAVl~ with WT CX26, CX26R75W, and 

CX30 in HEK293 cells, we observed that numerous GJPs at the cell 

borders and the connexin vesicles were accompanied by accumu-

lated CAVl~， although WT CX26 with CAVl~ did not show such 

a distribution p紅白rn(Supplemental Figure 8). We also observed 

research article 

Figure 3 
Cellular mosaicism in Cx26111 

PO-Cre mice revealed the 
CX26-dependent differences in 
the formation of L-GJPs versus 
S-GJPs shown in Figure 1. (A) 
About 1.6 % of the ISCs showed 
CX26 expression on at least one 
lateral side (arrows and insets, 
which are from the boxed region), 
and these cells showed par-
tial cellular mosaicism in adult 
Cx26111 PO-Cre mice. Confocal and 
three-dimensional images (large 
inset in A) revealed that each lat-
eral side of the cell junctions could 
be clearly distinguished as L-GJPs 
with CX26 (red) and CX30 (green) 
or as fragmented S-GJPs with 
CX30 alone at 3 weeks (A-D) and 
8 weeks (E). (F-1) Schematic dia-
grams of the rules used to organize 
the L-and S-GJPs. Nuclei were 
counterstained with DAPI (blue). 
Scale bars: 5 flm (A-C) and 10 ftm 
(D and E). 

numerous CAVl-and CAV2-posirive vesicles at the S-GJPs in the 

two mutant 1nice in the adult stage as compared with those seen at 

the L-GJPs in the control mice (Figure 5, Mand N). These changes 

were associated with an increase in the C品veolarstructures (Figure 

6,B♀nd E K) that are indicative of endocyrosis, which leads to 

membrane retrieval and, perhaps, abnormal GJP formation. 

Based on electron microscopic analysis of the ISCs, we observed 
that both CX26R7sw+ and Cx26flf PO-Cre mice also formed gap junc-

tions, although there were a number of discontinuous gap junc-

tions (Figure 6, B, D, and K) with excessive endocytosis (Figure 6, 

B, E, F, and G K) or且bnormallycondensed intermembrane layers 

(Figure 6, E and F) around the gap ju町 rionsin Cx26flfPO Cre mice. 

In contrast with their littermate controls (Figure 6, A and C), sig-

nificantly larger numbers of caveolae and vesicles were detected at 
cell borders in both CX26R7S＇引 miceand Cx26flf PO-Cre mice (Fig-

ure 6L). The distributions and the number of caveolae were nearly 

identical benveen both types of mutant mice and were consistent 

with the immunolヰbelingfor CAVl and CAV2 around GJPs (Fig-

ηle Journal of Clinical Investiga討on hctp：／／仇引w.jci.org Volume 124 Number 4 April 2014 1601 
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Figure 4 

Disruption of cochlear GJPs is reproduced by human cDNA clones for CX30 and CX26, with or without mutations in HeLa cells, and leads to 

functional differences in dye transfer depending on the resultant GJP sizes. (A-E) Clear differences in GJP formation were observed in HeLa 

cells that expressed the indicated connexin(s), which made homomeric or heteromeric channels. Cells were colabeled with anti-CX26 (green) and 

anti-CX30 (red) antibodies and were counterstained with DAPI (blue). L-GJPs were observed only when normal CX26 was expressed alone (A) 

or was coexpressed with CX30 (C). The other combinations (B, D, and E) formed S-GJPs. (F-Q) In HeLa cells that expressed CX30 and CX26, 

cells with smaller GJPs demonstrated decreased NB transfer. (F, G, L, and M) Shown are HeLa cells that expressed WT CX30 alone (CX30) or 

coexpressed WT CX30 and WT CX26 (CX30/CX26), or the indicated CX26 mutants (CX30/Cx26R75Q or CX30/CX26R75W). CX26 and CX30 

were colocalized, and the GJP size differed across cell lines. (Hand N) Quantitative analysis of the GJP length (mean 土 SEM）. 日•p = 3.3 x 10 17 

(H) or P = 7.7 x 10-12 (N). (I, J, 0, and P) Digital fluorescence images of HeLa cells expressing the indicated connexin(s) after NB scrape-loading. 

(Kand Q) Quantitative analysis of intercellular NB transfer after scrape-loading. Columns陀 presentthe mean distance (± SEM) of NB transfer 

from the scrape line. ••• p = 9.6×10 9 (K) or P = 3.2×10 11 (Q). Scale bars: 10 μm and 5 μm (insets). 
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Figure 5 
Changes in the endocytosis proteins CAV1 and CAV2 in CX26・mutantmouse cochlea. The CAV1 isoform preference shifted from a to j) tn 

CX26丹市w+cochlea (A). The CAV1 j) and CAV2 increased in both mutant mice (A and C) at 8 weeks of age, as shown by Western blotting. Protein 

levels of CAV1 j) (B) and CAV2 (D) are expressed relative to the amount present in each littermate control (mean± SEM, n = 5). P = 0.009 and 0.03 
for CAV1 j) and CAV2, respectively, in CX26R7sw+ cochlea. P = 0.007 and 0.01 for CAV1 j) and CAV2, respectively, in Cx26111 PO-Cre cochlea. (E-K) 

Accumulation of CAV2 and CAV1 in 3-week-old non-Tg littermate controls (E and I) and CX26R75w+ mice (F-H, J, and K) with S-GJPs (brackets 

in F) was occasionally observed at the inter-GJP space (G, arrow) and on the surface of the GJPs (H, arrowheads), differing from that seen in 
littermate controls (I and E). The boxed regions in F and J are magnified in G, H, and K, respectivelド（L)Numbers of cells with accumulated CAV1 

or CAV2 were counted in five animals from each group (mean ± SEM, n = 10; P = 0.0003, 6.1×10-s, 0.001 and 0.002, from le柑toright）。（M-N)

In adult mice, vesicles positive for CAV1 (arrowheads) were frequently detected on GJPs in Cx2611t PO・Cremice (K), but not in their littermate 

controls (J). Boxed regions are magnified in the bottom right corner. Scale bars: 10 μm and 5 μm (insets). *P < 0.05; **P < 0.01; ***P < 0.001. 

