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I. 総 括 研 究 報 告 
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総括研究報告書 

発達期における統合的な遅発性神経毒性試験法の開発 

研究代表者 国立医薬品食品衛生研究所 薬理部第二室長 

諫田 泰成 

A. 研究目的 

本研究では、胎児期の神経発生モデル細胞

を用いたスクリーニングを行い（細胞評価グ

ループ）、さらに生後の成熟期における遅発

性神経毒性の早期予測評価法（神経ネットワ

ーク評価グループ）を検証し、統合的な新規

試験法として開発を目指す。現在進行中の

HESI NeuTox との国際連携をもとに、HESI

リストの中から既に評価した化学物質と作

用の異なる陽性対照物質および陰性対照物

質を選定して検証する。 

上記 2 グループに毒性データ検証グルー

プを加えた 3 グループの密な連携により、

我々が提案した発達期に対応した化学物質

の発達神経毒性に関する新規試験法として

提案を目指す。本試験法により化学物質規制

行政への応用が期待される。 

B. 研究方法 

詳細は各分担報告書を参照のこと。 

＜全体要旨＞ 
近年、自閉症など発達障害が急速に増加し、社会問題となっている。そ

の原因の一つは発達期における化学物質の曝露とされる。発達期の神経系
は成体と比較して化学物質に対する感受性が高く、健康被害が長期間ある
いは遅発性に生じることが考えられ、子どもの健康影響評価法の確立が強
く望まれる。 
現在、OECDやEPAによって、妊娠ラットを用いる発達神経毒性試験ガイ

ドラインが制定されているが、試験方法が複雑で、試験期間は1年以上、動
物数は720にも及び経費も膨大である。さらに、日本ではこのようなガイド
ラインは未整備である。そこで我々は、発達期における細胞機能異常と神
経回路異常の毒性作用メカニズムに基づいて、新たにスループット性の高
い発達神経毒性評価スキームを作製し、評価指標の選定やプロトコルの最
適化を行うことにより統合的な発達神経毒性試験法の開発を行っている。 
ヒトiPS細胞（神経発生モデル細胞の評価系）やラット小脳皮質およびラ

ット海馬（生後初期における遅発性毒性評価系）を用いて、化学物質の影
響評価に関する評価指標の最適化を行った。また、ラット海馬ニューロン
を用いた、スループット性の高いスクリーニング系の構築に着手し、新た
に、HESI NeuToxと国際バリデーションの議論を開始した。 
また、バルプロ酸などのメカニズムを理解する上で、妊娠中の母親への

摂取栄養の程度や栄養成分の偏りによって胎児のエピゲノムに影響し生後
の発育や疾患の発症に寄与する、というDoHaDについて調査研究を行った。 
今後は、最適化された評価指標をもとに統合的な遅発性毒性評価系のプ

ロトコル最適化を行いながら、国際連携のもと試験法開発を目指す。 

＜研究課題一覧＞ 

諫田泰成（国立衛研） 

｢ヒト幹細胞の分化による評価法の開発｣ 

宇佐見誠（国立衛研） 
「神経堤細胞の機能解析による評価法の
開発」 

山崎大樹（国立衛研） 
「海馬ニューロンを用いた神経ネットワ
ークによる評価法の開発」 

吉田祥子（豊橋技科大） 
「生後小脳の神経回路の機能的影響によ
る評価法の開発」 

上野晋（産業医大） 
「幼若期海馬の神経回路機能による評価
法の開発」 

秦健一郎（成育医療センター） 
｢既存の毒性データおよびヒトデータとの
検証｣ 
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C. 研究結果 

以下に、各分担研究者の詳細を記載する。 

【①ヒト幹細胞の分化による評価法】 

ヒト iPS 細胞を用いて、化学物質の影響評

価に関する評価指標の最適化を行った。その

結果、遅発性神経毒性が懸念される農薬であ

るクロルピリホス曝露により、ヒト iPS 細胞

における神経分化の抑制が認められた。分化

抑制メカニズムとして、Mfn1 分解を介した

ミトコンドリアの形態異常による ATP 産生

の低下を見いだした。この結果はすでに論文

として報告済である。以上より、ヒト iPS 細

胞におけるミトコンドリア機能を指標にし

て、成長期における化学物質の発達神経毒性

を評価できる可能性が示唆された。 

【②神経ネットワークによる評価法】 

スループット性および再現性の高い海馬ニュ

ーロンを用いた神経スパイクによる神経活動評

価系の開発を行うため、米国 EPA の Timothy J 

Shafer 教授との共同研究体制を構築し各種条

件の検討を行った。また、HESI NeuTox の多点

電極システム（MEA）サブチームに参加し、プレ

バリデーションの議論を開始した。これまでに再

現性の高い結果が得られていることから、今後

は陽性・陰性対照物質を評価し、他の評価系で

得られている結果と比較することで評価系の妥

当性を検証する。 

【③生後小脳の神経回路】 

遅発性神経毒性が考えられる化学物質であ

るバルプロ酸、クロルピリホスを胎生期の動物に

投与し、生後の神経回路発達の変化を小脳神

経細胞の突起伸展と小脳構造の変化、動物の

行動変化から定量化して示した。バルプロ酸に

関する結果は、販売元の製薬企業に情報提供

した。小脳の形態形成は生後早期の遅発性毒

性を予測可能な指標となりうることが示唆され

た。 

【④幼若期海馬の神経回路機能】 

遅発性神経毒性試験手法の妥当性を調べ

る目的で、発達神経毒性の詳細が不明であっ

た産業化学物質である 1BP について検討し

た結果、神経回路興奮性の亢進をもたらすこ

とから、1BP が発達神経毒性を有する可能性

が示唆された。以上より、発達神経毒性を示

す化学物質に加えて産業化学物質について

も生後早期の海馬神経回路機能評価が発達

神経毒性の評価指標として有用となる可能

性が確認された。 

【⑤既存毒性データ、ヒトデータとの検証】 

陽性対照物質バルプロ酸などの作用メカ

ニズムを明らかにするため、動物実験を中心

に DoHaD のメカニズムについて文献調査を

行った。また、ヒトのエピゲノムデータに関

しても調査を開始した。調査研究により、胎

児期あるいは新生児期に受けた影響により、

ゲノムのメチル化が生じ生後長期に渡って

継続し、疾患リスクとなる可能性が示唆され

た。 

 