calize with lipid ra氏sincontrol mice (Supplemental Figure 9, A, 

C, and E). In contrast, the lipid raft signals in Cx2(jf/f PO Cre mice 

localized between S-GJPs with no regularity and with more diffuse 

labeling and less clarity as compared with those in control mice 

(Supplemental Figure 9, B, D, and F）ー

ure 5, Mand N) and the upregulation of the caveolin proteins (Fig-

u.re 5, A-D). This may be associated with the membrane retrieval 

(Figure 6K) caused by excessive endocyrosis and the formation 

of且bnormalGJPs. In the labeling 1~ ith cholera toxin subunit B 

(CTxB), it W♀s shown that GJPs with CX26 and CX30 did not colo-

1603 April 2014 Numb目 4Volume 124 http://www.JCJ.org The Journal ofC!Jrucal Investigation 
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without the R75W mutation. We did not, 

however, observe且neffect on GJP formation 

resulting from disruption of the cytoskeleton 

(darn not shown). As for ubiquitination and 

autophagy of the GJP, including CX26, we 

examined the association of ubiquitination 

and autophagy with GJP disruption in CX26 

mutants by immunoblot analysis and trans-

mission electron microscopy. We could not 

find convincing evidence to show th♀t these 

processes were more prevalent in CX26-mu-

tant cochleae than in control cochleae (data 

not shown). As for membrane retrieval at 

cell junctions, our ultr且structuralpathol-

ogy demonstrated that a significantly larger 
number of caveolae and vesicles were associ-

ated with the cell border (including small gap 

junctions) in Cx26flf PO-Oe mice as compared 

with those in the control mice (Figure 6). 

This may indicate that excessive endocytosis 

occurs in the presence of this CX26 mu ta-

tion, leading to membrane retrieval that may 

accelerate GJP degradation. 
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Discussion 

In this study, we demonstrated a novel molec-

ular pathology in the cochlea, that of degrada-

tion of the gap junction macromolecular com-

plex in CX26-associated deafness, as well as a 

novel mechanism of GJP formation into one 

of two types (L-GJPs or S-GJPs) that is depen-

dent on CX26 expression. These findings were 

consistent not only in cochlear cells, but also 

in a human cell line with artificial connexin 

expression. Our data suggest that both the 
dominant-negative R75W mutation and the 

absence of CX26 affect the accumulation and 

assembly of gap junction units in the cell-cell 

junctions between cochle品rsupporting cells. 

Regarding the initial pheno匂1peof the hear-

ing organ in the connexin mutants (Figure 1 

and Supplemental Figure 4), we have previ-

ously described an early histological change in CX26寸11utantmice, 

which showed an absence of the small space needed to form the 

future tunnel of Corti around PS (15). As for hearing function, the 

earliest change detected by the auditory brainstem response occurs 

only a丘erPl 1 (15), because hearing input to the mouse cochlea nor-

mally begins between Pl 1 and P12 (25). With respect to the func-

tion of the cochlear gap junction, Ca2• responses fail to propagate 

in organotypic cultures with defective expression ofCX26 or CX30 

from P3 through P6 (26). Thus, to the best of our knowledge, the 

phenotype at the embryonic stage shown in the present study (Fig-

ure 1 and Supplemental Figure 4) has not been previously reported. 

The mosaicism generated by our newly developed Cx26flf PO-Cre 

mice revealed that the formation ofL-GJPs versus S-GJPs critically 

depended on CX26 expression, and CX26 expression from both adja-

cent cells was essential to form normalレGJPs-even ifCX30 was 

highly expressed in the same cells (Figure 1, D and E). The in vivo 

(Figure 3) and in vitro (Figure 4）白ndi時 Sconcerning GJP formation 

provided conclusive E、吋encedemonstrating that the formation of 

Figure 6 
Discontinuous gap junctions with excessive endocytosis in CX26-mutant mice. (A-K) Ultra-
structure of gap junctions and caveolae in 5-week-old CX26R75w+ (B) and Cx26111 PO-Cre 

(D-K) mice compared with their respective littermate controls (A and C). Horizontal ultrathin 
sections of ISCs revealed that most of the gap junctions (GJs, brackets) were remarkably 
shorter or discontinuous (B, D, and K) compared with those of the control ISCs (A and C) 
(B) A caveolar vesicle (asterisk) with dissociated plasma membrane (arrows) around a short 
gap junction in a CX26R7sw+ mouse. In both mutant mice, numerous caveolae and vesicles 
(B and K, asterisks; E and F, arrowheads; G「 J)were observed. (E and F) Abnormally con-
densed intermembrane layers (asterisks with brackets) at the cell borders were observed in 
Cx26111 PO・Cremice. (G-J) In Cx26111 PO-Cre mice, the plasma membrane showed a small 
cave-like shape (G), an invagination with a neck (H, arrows), and the formation of a vesicle-
like structure (I); the vesicle was separated from the plasma membrane (J). (K) A caveolar 
vesicle (asterisk) is shown at the edge of discontinuous short gap junctions (inset) with clear 
internal layers. (L) Number of caveolae or caveolar vesicles that were counted around each 
cell border (mean土 SEMwith dot plots): n = 23 and 39 cells for the littermate control and 
CX26R河 w+mice, respectively (* .. P = 3.2 x 10-s); n = 42 and 97 for the littermate control and 
Cx26111 PO-Cre mice, respectively （…P= 8.4×10-10). Scale bars: 100 nm and 20 nm (insets). 

With regard to this drastic GJP disruption, we hypothesized 

that the abnormal GJPs in both CX26・mutantmice populations 

were triggered by abnormalities in the formation of the protein 

complex associated with CX26 and that the resultant molecular 

changes could lead to the disruption of GJP formation. As for・

internalization of CX26 protein, we fractionated the cochlear 

proteins and analyzed th巴m by immunoblotting. CX26 from 

CX26R7SW• mice was, however, distributed in the plasma mem-

brane fraction, as was CX26 from the control mice (Supplemen・

tal Figure lOA). To determine the affinity for other connexins or 

connexons, we performed coimmunoprecipitation using CX26 

antibodies. CX30 was detected in both the CX26R7sw• mice 

and control mice, and thus no substantive abnormality in the 

CX26-CX30 interaction in the macromolecular complex could 

be demonstrated (Supplemental Figure lOB). To examine the 

interactions with the cytoskeleton, we performed several in vitro 

experiments with cytochalasin D tre昌tment,which destroys the 

cytoskeleton, in HEK cells transfected with CX26-EGFP with or 
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L-GJPshぉ adefinite CX26 dependency and that CX26 is required to 

form the large macromolecular complex of gap juncrions・

Regarding the association between connexins and caveolins (Fig-

ure 5 and Supplemental Figure 9), gap junction activity is regu-

lated by protein kinase Cy activity associ♀ted with CAVl-conrain-

ing lipid rafts (27). Connexin family members (including CX26) 

are rargered to lipid 1 aft domains, where they interact directly with 

caveolins such as CAVl (28). Inreresnngly, in that experimental 

system, CX26 wぉ targetedto lipid ra丘sonly when CX26 was coex-

pressed with CAVl, suggesting rhat CAVl recruits CX26 to lipid 

rafts, although other connexins such as CX32, CX36, CX43, and 

CX46 showed this lipid raft targeting without any artificial expres-

sion ofCAVl (28). These data showing that CX26 is excluded丘01n

rhe lipid raft fraction are in agreement with our present obser-

vation th孔Ethe lipid ra丘signalsin Cx26flf PO-Cre mice localized 

between S-GJPs with no regularity and with more diffuse labeling 

叩 dless clarity compared with those in control mice (Supplemen-

tal Figure 9). This suggests that the partial targeting to lipid r且氏s

of connexins such as CX30 occurred to prevent the assembly or 

reassembly of GJPs in CX26-mutanr mice. 