D. 考察 

本研究では、ヒト iPS 細胞やラット小脳皮

質およびラット海馬を用いて、化学物質の影

響評価に関する評価指標の最適化を行い、各

評価系において化学物質の発達神経毒性を

評価できる可能性の高い指標を決定した。 

また、ラット海馬ニューロンを用いた、ス

ループット性の高いスクリーニング系の構

築は、HESI NeuToxにおいて国際検証試験の

議論が進んでおり、我々も国際電話会議、対

面会議に参加して議論を行っている。国際連

携のもと引き続きMEAプロトコルの最適化

を行い、予測性の評価などに取り組む必要が

ある。 

現在、世界的な流れは in vivo から in vitro

試験法となっているが、本研究データと動物

データや現行ガイドラインと比較検討し、有

用性や検出限界などの検討も必要である。今

後、研究班が一体となり統合的な遅発性毒性

評価系の構築に向けて取り組みたい。 

 

E. 結論 

胎児期、成熟期において陽性対照となる化

学物質を用いて、試験法の確立に向けて安定

な評価指標を選定した。また、ラット海馬ニ

ューロンを用いた、スループット性の高いス

クリーニング系を新たに構築した。また、バ

ルプロ酸のデータをもとに DoHaD の調査研

究を行った。 

 

F. 研究発表 

分担研究者の報告書に示すように、多数の

論文発表および学会発表を行った。
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分担研究報告書 

 

ヒト幹細胞の分化による評価法の開発 

研究代表者   国立医薬品食品衛生研究所薬理部 第二室長 

諫田 泰成 

 

要旨 

ヒト iPS 細胞を用いて、化学物質の影響評価に関する評価指標の最適

化を行った。その結果、遅発性神経毒性が懸念される農薬であるクロル

ピリホス（CPF）曝露により、ヒト iPS 細胞における神経分化の抑制が

認められた。分化抑制メカニズムとして、Mfn1 分解を介したミトコン

ドリアの形態異常による ATP 産生の低下を見いだした。以上より、ヒ

ト iPS 細胞におけるミトコンドリア機能を指標にして、成長期における

化学物質の発達神経毒性を評価できる可能性が示唆された。 

 

A．研究目的 

近年、子供の学習障害や自閉症などの発達

障害が増加しているが、その原因の一つとし

て環境中の化学物質の関与が指摘されてい

る（Landrigan et al., Environ. Health Perspect. 

Med., 2012）。ヒト iPS 細胞はヒト発生過程を

in vitro で模倣できることから、化学物質の

神経毒性を検出できる可能性が考えられる。

しかし、評価系としての手法は確立されてい

ない。 

本研究では、化学物質の発達期における毒

性を評価するために、ヒト iPS 細胞を用いて

発達神経毒性を評価できるか検討を行った。

評価系の構築には、HESI と共有している発

達毒性が懸念される陽性対照物質のリスト

から、農薬であるクロルピリホスを選択した。 

本年度は、ヒト iPS 細胞における毒性メカ

ニズムの検討を行い、毒性評価における有用

性を検証した。また、HESI NeuTox のメン

バーとなり、国際検証試験の議論を開始した。 

 

B．研究方法 

1. 細胞 

 ヒト iPS細胞株 253G1（Nakagawa et al., Nat. 

Biotechnol., 2008）は、TeSR-E8 培地（Stem 

Cell Technologies）にてフィーダーフリー[マ

トリゲル（BD Biosciences）コート]の条件で

培養した。 

2. ミトコンドリアの形態 

細胞を 4%PFA で固定後、ミトコンドリア

を 50 nM の MitoTracker Red CMXRos (Cell 

Signaling Technology) および核を DAPI によ

り染色し、confocal顕微鏡（Nikon A1）で観

察した。点状のミトコンドリアが 10%未満の

細胞数を計測した（Fan et al., Free Radic. Biol. 

Med., 2010）。 

3. ミトコンドリア膜電位 

細胞を JC10（Life Technologies）で染色した

のち FACS ARIAII（BD Biosciences）を用い

て計測した。 

4. ATP 量 

ルシフェラーゼ法に基づいて定量した。 

5. qPCR 

TRIzol 試薬（Life Technologies）を用いて

RNA を抽出した。QuantiTect SYBR Green 

RT-PCR Kit（QIAGEN）、ABI PRISM 7900HT

を用いて qPCRを行った。 

6. shRNA を用いたノックダウン 

shRNA 導入はレンチウイルス（SIGMA）

を用いた。ヒト iPS細胞にウイルスを moi 1

で感染させた。さらに 24 時間後にピューロ

マイシンを添加して感染細胞のセレクショ

ンを行った。 

7. 神経分化誘導 

Dual smad 阻害法（Chambers et al., Nat. 