In many tissues, CX26 is often coexp1essed with another con-

nexin in individual cells (29), and it can form heterotypic ch.an-

nels conraining homomeric 01 heteromeric channels with CX30 

(10). Hearing loss c♀used by CX30 deficiency in mice is rescued by 

the overexpression of CX26 (30). This observation demonstrates 

that CX26 can compensate for CX30. In conrrast, when CX26 is 

absent in conditional CX26-null mice, CX30 ove1expression does 

not rescue the severe hearing loss (31). Thus, it was concluded that 

CX26 plays an essential role in the development of the auditory 

sensory epithelium and that its unique developmental functions 

required for normal hearing cannot be replaced by CX30 (31). In 

lens fiber cells, although the expression ofCX46 and CXSO overlap 

extensively, mice that lack one or the other of these connexins (and 

that serve as a model system for cataract formation) exhibit differ-

ent phenotypes (32, 33). Macromolecular complex degradation in 

GJPs that affects other partner connexins and critically reduces 

functional plaque area may explain not only hearing loss, but also 

conditions such as cataracts resulting from g叩 junctiondysfunc-

tions with uncompens♀ted connexin mutations. 

Until now, hereditary deafness with connexin mutations w♀5 

believed to be initiated by a single molecular dysfunction or dom-

inant-negarive effect on the connexin partners (34), and the pri-

mary pathology had never been observed at the embryonic stage. 

As for the cell degeneration in the connexin mutants, Liang et 

al. reported th坑 celldegeneration was not a primary c品useof 

CX26 deficiency-associated hearing loss (35). Using a CX26-de-

ficient mouse model similar to the one used in the present srudy, 

they demonstrated that cochlear cells, including spiral ganglion 

neurons, had no significant degeneration throughout postnatal 

development, although auditory brainstem responses (ABRs) were 

absent in the whole frequency range (8 40 kHz) after birth. 

Here, we demonstrate rhat connexin-associated deafness, which 

is the most仕equenttype of hereditary deafness, may be initiated 

not by a single molecular dysfuncrion of connexins, but by a mac-

romolecular complex degradation of GJPs丘omthe embryonic 

srage. This loss ofGJP area may rhen abolish the proper ionic gra-

diem needed for intercellular communication in the cochlea. 

To the besr of our knowledge, this is rhe firsr report demonstrat-

ing that a mutation in CX26 induces macromolecular degrada 

tion of large gap junction complexes accompanied by♀n increase 

research article 

In cλveolar structures, which may lead to excessive membrane 

rerrieval and result in a drastic reduction in the GJP area. This may 

represent a new molecular pathology for hereditary sensorineural 

deafness and for the general formation of gap junctions, and thus 

this machinery could be an effective target for drug design and 

chemical screening to reinforce rhe assembly of rhe other cochlear 

connexins such as CX30. 

Methods 

Dominant-nega白山 CX26R75W(CX26"75"") transgenic mice. CX26R751れ mice

were obtained from a breeding colony of a previously reported line (16). 

CX26R75＼料 micewere mair ainεd on a C57BL/6J background and crossed 

with C57BL/6J animals to generate R75W transgεnicoflぬpring.Nor】trans-

genic (non-Tg) littermares on a C57Bl/6J background were always used as 

the control for CX26R75肋 mice.

Generation of novel c仰 ditionalkno仰山n仰 5φrα26.A山 getingvector of 

a floxed Cx26 allele i口eludingexons 1 and 2 was constructed using phage 

DNA clones from a genomic library ofJl ES cells. An approximately 8.4-kb 

HindIII-BamHI fragment with exon 1 and a 2.85 kb Sacl-SacI fragment 

containing the 3’half of exon 2 were isolated and used to construct a tar-

geting vector with long and short homologous sequences, respectively. One 

loxP sequence was introduced at the end ofintron 1, and a Neo cassette was 

introduced between two loxP sequences in exon 2. The diphtheria toxin A 

(D下A)chain expression cassette was used as a negative selection marker 

The linearized targeting vector was introduced into J 1 ES cells by electro-

poration, and G418-resistant clones were analyzed by Sourhern blotting 

to isolate the homologous recombinant as described (18, 36). Identified 

recombinant ES cells were injected into C57 /BL匂 blasrocysts.A mouse 

strain harboring the floxed Cx26 allele was established by crossing chi-

m町田withC57/BL句femalesto produce Fl heterozygotes (Cx26Pο附）.F2 

offspring were generated by crossing Fl heterozygotes, and their genoryp 

ing was performed by PCR amplification. No apparent abnormalities were 

detected in the Cx26flf mice. Otic vesicle spec1日cCX26 knockout mice were 

generated by breeding Cx26flf mice with mice that expressed the Cre recom-

binase gene under the control of rhe promoter of the PO gene (PO-C何 mice,

on a C57BL/6J background), as described (18). To evaluate Cre recombi卜

nase expression and dis口ibution,PO・Cremice were crossed with ROSA26 

GFP reporter 即 日 （GtROSA剖 sorrmlsor,R26R), and the four mice from 

two litters、礼

mental Figure 2). Cx26flf on a C57Bl/6J background in the l川 町mateswas 

always used as the control for the Cx26flf PO C町 mice.

Immunohistochemisti y. Mice were anesthetized, killed, and the mner 

ear tissues were removed. The cochleae were further dissected and fixed 

in 4% PFA. Immunofluorescence staining with antibodies against CX26 

(rabbit IgG from Life Technologies and mouse IgG仕omLifeSpan Biosci-

ences), CX30 (rabbit IgG; Life Technologies), caveolin 1 (mouse IgG; BD 

Biosciences), and caveolin 2 (mouse IgG; BD Biosciences) was performed 

on whole-mount preparations of the finely dissected organ of Corri or 

cochlear cryosections (5-μrn) that included JSCs. We incubated the tissues 

in the antibody solutions for 1 hour after blocking. The following second-

ary antibodies were used: Cy3-conjugared anti-rabbit IgG (Sigma-Aldrich) 