Biotechnol., 2012）を用いて、BMPシグナル

阻害剤 LDN193189（Wako）及び Activinシグ

ナル阻害剤 SB431542（Wako）により iPS細

胞を神経外胚葉から神経前駆細胞へと分化

させた。 

 

C．研究結果 

1. ヒト iPS 細胞のミトコンドリア機能に対

する CPF の作用 
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発達神経毒性が懸念される CPF を用いて

iPS 細胞への影響を検討した。CPF 曝露は細

胞内 ATP 含量の低下、ミトコンドリア膜電

位の低下およびミトコンドリア形態異常を

引き起こした（図１）。したがって、iPS細胞

において CPF はミトコンドリア機能異常を

引き起こすことが示唆された。 

次に、ミトコンドリアの形態制御因子の発

現について検討した。分裂因子（Drp1, Fis1）

および融合因子（Mfn1, Mfn2, Opa1）の遺伝

子発現には影響がなかった（図 2A）。一方で、

CPF暴露によって Mfn1のタンパク分解が誘

導されることを見出した（図 2B, C）。すでに

報告したように shRNA を用いて Mfn1 をノ

ックダウンするとミトコンドリア形態異常

が観察されることから、CPFによるミトコン

ドリア機能の低下はミトコンドリア融合タ

ンパク質の分解によって誘導されることが

示唆された。 

2. ヒト iPS 細胞の神経分化に対する CPF の

作用 

 CPFが iPS細胞の分化に及ぼす影響を調べ

るために、Dual smad 阻害法を用いて、iPS

細胞の神経分化誘導を行った。CPF 曝露した

iPS 細胞に神経分化刺激を与えた結果、神経

外胚葉のマーカーである PAX6（Manuel et al., 

Front. Cell Neurosci., 2015）, FOXG1（Shen et 

al., Hippocampus, 2006）や神経前駆細胞のマ

ーカーである NCAM1（Polo-Parada et al., J. 

Neurosci., 2004）の発現低下が認められた（図

3）。したがって、CPF は iPS 細胞の初期の神

経分化誘導を阻害することが明らかとなっ

た。 

 次に CPF による神経分化の阻害がミトコ

ンドリアの機能異常を介しているかを明ら

かにするために、Mfn1 をノックダウンした 

iPS 細胞を用いて、神経分化誘導を行った（図

4）。その結果、Mfn1 ノックダウンにより、

CPF 曝露と同様に、PAX6, FOXG1, NCAM1

の発現低下が認められた（図 4D）。したがっ

て、CPF による神経分化の阻害は、Mfn1 分

解を介したミトコンドリア機能異常により

引き起こされることが示唆された。 

3. CPF の神経分化阻害における Erk シグナ

ルの関与 

 ミトコンドリア機能の破綻は Erk のリン

酸化を引き起こすことが報告されている（Yu 

et al., Toxicol. Appl. Pharmacol., 2012）。一方、

Erk のリン酸化によって PAX6 の発現が抑制

され神経分化が阻害されるという報告もあ

る（Greber et al., EMBO J., 2011）。したがっ

て、CPF による神経分化阻害の経路として

Erk シグナルの関与が考えられる。まず CPF

の作用に対する Erk シグナルの関与を調べ

るために、ヒト iPS 細胞に CPF を曝露した

結果、Erk のリン酸化レベルの亢進が認めら

れた。またこのリン酸化は Erk 阻害剤 U0126

処理により消失した（図 5A, B）。さらに CPF

曝露によるPAX6の低下はU0126処理により

回復した（図 5C）。 

 次に CPF により引き起こされる Erk シグ

ナルがミトコンドリアの機能異常を介して

いるかを明らかにするために、Mfn1 をノッ

クダウンした iPS細胞において Erkのリン酸

化を調べた。その結果、Mfn1 ノックダウン

により、Erk リン酸化レベルの亢進が認めら

れた。またこのリン酸化は U0126 処理で消

失した（図 6A, B）。さらに Mfn1 ノックダウ

ンによるPAX6の低下はU0126処理により回

復した（図 6C）。したがって、CPF によるミ

トコンドリア機能異常を介した神経分化の

阻害は Erk シグナルが関与していることが

示唆された（図 7）。 

以上より、iPS 細胞において TBT と同様に、

CPF はミトコンドリア機能異常を引き起こ

すことが明らかになった。また、iPS 細胞で

ATP 量、ミトコンドリア膜電位・形態さらに

は神経分化といった指標を用いることによ

り、発達神経毒性を評価できる可能性が示唆

された。 

D．考察 

本研究では、ヒト iPS 細胞を用いて、これ

まで見出した指標（ATP 産生量、ミトコンド

リア膜電位・形態）により発達神経毒性が懸

念される化学物質の影響を評価できること

を明らかにした。特に、iPS 細胞で使用した

CPF は血中に存在しうる濃度（Huen et al., 

Environ. Res., 2012）がアッセイに使用した 30 

M であり、本アッセイ系は非常に好感度で

あると考えられた。 

今回、iPS 細胞を用いて CPF の毒性作用点

として、Mfn1 分解を介したミトコンドリア

の分裂による ATP 産生の低下を見出し、TBT

と同様のミトコンドリア毒性を示すことを

明らかにした（論文発表 1, 2）。発達神経毒

性を示す化学物質の毒性評価においてミト

コンドリアの機能異常は有効であり、幅広く
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応用できる可能性が期待される。今後も iPS

細胞において、発達神経毒性が懸念される被

験物質を増やすことで、こうしたミトコンド

リアを指標とした毒性マーカーの探索や評

価法の検討を行い、簡便で再現性のある評価

法の確立を目指す。 

また、研究代表者として、HESI NeuTox の

国際検証試験の議論を新たに開始して、連携

を取りながら試験法の確立に取り組みたい。 

 

E. 結論 

ヒト iPS細胞のミトコンドリア機能や分化

を指標に、成長期における化学物質の発達神

経毒性を評価できる可能性が示唆された。 

 

F. 研究発表 

1．論文発表 

[1] Yamada S., Kubo Y., Yamazaki D., Sekino 

Y. and Kanda Y. “Chlorpyrifos inhibits 

neural induction via Mfn1-mediated 

mitochondrial dysfunction in human 

induced pluripotent stem cells.” Sci. Rep. 