for anti-CX26 or -CX30 rabbit antibodies; Alexa Fluor 488 conjugated 

anti-mouse IgG (Life Technologies) for anti-CX26 mouse antibodies; Alexa 

Fluor 594 conjugated anti・mouseIgG (Life Technologies) for anri-CAVl 

or -CAV2 mouse antibodies; and Alexa Fluor 633ー印 njugaredantiーは bbit

IgG (Life Technologies) for CX30 in double or triple staining. Lipid rafts 

were visualized with Alexa Flour 594-conjugated cholera toxin subunit B 

(CTxB, Life Technologies). Fluorescence confocal images were obtained 

with an LSMSlO-META confocal microscope (Zeiss). Some of the green 

fluorescence in CX26"51v' mice indicates the pseudocolor obtained from 
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the Alexa Fluor 633-conjugated secondary antibody signal (Life Technol-

ogies), because these mice have ubiquitous EGFP expression from their 

transgene z-sracks of images were collected at 0.5-μm intetvals, and the 

single image stacks were constructed with【heLSM Image Browser (Zeiss); 

three-dimensional images and videos were construcred using !MARIS soft-

ware (Bitplane). ¥Ve analyzed at leasr five samples from白veanimals at each 

age used, and representative images are shown. The compared images were 

phorographed and processed using identical patameters. Three-dimen-

sional images were constructed with z-stacked confocal images by !MARIS 

(Bitplane). Quantitative analysis of the GJP length (mean士SEM)was 

performed with the LSM Image Browser (Zeiss), and data were compared 

usmg a Studenピst test (Microso丘Excel)

Western blot仰のsis.The mouse cochlear proteins were extracted with 

T-PER Tissue Protein Extraction Reagent (Thermo Scientific) from at least 

six cochleae that included the organ of Corri, lateral wall, and stria vascu-

laris. The proteins were resolved by SDS-PAGE with 4% tO 20%打1ini-PRO

TEAN TGX gels (Bio-Rad Laboratories) and then E日 nsfe口edonto a PVDF 

membrane (Amersham Hybond P; GE Healthcare). After blocking, the 

membranes were processed through s叫uentialincubations with anti-

caveolin 1(1:1,000; BD) and日ロ caveolin2 (1:500; Sigma-Aldrich), rabbit 

anri-CX26 (1:1,000; Life Technolog悶s),mouse anri-CX26 (1:1,000; Life-

Span Biosciences), and monoclonal anti ~－actin (1:1,500; Sigma-Aldrich) 

with HRP-conjugated anti-rabbit or anti-mouse IgG (1:40,000; GE Health戸

care) as the secondary antibody. Amersham ELC Prime Western Blotting 

Detection Reagent (GE Healthcare) was then used for visualization, and 

the signal was developed on x-ray film (Amersham Hyperfilm ECL; GE 

Healthcare). Eachεxperiment was repeated at least three times. Densiト

ometric analysis of the band intensities was performed with Image] soft-

ware (NIH). The data were normalized to the correspondi略~－actin levels, 

expressed relative to the amount present in each littermate control, and 

compared usi暗 aStudenピst test (Microso仕Excel).

Transmission electron microscopy. Animals were deeply anesthetized and 

perfused inrracardially with 0.01恥fPBS, followed by 2% PFA and 2% glu-

taraldehyde in 0.1 M cacodylate buffer. The cochleae were opened and 

flushed with the fixative for 2 hours at room temperature. After washing, 

the specimens were postfixed for 1.5 hours in 2% osmium tenoxide in 

0.1 M phosphate buffer and then dehydrated through a graded ethanol 

series and embedded in Epon. Ho口zontalsections of the surface of the 

cochlear membrane labyrinth were cut, stained with uranyl acetate and 

lead citrate, and examined by electron microscopy (H-7100; Hitachi). The 

numbers of caveolae and vesicles were counted and compared using a 

Stud enピsttest (Mici osofr Excel). 

Eλpr.町sionconst問 Cおandcell lines expressing CX26, CX30, 0γCX26 mutants 

Expression constructs and cell lines were generated as previously described 

(10, 22). Briefly, human G]B6 was obtained by RT-PCR (Superscript II; 

Life Technologies) from human corpus callosum RNA (Clontech) and 

subcloned into the p!RESpuro3 vector, then human G]B2 was subcloned 

inro the p!RESneo3 vector, and the G]B2 mutations were introduced 

into the ORF of human G]B2 cDNA by PCR site-directed muragenesis 

using the QuickChange kit (Stratagene). Communication-i口compe-

tem HeLa cells were used to generate the stable cell lines expressing WT 

CX30. To generate cells expressing both WT CX30 and WT CX26 or CX26 

mu tams, one cloned cell line that stably expressed CX30 was transfected 

with G]B2 in plRESneo3. After selection with both 1 μg/ml of puromy-

cin (Sigma-Aldrich) and 1 mg/ml ofG418 (Life Technologies) for about 

3 weeks, the colonies were trypsinized, and these bulk-selected cells were 

expanded for the subsequent studies. Quamitative analysis of GJP length 

(mean± SEM) was performed with Image] so丘ware

JmmunoりtochemistワandG]P quantification. HeLa cells were grown on 

coverslips for 2 days to a confluence of approximately 70% to 90%, fixed 

斗1
－~労

111 acetone, and incubated with a monoclonal antibody (33-5800, dilured 

1:500; Zymed Laboratories) and a rabbit anriserum against the C Eεrminus 

ofCX30 (71-2200, diluted 1:1,000; Zymed Laboratories); these did nor 

cross-react with each other, as previously shown (10). The cells were visual-

ized with tetramerhylrhodamine isothiocy叩 ateconjugated (T則TC-con-

jugated) donkey anti-rabbit (Abcam) and FITC-conjugared donkey antト

mouse secondary amibodies (Abcam). The cells were photographed under 

a Leica fluotescence microscope with a Hamamarsu C4742・95digital 

camera connected to a GS Mac computer using Open LAB 2.2 software for 

deconvolution. The images were analyzed for GJP length using Image] soft-

ware. All GJPs from 30 ro 35 cells of each cell line were measured, and the 

mean GJP length was compared between cells expressing CX30 alone and 

those expressing both CX30 and CX26, or between cells expressing borh 

CX30 and CX26R75Q and those expressing both CX30 and CX26R75W, 

using a Studenr's t rest (Stara) 

Dye tranφr with Scrape-loading. Dye transfer was investigated us1暗 a

scrape-loading assay as previously described (10). Br凶 1y,paremal HeLa 

cells, bulk-selected cells that expressed WT CX30 alone, or cells rhat coex-

pressed WT CX30 and CX26 or one of the CX26 mut閉 店（R75Qor R75W) 

were grown ro confluence on coverslips. Following the scrape-loading with 

2% NB and diffusion, the cells were washed, fixed, and the NB was visual-

ized byTRITC-conjugated avidin (Sigma-Aldrich). Cells were photographed 

under a Leica fluorescence microscope with a Hamamatsu C4742-95 digital 

camera connected to a GS Mac computer, using OpenLAB 2.2 software. Dye 

transfer was quamified b)' measuring the distance from the scrape line to 

the point where the average fluorescence intensity dropped to 1.5 times the 

background imensity. Eleven to twelve images were acquired from each of 

three different plates of cells. The images were processed and analyzed with 

Image] software, and rhe mean distance was calculated using Microsoft 

Excel software and compared using a Stud目立’st test (Stara) 

Statis白cs.A one tailed Student's ttesr, wirh a significance criterion of P < 0.05, 

was used to compare the GJP length, relative protein levels, number of cells 

positive for accumulated caveolins, ABR thresholds》 propagationranges of 

Ca2' signaling, distance of dye transfer, and number of caveolae or vesicles 

Stt－ゆ appmval.All experimen凶 protocolswere approved by rhe IACUC 

ofJuntendo University School of Medicine and were conducted in accor-

dance with the NIH guidelines for the care and use oflaborarory animals 
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White Matter Alteration of the Cingulum in 
Parkinson Disease with and without Dementia: 
Evaluation by Diffusion Tensor Tract-Specific 
Analysis 

ORIGINAL 

RESEARCH 

BACKGROUND AND PURPOSE: In PD, the neurodegenerative process begins in the brain stem and 
extends to the limbic system and finally into the cerebral corte×We used diffusion tensor tractog「aphy
to inv巴stigatethe FA of the cingulate fiber tracts in patients with PD with and without dementia 

MATERIALS AND METHODS: Fifteen patients with PD, 15 patients with PDD, and 15 age-matched 
healthy controls underwent diffusion tensor imaging with a 3T MR imag巴r.Diffusion tensor tractog-
raphy images of the anterior and posterior cingulate fiber tracts were generated. Mean diffusivity and 
FA were measured along th巴tractographyof the anterior and posterio「cingulatefiber tracts. One-way 
ANOVA with the Scheff岳posthoc test was used to compare results among the groups. 

RESULTS: FA was significantly lower in patients with PDD than in healthy controls in both the anterror 
and the posterior cingulate fiber tracts (P = .003, P = .015) and significantly lower in patients with PD 
than in healthy controls (P = .003) in the anterior cingulate fibe「tract.There were no significant mean 
diffusivity differences among the groups. MMSE and FA values of the anterior cingulate fiber tracts in 
patients with PDD were significantly correlated (r = 0.633, Pく。05)
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CONCLUSIONS: The reduced FA in patients with PD and PDD might reflect neuropathologic chang巴s
such as Lewy body pathology in the cingulate fibers. This abnormality might cont「ibuteto the 
dementing process in PD 

ABBREVIATIONS CFT = cingulate fiber tract; FA = tractio「1alanisotropy; HSD = Honestly Signif1-
cant Difference; MD = mean diffusivity; MMSE = Mi「ii-MentalState Examination; PD = Parkinson 
disease; PDD = Parkinson disease with dementia; UPDRS = Unified Parlくinson’s Disease Rating 
Scale 
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is still controversial. In particular, it is unclear whether cogni-

tive deterioration is primarily a cortical or a subcortical 

process. 

To distinguish these pathophysiologic changes in PD, con-

ventional MR imaging has so far been unsuccessful. A nonin-

vasive technology such as di飢1siontensor imaging would be 

helpful for understanding changes at the microstructural level, 

as well as for monitoring disease progression and improving 

prognosis in terms of these aspects of PD. A recent study in-

eluding only patients with newly diagnosed PD used high-

resolution diffusion tensor imaging at 3T to evaluate rostral, 

middle, and caudal RO Is within the substantia nigra on a sin-

gle section of the midbrain. This study found that patients 

with PD could be completely distinguished from the control 

group on the basis of reduced FA values in the caudal ROI of 

the substantia nigra.9 In another study, diffusion tensor imag-

ing and ROI analyses revealed changes in FA in the cingulum 

in patients with PD without dementia relative to controls. 10 

Changes in FA have also been found in the frontal lobes, in-

eluding the supplementary motor area, the presupplementary 

motor area, and the cingulum, in patients with PD without 

dementia relative to controls by using statistical parametric 

mapping analysis in conjunction with diffusion tensor imag-

ing. 11 In a diffusion tensor imaging study of subjects with PDD 

(n = 11), Matsui et al12 reported a reduction in the FA in the 

posterior cingulate compared with the FA in subjects with PD 

(n = 26) and healthy controls (n = 10). These findings sup-

port the notion that the posterior cingulate may play an im-

P D山町ondmost frequ…uro押 nerativedisorder 
after Alzheimer disease.1 It is clinically characterized by a 

complex motor disorder known as parkinsonism, which is 

manifested principally by resting tremor, slowness of initial 

movement, rigidity, and general postural instability.2 In PD, 

the primary pathologic changes involve loss of nigrostriatal 

dopaminergic neurons and the presence of Lewy bodies （α－ 

synuclein-immunoreactive inclusions), with neuronal loss in 

numerous brain regions.3 The presence of these Lewy body 

aggregations, which result, in part, from protein misfolding, is 

mandatory for neuropathologic confirmation of the clinical 

diagnosis. The neurodegenerative process (Lewy body pathol-

ogy) begins in the brain stem and extends into the limbic sys-

tern and finally into the cerebral cortex.3 6 Extension of the 

neurodegenerative process beyond the brain stem is probably 

the basis for some of the clinical features, including nonmotor 

deficits such as dementia. Although dementia frequently oc-

curs in the late stages of PD and is associated with increasing 

disability, mainly in elderly cohorts,7・8 its neuroanatomic basis 
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Table 1: Demographic characte『isticsof subjects 

Control PC〕

(n = 15) (n = 15) 

Sex, mal日／female 69 9:6 
Age in years, (mean) (SD) 69.5 (6 9) 69.8 (5 9) 
Disease duration l円months (mean) (SD) NA 70.6 (58) 

Ho自hnand Yahr stage (SD) 。 2.3 (1.3) 

MMSE (SD) 28.5 26.1 (3.2) 

UPDRS Ill score (SD) NA 190 (12 0) 

Levodopa dosage (mg/day) (median) 。 409.1 (280 3) 
(SD) 

Note:-NA indicates not applicable; NS, not significant (P > .05) 

portant role in the pathologic process of PDD. On pathologiι 

examination, Kovari et al13 reported that there was a highly 

significant correlation between the clinical dementia rating 

scores and regional Lewy body densities in the entorhinal cor-

tex and anterior cingulate gyrus. 