(2017) 7:40925 

[2] Yamada S., Asanagi M., Hirata N., Itagaki 

H., Sekino Y. and Kanda Y. “Tributyltin 

induces mitochondrial fission through Mfn1 

degradation in human induced pluripotent 

stem cells.” Toxicol. In Vitro. (2016) 

34:257-263  

[3] Asanagi M., Yamada S., Hirata N., Itagaki 

H., Kotake Y., Sekino Y. and  Kanda Y. 

“Tributyltin induces G2/M cell cycle arrest 

via NAD(+)-dependent isocitrate 

dehydrogenase in human embryonic 

carcinoma cells.”  

J. Toxicol. Sci. (2016) 41:207-215 

[4] Hirata N., Yamada S., Asanagi M., Sekino Y. 

and Kanda Y. “Nicotine induces 

mitochondrial fission through mitofusin 

degradation in human multipotent 

embryonic carcinoma cells.” Biochem. 

Biophys. Res. Commun. (2016) 

470:300-305 

 

2. 学会発表 

[1] 山田茂、麻薙美紀、平田尚也、板垣宏、

関野祐子、諫田泰成：ヒト iPS 細胞のミ

トコンドリアダイナミクスを用いた細

胞毒性評価、第 89 回日本薬理学会、2016 

横浜 

[2] Yasunari Kanda, Shigeru Yamada, Naoya 

Hirata, Daiju Yamazaki, and Yuko Sekino. 

Role of mitochondrial dynamics in neural 

toxicity assessment in human iPS cells. 5th 

Annual Meeting of the American Society 

for Cellular and Computational Toxicology. 

US EPA Building Research Triangle Park, 

NC. 2016.9.29-30 

[3] 麻薙美紀、山田茂、平田尚也、板垣宏、

関野祐子、諫田泰成：ヒト多能性幹細胞

を用いた発達神経毒性評価の試み、第

89 回日本薬理学会、2016 横浜 

[4] 山田茂、関野祐子、諫田泰成：ヒト iPS

細胞のミトコンドリア機能に基づいた

クロルピリホスの毒性評価、第 134 回日

本薬理学会関東部会、2016 大田原 

[5] 山田茂、久保祐亮、犬塚隆志、関野祐子、

諫田泰成：ヒト iPS 細胞のミトコンドリ

ア機能による医薬品の毒性評価、第 43

回日本毒性学会、2016 名古屋 

[6] 山田茂、関野祐子、諫田泰成：ミトコン

ドリアを指標としたヒト iPS細胞毒性評

価系の検討、第 2 回次世代を担う若手の

ためのレギュラトリーサイエンスフォ

ーラム、2016 東京 

[7] 山田茂、関野祐子、諫田泰成：ミトコン

ドリア機能を介した新規神経誘導メカ

ニズム、第 39 回日本分子生物学会、2016 

横浜 

 

G．知的財産権の出願・登録状況 

該当なし 
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図 1 CPF によるミトコンドリアの機能異常 

A) ヒト iPS 細胞において、CPF（30 M）の暴露によって ATP 産生低下が認められた。 

B) ヒト iPS 細胞において、CPF の暴露によってミトコンドリア膜電位の低下が認められた。 

C) ヒト iPS 細胞において、CPF の暴露によってミトコンドリアの分裂が誘導された。 

D) C)の結果を定量的に評価した。 
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図 2 CPF による Mfn1 の分解 

A) 30M の CPF を曝露したヒト iPS 細胞から RNA を抽出し、Mfn1、Mfn2、Opa1、Fis1、Drp1

遺伝子の qPCR を行った。 

B) 30M の CPF を曝露したヒト iPS 細胞から cell lysate を作成し、Mfn1、Mfn2、Opa1、Fis1、

Drp1 蛋白質の発現をウエスタン法によって調べた。 

C) B)の Mfn1、Mfn2 蛋白質の発現を定量的に評価した。 
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図 3  CPF による神経分化誘導の阻害 

30M の CPF を曝露したヒト iPS 細胞に神経分化刺激を与えた後、タイムコースをとって神

経分化マーカーの遺伝子発現を qPCR で調べた。 

A) 神経外胚葉マーカーPAX6 遺伝子の発現変化

B) 神経外胚葉マーカーFOXG1 遺伝子の発現変化

C) 神経前駆細胞マーカーNCAM1 遺伝子の発現変化
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図 4 Mfn1 ノックダウンによる神経分化誘導の阻害 

A) Mfn1-shRNAを導入したヒト iPS細胞におけるMfn1, Mfn2の遺伝子発現を qPCRで調べた。 

B) Mfn1-shRNA を導入したヒト iPS 細胞におけるMfn1, Mfn2 の蛋白発現をウェスタンブロッ

ト法で調べた。 

C) B)の結果を定量的に評価した。 

D) Mfn1 をノックダウンしたヒト iPS 細胞を用いて神経分化誘導を行い、神経分化マーカー

（PAX6, FOXG1, NCAM1）の遺伝子発現を qPCR で調べた。 
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図 5 CPF の神経誘導阻害における Erk シグナルの関与 

A) 30 M の CPF を曝露したヒト iPS 細胞から cell lysate を作成し、Erk のリン酸化レベルをウ

エスタン法によって調べた結果、Erk リン酸化の亢進が認められた。このリン酸化レベルの亢

進は Erk 阻害剤である U0126 処理により消失した。 

B) A)の結果を定量的に評価した。 

C)ヒト iPS 細胞の神経分化誘導において、CPF 曝露による PAX6 の発現低下は、U0126 処理

により回復した。 
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図 6 Mfn1 ノックダウンによる神経誘導阻害における Erk シグナルの関与 

A) Mfn1 をノックダウンしたヒト iPS 細胞から cell lysate を作成し、Erk のリン酸化レベルを

ウエスタン法によって調べた結果、Erk リン酸化の亢進が認められた。このリン酸化レベル

の亢進は Erk 阻害剤である U0126 処理により消失した。 

B) A)の結果を定量的に評価した。 

C)ヒト iPS 細胞の神経分化誘導において、Mfn1 ノックダウンによる PAX6 の発現低下は、

U0126 処理により回復した。 
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図 7 CPF の神経分化阻害作用（模式図） 
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厚生労働科学研究費補助金（化学物質リスク研究事業） 

分担研究報告書 

 

神経堤細胞の機能解析による評価法の開発 

研究分担者   国立医薬品食品衛生研究所薬理部第四室長 

宇佐見 誠 

研究協力者   簾内 桃子 

研究協力者   入江 智彦 

研究協力者   日本バイオアッセイ研究センター 試験管理部 

奥田 裕計 

 

要旨 

ラット神経堤細胞の遊走等に及ぼす影響について、メカニズムに関する

実験系としてタンパクリン酸化パスウェイの関与を調べる方法を検討し

た。ラット 10.5 日胚から頭部又は腹部の神経管を摘出して培養して、神経

管から遊出する神経堤細胞の広がりを測定することにより、神経堤細胞の

遊走を調べた。その結果、ピルビン酸を含まない培養液では、神経堤細胞

の遊走は少ないことを示した。また、RNA 干渉実験の条件を検討し、リ

ポフェクタミン RNAiMAX トランスフェクション試薬を用いる方法を確

立した。さらに、確立した RNA 干渉実験法により、Rho キナーゼである

Rock1 および Rock2 を同時に抑制して培養時間を延ばすことにより、神経

堤細胞の遊走が促進されることを示した。本実験法は、Rho パスウェイが

関与する毒性発現メカニズムに基づいた化学物質の発達神経毒性評価法

として有用であると考えられた。 

 

A. 研究目的 

近年、子供の学習障害や自閉症などの発達

障害が増加しているが、その原因として化学

物質の関与が指摘されている。神経提細胞は、

脊椎動物における個体発生の限られた時期

に存在し、胚の隅々に遊走した後に末梢神経、

グリア細胞などの神経系細胞を含む様々な

細胞に分化することにより、個体の機能発育

および形態形成に重要な役割を果たす。その

ため、発生過程における神経提細胞の誘導、

遊走、分化などにおける異常は、神経提症と

総称される神経芽細胞腫などの神経系の異

常を含むさまざまな疾患を引き起こす。 

また、神経提細胞のうち、頭部神経管に由

来する頭部神経提細胞の異常では、顔面の奇

形などの形態形成に及ぼす影響も認められ

る。神経提症による顔面奇形と同様の奇形は、

胚のレチノイン酸への過剰暴露においても

生じることから、神経提細胞は化学物質によ

る毒性の標的組織となり得ると考えられて

いる。しかし、適切な実験法が確立されてい

ないため、化学物質の神経提細胞機能に及ぼ

す影響は、ほとんど調べられていない。 

本研究では、神経提細胞の特徴的な機能で

ある細胞遊走を主な指標とする、形態形成期

に重要な役割を果たす神経堤細胞の機能に

及ぼす化学物質の影響を調べる方法を確立

し、個体の成長期における化学物質の健康影

響評価法の一つとして用いることを目的と

する。神経提細胞実験法としては、初期着床

胚をまるごと培養するラット全胚培養法と

の比較実験が可能であり、解析が容易な、ラ

ット神経提細胞を用いた実験法の確立を目

指した。 

本実験法を利用することにより、神経堤細

胞遊走に影響する化学物質とそのメカニズ

ムを同定し、ヒトにおける当該化学物質に対

する高暴露集団およびメカニズムに関与す

る遺伝子疾患等を有する集団などの、ハイリ

スク集団について、疫学的調査の基盤的情報

を提供すると共に、健康影響の予防のための

方策となる情報を得られることが期待され

る。 

初年度は、神経堤細胞の機能に関与するこ

とが報告されている、タンパクリン酸化パス

ウェイである Rho パスウェイを介した化学
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物質の影響を調べることが可能な、ラット神

経堤細胞遊走実験法について検討した。 

 

B. 研究方法 

1. 動物 

ウィスターラット（Crlj:WI, 日本チャール

スリバー）を用いた。発情前期の雌ラットを

雄と終夜同居させ、妊娠ラットを得た。同居

中の深夜を妊娠 0 日として起算した。妊娠

10.5 日に、妊娠ラットから初期着床胚を摘出

して実験に用いた。 

2. ラット神経堤細胞の培養 

頭部神経堤細胞を用いる場合は、摘出した

ラット初期着床胚から、電解研磨したタング

ステン針を用いて、菱脳部を切り出し、物理

的に神経管を取り出した。腹部神経堤細胞を

用いる場合は、前肢芽の部位から神経管を同

様の方法で取り出した。取り出した神経管を、

培 養 シ ャ ー レ （ Becton, Dickinson and 

Company）に培養液（10% Fetal Bovine Serum

を含む Dulbecco’s Modified Eagle Medium, 

GIBCO）と共に入れ、炭酸ガスインキュベー

ター内で、5% CO2、37℃にて培養した。 

3. ラット神経堤細胞の観察 

培養 24 時間及び 48 時間に、神経管から遊

走した細胞すべてを含む領域を、位相差顕微

鏡（BZ-900、株式会社キーエンス）で撮影し、

神経管の培養容器底面への付着及び遊走細

胞の広がりを観察した。 

4. データの解析 

細胞の撮影画像ファイルを画像解析ソフ

ト ImageJ （Rasband, W.S. ImageJ, U. S. 