The posterior cingulum is an important part of the Papez 

circuit, which is important for the processing of episodic 

memory. Posterior CFTs connect the anterior thalamus, cor 

tical cingulum, association cortices, and hippocampus.14 The 

importance of the cingulum goes far beyond episodic mem-

ory. As previously suggested, the perigenual anterior cingulate 

cortex is involved in affect; the subgenual subregion of the 

anterior cingulate cortex, in visceromotor control; the middle 

cingulate cortex, in response selection (including the dorsal 

middle cingulate cortex in skeletomotor control); the poste-

rior cingulate cortex, in visuospatial processing; and the retro-

splenial cingulate cortex, in memory access. 15 

The cause of dementia in PD is still under debate, but we 

consider that 1 underlying cause of dementia might be the 

process of neurodegeneration in the anterior and posterior 

cingulate gyrus over the brain stem, given the general role of 

the cingulate gyrus and the pathology of PD as described thus 

far. 

We hypothesized that patients with PD with and without 

dementia show diffusion abnormalities in the cingulate fibers 

and that these diffusion abnormalities are an important part of 

the pathologic process of PD. 

Almost all studies of diffusion tensor imaging in PD have 

used either ROI diffusion tensor imaging10・12 or statistical 

parametric mapping methods.11 Diffusion tensor tractogra-

phy is one of the most promising imaging processing tech-

niques because it enables both visualization of the fiber path-

ways in the brain and quantitative analysis of specific fiber 

bundles.16'17 

We, therefore, compared diffusion abnormalities in the 

cingulate fibers in patients with PD with and without de-

mentia and healthy controls by using diffusion tensor 

tractography. 

Materials and Methods 

Subjects 
This study was approved by an institutional review board, and in-

formed consent was obtained白omall participants before evaluation. 

For subjects who, because of cognitive impairment, were determined 

by the clinician not to have the capacity to give consent, a legally 

authorized surrogate provided consent. The demographic character-

istics of the subjects are shown in Table 1. In all patients with PD, the 

2 Ka mag向 IAJNR・｜・2012I WWW.酬 明

POD P Valu巴 P Value P Value 

(n = 15) (Cont「olvs PD) (Control vs POD) (PD vs POD) 

8:7 NS NS NS 

71.3(56) NS NS NS 
139.0 (965) NA NA く.05

3.0 (07) NA NA く.05

20.2 (4 0) NS く.01 く.01

27.1 (99) NA NA く.05

687.0 (1260) NA NA く.05

disease had been diagnosed by neurologists and fulfilled the UK Par-

kinson’s Disease Society Brain Bank criteria. 18 PD was staged accord 

ing to the Hoehn and Yahr scale, and the subjects underwent the 

Japanese version of the MMSE to assess cognitive dysfunction.19 PDD 

was diagnosed in accordance with recently published guidelines,20 

and patients with probable PDD were selected. All patients with PD 

and PDD were taking levodopa at the time of the MR imaging and 

clinical examination. Eighteen months or more after scanning, all 

patients remained free of atypical parkinsonism and continued re-

sponding satisfactorily to antiparkinsonian therapy. Fifteen healthy 

subjects were recruited from the general population as control sub 

jects, and they were carefully matched in age to the patients. Individ-

uals with any history of hypertension, diabetes mellitus, cardiovascu-

lar disease, stroke, brain tumor, epilepsy, PD, dementia, depression, 

drug abuse, or head trauma were excluded as controls. 

MR Imaging 
The brains of all patients were examined with a 3T MR imaging unit 

(Achieva; Philips Healthcare, Best, the Netherlands) and an 8-chan-

屯 nelarray receiving head coil for sensitivity encoding parallel imaging. 

Regular structural images such as TI-weighted spin-echo images, T2-

weighted turbo-spin-echo images, and fluid-attenuated inversion re 

covery images were obtained before acquisition of diffusion tensor 

images. D1目fusiontensor imaging was performed by using the spin-

echo echo-planar technique (TR/TE, 5443/70 ms; matrix size, 128× 

128; FOV, 224×224 mm2; section thickness, 3 mm  with no gap). 

Images were obtained with both 32 direction diffusion encoding 

(b= 1000 s/mm2 for each direction) and no diffusion encoding (b=O 

s/mm2). A total of SO axial section images were obtained, covering the 

whole cerebrum. Scanning time was 7 minutes 17 seconds. 

Diffusion Tensor Data Postprocessing 
Diffusion tensor imaging data were transferred to an off-line 

workstation. Maps of FA and MD  were computed by using dTV II 

and Volume-One 1.72 (http：・／／www.volume四 one.org),developed 

by Masutani et al (University of Tokyo; diffusion tensor visualizer 

available at http・：／／www.ut-radiology. umin.jp/people/ masutani/ dTV. 

htm).17・21 Diffusion tensors were computed, and fiber tracts were 

created by using interpolation along the z axis to obtain data (voxel 

size, 2.0×2.0×3.0 mm3). Using 33 sets of images (32 sets of images 

with b= 1000 s/mm2, 1 set of images with b=O s/mm2), we created 

color coded maps. On the color maps, red was assigned to left-right, 

green to the anteroposterior, and blue to the crnniocaudal direction.22 

Fiber tracts were based on the fiber assignment made by using the 

continuous tracking approach23 to obtain a 3D tract reconstruction. 

Identification of fiber tracts was initiated by placing a“seed”and a 

“target”area in anatomic regions through which the particular fibers 



were expected to course.24 We performed diffusion tensor tractogra-

phy of the anterior and posterior CFTs and also the corticospinal 

tracts as a control procedure. The FA threshold for tracking was set at 

0.18, and the stop length was set at 160 steps, in accordance with a 

previous report by Yasmin et al. 25 Tract measurements were per-

formed by 2 of the authors (K.S., K.K.), who were blinded to the 

disease status of the subjects. 

Tractography of the anterior CFT was performed from the seed 

ROI in the anterior part of the CFT to the target ROI in the middle of 

the CFT, and tractography of the posterior CFT was performed from 

the seed ROI in the posterior part of the CFT to the target ROI in the 

middle of the CFT. Color maps were created to enable the exact and 

objective placement of these RO Is in the CFTs. Coronal sections at the 

level of the genu of the corpus callosum and the center of the corpus 

callosum were identified on a sagittal section of the color map (Fig 

lA). The CFTs were shown as green in the coronal sections. The seed 

and target RO Is of the anterior CFTs were drawn manually. The seed 

region of interest included the entirety of the green part indicating the 

CFT on a coronal section of the color map at the level of the genu of 

the corpus callosum, with the green being replaced with light blue to 

mark the ROI (Fig I B). The target ROI included the entirety of the 

green part on a coronal section of the color maps at the level of the 

center of the corpus callosum, with the green replaced by purple to 

mark the ROI (Fig 1 C). A tractographic image of the anterior CFT was 

then generated (Fig lD). 