National Institutes of Health, Bethesda, 

Maryland, USA, http://rsb.info.nih.gov/ij/, 

1997-2009）で開き、最外側の神経提細胞を

ポリゴンツールでつないでできる図形を円

とみなして、そのピクセル数で表される面積

から計算した半径を神経堤細胞の遊走距離

として解析した。 

（倫理面への配慮） 

動物の使用にあたっては国立医薬品食品

衛生研究所の「動物実験に関する指針」を遵

守した。 

 

C. 研究結果 

ラット神経堤細胞遊走に及ぼす化学物質

の影響に関するカニズムを調べる方法とし

ての感度を改善するために、基本培養液中の

ピルビン酸の影響を調べた。その結果、ピル

ビン酸を含まない培養液では、頭部および腹

部のいずれの神経堤細胞においても遊走が

少ない傾向が認められ、二元配置分散分析で

は、ピルビン酸の有無による差は統計学的に

有意であった。ラット胚の部位による神経堤

細胞の起源とピルビン酸の影響との間に相

互作用は認められなかった （図 1）。 

Rho パスウェイを介した化学物質の影響

を調べる方法として RNA 干渉実験の条件を

確立するために、種々のトランスフェクショ

ン試薬について検討した結果、リポフェクタ

ミン RNAiMAX 試薬を単独で用いた場合が

効果的であった。さらに RNAiMAX 試薬の

無毒性量を確認したところ、シャーレ一枚の

培養液（2 ml）あたり 4 においても神経堤

細胞の遊走に影響は認められなかった（図2）。 

確立した RNA 干渉実験法により、Rho キ

ナーゼである Rock1 の発現抑制が神経堤細

胞の遊走に及ぼす影響を調べた。その結果、

神経堤細胞の遊走に影響は認められなかっ

た（図 3）。しかし、Rock1 および Rock2 の

発現を同時に抑制して、培養 48 時間から 72

時間まで観察した場合には、神経堤細胞の遊

走が促進された（図 4）。 

 

D. 考察 

本実験系で用いるラット胚は、嫌気的条件

から好気的条件に移る時期である。そのため、

嫌気的エネルギー産生系である解糖系と、好

気的エネルギー産生系であるトリカルボン

酸サイクルの接点であるピルビン酸の有無

は、実験結果に影響を及ぼす可能性が考えら

れた。本実験の結果、ピルビン酸を含む培養

液の方が、神経堤細胞の遊走が大きいことか

ら、ダイナミックレンジが広くなり、実験系

としての感度が良いと考えられる。 

RNA 干渉実験法では、神経堤細胞遊走の

観察時間を 48〜72 時間に遅らせることおよ

び Rock1 および Rock2 の発現を同時に抑制

することにより siRNA の効果を観察するこ

とが出来た。この観察時間は、一般的な RNA

干渉実験におけるmRNAの減少には 48時間

程度を要することと一致しており、神経堤細

胞における mRNA のターンオーバーは一般

的な速さであると考えられる。また、Rock1

および Rock2 の発現を同時に抑制した場合

に神経堤細胞の遊走が促進されたことから、

Rock1とRock2の役割の違いなどについて調

べる必要がある。 

以上の結果から、本実験法は Rho パスウ

ェイが関与する毒性発現メカニズムに基づ
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いた化学物質の発達神経毒性評価法として

有用であると考えられる。 

 

E. 結論 

ラット神経堤細胞の遊走等に及ぼす影響

について、メカニズムに関する実験系として

タンパクリン酸化パスウェイの関与を調べ

る方法を検討した。その結果、ピルビン酸を

含む培養液の方が、実験系としての感度が良

いと考えられた。また、RNA 干渉実験の条

件を確立した。確立した RNA 干渉実験法に

より、Rho キナーゼである Rock1 および

Rock2 を同時に抑制することにより、神経堤

細胞の遊走が促進されることを示した。本実

験法は、Rho パスウェイが関与する毒性発現

メカニズムに基づいた化学物質の発達神経

毒性評価法として有用であると考えられた。 

 

F. 研究発表 

1. 論文発表 

該当なし 

 

2. 学会発表 

[1] 宇佐見誠、満長克祥、奥田裕計、土井守：

クロルピリホスが培養ラット神経堤細胞

の遊走に及ぼす影響に関する 研究、第 43

回日本毒性学会学術年会、2016 名古屋 

 

G. 知的財産の出願・登録状況 

該当なし 
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図 1 ラット頭部（cephalic）および腹部（trunk）神経堤細胞の遊走に及ぼすピルビン酸の

影響 

ラット 10.5 日の神経管から遊走する神経堤細胞をピルビン酸を含む培養液（1 mM）または含

まない培養液で 48 時間培養した。「*」は統計学的な有意差があることを示す （* p < 0.05）。 
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図 2 ラット神経堤細胞の遊走に及ぼすリポフェクタミン RNAiMAX トランスフェクション

試薬の影響 

ラット 10.5 日の神経管から遊走する神経堤細胞を 48 時間培養した。神経管を培養 18 時間目

に除去した。 
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図 3 ラット神経堤細胞の遊走に及ぼす Rock1 発現抑制の影響 

ラット 10.5 日の神経管から遊走する神経堤細胞を 48 時間培養した。平均値と標準誤差を示

す。神経管を培養 18 時間目に除去した。 
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図 4 ラット神経堤細胞の遊走に及ぼす Rock1 および Rock2 発現抑制の影響 

ラット 10.5 日の神経管から遊走する神経堤細胞を 72 時間培養した。平均値と標準誤差を示

す。神経管を培養 18 時間目に除去した。「*」は無処置群と比較して統計学的な有意差がある

ことを示す（* p < 0.05）。 
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厚生労働科学研究費補助金（化学物質リスク研究事業） 

分担研究報告書 

 

海馬ニューロンを用いた神経ネットワークによる評価法の開発 

研究分担者   国立医薬品食品衛生研究所薬理部 主任研究官 

山崎 大樹 

研究協力者   群馬大学大学院医学研究科 教授 

白尾 智明 

  

要旨 

本研究では、神経ネットワーク形成過程およびネットワーク形成後の

化学物質の毒性評価系の開発を目的として、以下の 2 つの内容に取り組

んだ。第一に、高い再現性を目指すための条件検討項目として、プレー

トのコーティング方法、播種細胞密度、AraC の添加、培地交換の量に

ついて検証を行った。各々の条件検討の結果から、最適条件を得ること

ができ、その条件において再現性の高い結果が得られた。今後、本研究

で得られた最適条件により化学物質の毒性評価を実施する予定である。

第二に、化学物質の投与方法について溶媒として主に用いられるDMSO

で検証を行った。その結果、高濃度の DMSO が細胞に対して直接接触

することで測定パラメーターに大きく影響することが明らかとなった。

DMSO を 10 倍に薄めて投与する方法は測定パラメーターへ影響を与え

ないことから、今後の化学物質を評価する際の投与方法については、上

記方法を採用することとした。また今回のプロトコル整備にあたり、米

国環境保護庁の Timothy J Shafer 教授との共同研究体制を構築した。さ

らに、HESI NeuTox の MEA サブチームにおけるプレバリデーション試

験に関する議論に参加して、条件設定に関する有益な情報を得ることが

できた。 

以上の経緯を以って開発した評価法により、今後は陽性・陰性対照

物質の発達神経毒性に対する影響を効率よく評価していけるものと

考えられる。 

 

A. 研究目的 

近年、自閉症など発達障害が急速に増加し

社会問題となっており、その原因の一つは発

達期における化学物質の曝露とされている。

発達期の神経系は成体と比較して化学物質

に対する感受性が高く、健康被害が長期間あ

るいは遅発性に生じることが考えられ、子ど

もの健康への影響に対する評価法の確立が

強く望まれている。現在の発達神経毒性を評

価するガイドライン（OECD および EPA）は、

妊娠ラットを用いた複雑な試験系であり、試

験期間が 1 年以上、動物数が 720 にも及び経

費も膨大であるため、これまでにわずかな化

学物質しか評価できていない。本邦において

は、このようなガイドラインも未整備である。

個体の成長期の高感受性の時期に一時的に

曝露しただけで生涯にわたり脳神経機能に

影響をもたらすような危険な化学物質を優

先的に選定するためには、新規試験法の開発

が喫緊の課題となっている。そこで、我々は

発達期の細胞評価系および生後初期におけ

る神経ネットワーク形成評価系を組み合わ

せた統合的な新規試験法の開発を行っている。 

神経ネットワーク形成過程およびネット

ワーク形成後において、化学物質の毒性評価

が可能な系として期待されているのが、多点

電極（MEA, multi-electrode array）システムを

用いたげっ歯類神経細胞の評価である。これ

は、電極が多数パターニングされた平面に神

経細胞を播種し、そこで長期間の培養を行う

とともに神経活動（スパイクとよばれる電気

活動）を記録するものである。 

本研究では、神経ネットワーク形成過程

およびネットワーク形成後の化学物質の毒
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性評価系の開発を目指した。さらには、開