For the posterior CFTs, coronal sections at the level of the sp-

lenium of the corpus callosum and the center of the corpus callosum 

were identified on a sagittal section of the color map (Fig 2A). The 

seed and target ROis of posterior CFTs were also drawn manually, 

including the entirety of the green part on a coronal section of the 

color maps at the level of the splenium of the corpus callosum for the 

Fig 1. Diffusion tens口rtractography images of the right 
cingulate. fiber tracts (CFTs). and voxelization along刷th
diffusion tensor tractography images of the anterior CFTs. A. 
Sagittal sect旧nof the color coded map was used to deter-
mine coronal sect旧nsat the level of the genu of the corpus 
callosum and the middle of the corpus callosum. 8, The seed 
H〔〕I.including the entirety of the CFTs (light blue area). was 
placed manually on a coronal sect旧nof the color maps at the 
level of the genu of the corpus callosum. C, The target ROI, 
including the entirety of the CFTs (purple area). was placed 
manually on a coronal section of the color maps at the level 
of the cente『ofthe corpus callosum in the sagittal plane. 0. 
Tractographic image of the right anter旧rCFTs was generated 
from the seed ROI (light blue line) to the target region of 
interest (purple line). E. In this study, the anterior CFTs were 
defined as the CFTs between the seed ROI and the target 
ROI. Voxelization was performed along the right anterior CFTs 
between the seed ROI and the target ROI (blue voxels). and 
FA values in coregistered V口xelswere calculated 

seed (Fig 2B) and the center of the corpus callosum for the target (Fig 

2C). A tractographic image of the posterior CFTs was then generated 

(Fig 2D). The trackline voxelization function of the dTV II sofiれ.vare

voxelizes the tracking line of the white matter tract by using the orig 

inal tensor parameters. In this study, anterior and posterior CFTs 

were defined as the CFTs between the seed ROI and the target ROI. 

The anterior and posterior CFTs were voxelized between the seed ROI 

and the target region of interest (Figs IE and 2E), and MD and FA 

values in coregistered voxels were calculated. 

Tractography of the corticospinal tract was performed by placmg 

the seed ROI on the cerebral peduncle and the target ROI on the 

superior precentral gyrus and adjacent white matter, in accordance 

with a previous report by Yasmin et al.25 A tractographic image of the 

corticospinal tract was then generated. The corticospinal tract be-

tween the seed region of interest and the target region of interest was 

voxelized, and MD and FA values in coregistered voxels were 

calculated. 

Statistical Analysis 

Statistical analysis of demographic and clinical data was ANOV A with 

the Tukey HSD test for continuous variables and a x2 test for categoric 

data. The criterion of statistical signific印 cewas Pく .05.

Statistical analyses were performed by using Statistical Package for 

the Social Sciences for Windows, Release 8.0 (SPSS, Chicago, Illinois). 

One-way ANOVA was used to compare the averaged MD and FA 

among patients with PD or PDD and healthy controls. The Scheffe 

correction was used for post hoc analysis. A Bonferroni correction 

was applied for the number of comparisons (n = 3: [anterior cingu-

lum, posterior cingulum, corticospinal tract], setting the level of sig-

nificance at P < .05/3 = .016). The Spearman rank-order correlation 
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Fig 2. Diffusion tensor tractography images of the right 
cingulate. Fiber tracts ICFTs) and voxelization along with 
diffusion tensor tractography of the poster旧rCFTs. A. Sag-
巾alsect旧nof the col日rcoded map was used to determine 
C口ronalsect旧nsat the level of the splenium of the c口rpus
callosum and the middle of the corpus callosum. B. The seed 
ROI, including the entirety of the CFTs (light blue area), was 
placed manually on a coronal section of the color maps at the 
level of the splenium of the corpus callosum. ιThe target 
reg旧nof interest. including the entirety of the CFTs (purple 
area). was placed manually on a coronal section of the color 
maps at the level of the center of the corpus callosum in the 
sagittal plane. D. A tractographic image of the right posteri口「
CFTs was generated from the seed ROI (light blue line) to the 
target ROI (purple line) f. In this study, the poster旧rCFTs 
were defined as the CFT s between the seed ROI and the 
target ROI. Voxelization was peパormedalong the right pos-
terior CFTs between the seed ROI and the target ROI (purple 
voxels), and FA values旧 coregisteredvoxels were 
calculated 

test was used to investigate the correlations between the imaging mea-

surements and continuous clinical variables. 
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日目 3.FA values in the anter旧rcingulate fiber tracts in patients with POD were 
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ferences in the corticospinal tracts among the groups (Table 

2). 

Discussion 

We compared diffusion tensor imaging measurements of the 

cingulate fasciculi in patients with PD and PDD with those in 

healthy controls by using diffusion tensor tract spec1白canal-

yses. Our major findings were that the measured mean FA in 

the anterior CFTs was significantly lower in patients with PD 

and PDD than in healthy controls and that the measured mean 

FA in the posterior CFTs was significantly lower in patients 

with PDD than in healthy controls. Most interesting, there was 

Results 

The 3 groups did not differ by age (P > .53, ANOV A) or sex 

distribution (P > .68, X2) (Table 1). As expected, patients with 

PDD scored significantly lower than patients with PD and 

control subjects on the MMSE (P< .01,P< .01,ANOVA with 

the Tukey HSD test), but patients with PD and control sub 

jects did not differ significantly on the MMSE. There were 

significant differences in disease duration, Hoehn and Yahr 

stage, UPDRS-III score, and levodopa dosage (milligrams/ 

day) between patients with PD and those with PDD (Table 1 ). 

Reproducibility was determined on the basis of fiber 

counts and expressed as an intraclass correlation coefficient; 

the coefficient was 0.96 for the anterior CFTs, 0.94 for the 

posterior CFTs, and 0.96 for the corticospinal tracts. No sig-

nificant differences were seen in either MD or FA between the 

right and left anterior or posterior CFTs (P > .05). Averaged 

values were, therefore, used for further statistical analyses. 

There was a significant correlation between the MMSE 

score and FA value in the anterior CFTs (r = 0.633, P < .05) in 

patients with PDD (Fig 3). Measured FA and MD  values of the 

anterior and posterior CFTs were not significantly correlated 

with disease duration or Hoehn and Yahr stage (P > .05) in 

patients with either PD or PDD. 

FA measured in the anterior CFTs was significantly lower 

in patients with PD and PDD than in healthy controls (P = 

.003, P = .003) (Table 2). FA measured in the posterior CFTs 

was significantly lower in patients with PDD than in healthy 

controls (P = .002). There were no significant diffusion diι 
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Table 2: Compa『isonof MD and FA in patients and control subjects• 

HC 

Ante「io「CFTs
FA 0.441 ::!:: 0.0353 
MD' 0.758 ::!:: 0.025 

Posterior CFT s 
FA 0.519 ::!:: 0038 
MD 0.755 ::!:: 0.046 

Corticospinal tract 
FA 0.655 ::!:: 0020 
MD' 0.751 ::!:: 0.026 

Note:-HC indicates healthy controls 
• Values are mean :!: SD. 
"Indicates statistical significance (P < .016) 
'Mean diffusivity values are expressed as 10 3 mm2/s 

PD 

0.399 ::!:: 0.028 
0.789 ::!:: 0.034 

0.489 ::!:: 0.040 
0.759 ::!:: 0 022 

0.651 ::!:: 0.022 
0.775 ::!:: 0.025 

also a significant correlation between MMSE scores and FA 

values of the anterior CFTs in patients with PDD. 

Diffusion tensor imaging is capable of measuring the char-

acteristics of local microstructural water diffusion in brain 

tissue. One representative diffusion tensor measurement is 

FA, which describes the degree of water molecule anisotropy 

or the directional preference of the water diffusion process. 

FA abnormalities in the brain are interpreted pathologically 

as being caused by loss of neurons or glia or by gliosis or 

demyelination.26 

The existing literature already includes results showing diι 

fusion abnormalities in the cingulum bundle. 10-12・27 However, 

there has been no report to date of the use of tractography to 

show diffusion abnormalities in the cingulum bundle in pa-

tients with PD and PDD. Diffusion tensor tractography en-

abled us to clearly identify the anterior CFTs and posterior 

CFTs and measure diffusion parameters more precisely than 

with a manually drawn ROI study. Use of diffusion tensor 

tractography avoided contamination of data by anterior and 

posterior CFTs from adjacent components such as CSF or cal-

losal fibers. Taoka et al28 compared a tract-specific method 

and an ROI method for evaluating the diffusion parameters of 

3 cerebellar peduncles in subtypes of spinocerebellar degener-

ative disease. They found that the tract-specific method 

tended to show significant differences more clearly than the 

ROI method because instabilities in the placement ofROis in 

anatomic structures directly result in instability of the values 

measured with the ROI method.28 We consider the results of 

the tractography to be more reproducible and more accurate 

than those of other research in the existing literature. 

The decreased FA in the anterior CFTs in patients with PD 

and PDD may be associated with the pathologic process of PD. 

Brains of patients with PD have Lewy bodies in various areas, 

including the cingulate cortex.3-6 Neuropathologically, post-

mortem material from patients with PD is divided into 6 sub-

groups (stages 1-6) that differ from each other by virtue of 

changes in the topographic distribution pattern and severity of 

Lewy body involvement.4-6 Postmortem material from pa-

tients with PD who manifest clinical findings consistent with 

sporadic PD can be assigned to 1 of3 subgroups (stages 4-6). 

Because Lewy bodies appear in the anterior cingulate窃rrusin 

stage 5,3-6 neurodegeneration may occur in the anterior CFTs 

adjacent to the anterior cingulate gyrus. 

The FA values of the anterior CFTs were significantly cor-

related with the MMSE scores. This result is in good agree-

POD HC >PD HC >POD PD > POD 

0.399 ::!:: 0.031 p = .003b p = .003b P= .90 
0.775 ::!:: 0.031 P= .031 P= .33 P= .47 

0.477 ::!:: 0.040 P= .09 P=.015b P= .72 
0770 ::!:: 0 027 P= .94 P= .32 P= .51 

0.651 ::!:: 0.024 P= .89 P= .87 P= .99 
0.756 ::!:: 0.031 P= 077 P= .92 P= .17 

ment with that of a previous pathologic study in which Kovari 

et al 13 reported a highly significant correlation between the 

clinical dementia rating scores and regional Lewy body densi-

ties in the anterior cingulate gyrus. 

The decreased FA values in the posterior CFTs of patients 

with PDD may be related to the pathologic processes respon-

sible for dementia in PD. Atrophy in the limbic and paralimbic 

regions occurs in patients with PD without dementia, though 

less markedly so than in patients with PDD.29'30 Metabolic 

abnormalities in the posterior cingulate regions31'32 and cere-

bral blood flow reduction in the anterior cingulate cortex33'34 

have been reported in patients with PDD. A reduction in ce-

rebral blood flow in the posterior cingulate cortex has also 

been reported in PDD.33 In several previous studies of neuro-

psychologic diseases such as amyotrophic lateral sclerosis, 

posttraumatic stress disorder, and schizophrenia, metabolic 

and cerebral blood flow abnormalities in the cortex and diffu-

sion abnormalities in the white matter tracts that connect the 

affected regions of the cortex have been reported.16・35・36 

Our definition of the posterior cingulum bundle probably 

corresponds to the white matter directly below the posterior 

cingulate cortex and dorsal middle cingulate cortex, as de-

scribed by Vogt et al.15 They have also reported on the rela-

tionship between the posterior cingulate cortex and visuospa-

tial perception. There have been reports of a general reduction 

in visuospatial perception in patients with PDD. 37'38 Diffusion 

impairment in the posterior cingulum bundle may reflect the 

particular pathophysiology of PDD. 

The pathologic processes responsible for dementia in pa-

tients with PD are still controversial. Cortical Lewy bodies; 

striatal and extrastriatal dopamine deficiencies; loss of ascend-

ing noradrenergic, cholinergic, and serotonergic projections 

to the cortex; disruption of corticostriatal connections; coex-

istence of Alzheimer disease pathology; and frontal dysfunc-

tion have all been considered responsible for dementia in 

PD. 39-41 Although the pathologic processes responsible for de-

mentia in PD may be multifaceted, our results show that the 

posterior CFT is important in the dementing process in PDD. 

Some limitations of our study need to be addressed. First, 

because the diagnoses of PD and PDD were not histopatho-

logically confirmed, the possibility of misdiagnosis remains. 

However, the validity of the diagnoses is supported by the fact 

that 18 months or more after being scanned, all the patients 

remained free of atypical parkinsonisms and continued to re-

spond satisfactorily to antiparkinsonian therapy. Second, the 
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small size of our samples may have limited the detection of 

group differences, especially in the comparison of neuropsy-

chological profiles and FA values. Third, the seed and target 

ROis were drawn manually, and the reproducibility of the 

measurements was uncertain. However, rater bias was pre-

vented by blinding, all RO  Is were drawn by 2 of the authors, 

and the intraclass correlation coefficients were 0.94 0.96. 

Conclusions 

The decreased FA found in patients with PD  on tract-speci白c

analysis is likely due to neuronal loss, gliosis, or demyelination 

in the white matter of the cingulum. Our results suggest that 

these reduced values reflect neuropathologic changes-such 

as Lewy body pathology in the cingulate gyrus-that may play 

important roles in the dementing process in PD. 
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