発した評価系を用いて複数の陽性・陰性対

照物質を評価し、これまで我々が開発して

きた他の評価系で得られた結果と比較し、

評価法の妥当性を検証する。 

B. 研究方法 

1. 細胞

細胞は研究協力者である群馬大学・白尾

智明教授の研究室で作製された凍結ラット

胎仔海馬神経細胞（SKY Neuron）を用いた。

この細胞は胎生 18 日目のラット胎仔海馬

より単離されたものである。 

2. プレートコーティング

AxionBiosystems 社製 Maestro プレート

（48 ウェルタイプ）の各ウェルに 100 μl の

0.1%ポリエチレンイミン（PEI）（0.1 % PEI 

in 0.1 M Boric asid buffer solution（pH 8.5））

を添加し、インキュベーター内に 1 時間静

置した。その後、滅菌水で 3 回リンスし、

クリーンベンチ内で 1 時間乾燥させた。乾

燥後、フタをしてアルミホイルで遮光し、

4ºC に保管した。PEI コートしたプレートは

原則 1 週間以内に使用した。 

3. 細胞の解凍および播種

細胞が入ったバイアルを液体窒素保存容

器から取り出し、速やかに 37ºC の温浴に 3

分間浸した。その後、クリーンベンチ内で

細胞懸濁液を 50 ml チューブに移し、バイ

アル内を播種用培地（10% FBS, 1.14 mM 

Pyruvic acid, 0.7% Glucose in Minimum 

Essential medium）でリンスし、細胞懸濁液

にゆっくりと滴下した。合計 6 ml となるよ

うに播種用培地を細胞懸濁液に一定の速度

で滴下し、よく混合した後に細胞数を計測

した。200 x g で 5 分間遠心し、一定の細胞

密度になるよう laminin（20 μg/ml）を含ん

だ播種用培地を添加し、10 μl/ウェルでプレ

ートに播種した。2 時間後、500 μl の培養用

培 地 （ 0.25% GlutaMAX, 1% 

Penicillin-Streptomycin,  2% B27 in 

Neurobasal medium-A）を添加し、1 日おき

あるいは 2 日おきに測定し、3 日おきある

いは 4 日おきに培地交換を行った。 

4. MEA システム

評価系は AxionBiosystems 社製の Maestro

を用いた。使用した 48 ウェルプレートの各

ウェルには、4 x 4 の合計 16 個の電極がパ

ターニングされている。このプレートで細

胞を培養した状態で MEA システムにセッ

トすると、各電極における自発的なスパイ

ク発生をアクティビティマップにて可視化

することができる（図 1A）。MEA システム

ではスパイクの検出閾値をノイズレベルの

6～8 倍に設定することでノイズの検出を

防いでおり、検出閾値を超えたスパイクは

ラスタープロットとして表される（図 1B）。

神経細胞の成熟とともにスパイクの発生頻

度は増加し、やがて神経細胞の突起同士が

シナプスを形成することで神経ネットワー

クを構築する。神経ネットワークの構築に

より各神経細胞で独立に発生しているスパ

イクが同期し、最終的にはバーストやネッ

トワークスパイクと呼ばれる連続的でウェ

ル中の複数の電極で同期した電位変化が起

こるようになる（図 1C）。 

5. 解析

評価系の開発にあたり、実験条件の検討

や再現性の検証には、平均発火頻度と活性

化電極数（1 分間に 5 回以上のスパイクを

生じた電極）の 2 つのパラメーターを用い

た。平均発火頻度は 1 ウェルで 1 分間に発

生したスパイク数を活性化電極数で割った

値である。 

C. 研究結果 

1. 細胞の解凍

通常、ラット等げっ歯類の胎児から単離

した神経細胞は、そのまま分散培養して各

種実験に供する。しかしながら、状態の良

い細胞を単離するには熟練した技術が必要

であり、またそのための単離・培養設備を

準備しなければならない。神経細胞を凍結

することで同一ロットの細胞バイアルを大

量に作成することができ、事前に当該ロッ

トの状態をグルタミン酸に対する反応性な

どで確認することが可能なことから、再現

性の高い結果が期待できる。一方で、細胞

の凍結・融解は細胞に対してダメージを与

えることが知られているため、凍結・融解

による細胞の生存率への影響について検証

した。表 1 にまとめたように生細胞数と死

細胞数はほぼ半々であり、生存率としては

平均 50%強であった。ロットや実験者（融

解の際の）に依存した差はほとんどなかっ

た。 

2. コーティングに関する検討

Axion 社が提供している Maestro 用プロ

トコルでは、0.1% PEI によるプレートコー

ティングを推奨している。一方で、SKY 
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neuron 用のコーティングは PLL（Poly-L 

lysine）コーティングが実施されている。そ

こで、PEI コーティングと PLL コーティン

グを 1 枚のプレートに施し、その他の条件

を全く同一にして実験を行った。その結果、

平均発火頻度、活性化電極ともに PLL コー

ティングよりも PEI コーティングにおいて、

値が上昇していた。電極がパターニングさ

れていないプレートによる細胞観察では、

培養開始 2日後には細胞の凝集が PLLコー

ティングの方で観察されている一方で、PEI

コーティングでは、細胞が接着していない

ことによる隙間が極端に少なかった。次に

PEI コーティングがどの程度有効なのかを

調べるため、PEI コーティング直後、約 3

週間後および約 4 週間後のプレートを用い

て実験を行った。その結果、コーティング

3 週間以降のプレートでは、活性化電極数

はコーティング直後のものと大差ない変化

を示すものの、平均発火頻度の時間依存的

な上昇は AraC の有無にかかわらずコーテ

ィング直後に比べて低い値で推移すること

が明らかとなった（図 2）。活性化電極数に

ついては、コーティング期間の長さには影

響されなかった。 

以上より、Maestro による MEA システム

においては、PEI コーティングの方が適し

ており、コーティングの効果は 3 週間保存す

ることで低減することが示唆された。 

3. 細胞播種密度の検討 

MEA システムの性質上、電極部分に細胞

が存在しなければスパイクの計測は不可能

である。我々は再現性の高い結果を得るた

め、細胞播種密度の検討を行った。これま

でに他の研究室ではラット大脳皮質神経細

胞における検討が行われており、その際の

細胞播種密度は 150,000 細胞/25 μl である。

今回の検討では、播種する細胞懸濁液量を

全電極が覆うことのできる最小量 10 μl と

した。これまでの論文における細胞播種密

度に関する情報と最小量 10 μl を鑑みた上

で細胞播種密度以外の条件を揃えて 6,000、

12,500、25,000、50,000 細胞/10 μl の 4 条件

にて計測を行ったところ、12,500 細胞/10 μl

以下では平均発火頻度および活性化電極数

のいずれもほとんど増加しなかった。

25,000細胞/10 μlの条件では、50,000細胞/10 

μl の条件と比較して、平均発火頻度の増加

が緩やかであり、また最高値も低かった（図

3A）。活性化電極数については、50,000 細

胞/10 μl では 16 電極全てが活性化する一方

で、25,000 細胞/10 μl では最高で 12～14 電

極が活性化した（図 3B）。細胞数を増やす

ことで 16 電極全てを確実に覆うことが可

能になるものと考察される。以上より、細

胞播種密度は、50,000 細胞/10 μl が妥当との

結論に至った。 

4. AraC の添加 

神経細胞単離の際、グリア細胞の混入は

避けられない。また、培養によりグリア細

胞は増殖するため、グリア細胞の割合によ

って化学物質に対する応答も異なる可能性

が考えられる。 

そこで、グリア細胞の増殖による神経ネ

ットワーク形成への影響を検討するため、

グリア細胞の増殖抑制剤である 0.5 μM 

AraCを培養開始 5日目に添加し 7日目に除

去する群（0.5 AraC）と AraC を添加しない

群（0 AraC）の 2 群について比較した。そ

の結果、0 AraC および 0.5 AraC のいずれに

おいても培養開始 7 日後から急激な平均発

火頻度の上昇が観察された（図 4A）。平均

発火頻度の最高値は 0 AraC の方が高かっ

た。これは、グリア細胞の増殖が抑制され

なかったことにより、神経細胞間のネット

ワーク形成が亢進した可能性が考えられた。

両群で活性化電極数の経時的変化に大きな

差はなく（図 4B）、いずれの群においても

培養開始 12～19 日目において平均発火頻

度の値が安定していたことから、化学物質

の急性投与実験を行うタイミングとしては、

培養開始 16 日目が最適だと考えられる。 

培地を全量交換ではなく半量るいは 1/3

量で交換することで AraC の濃度を徐々に

薄くしていく方法もある。しかし、Maestro

プレートはウェル間で培地の蒸発量が異な

っていることから、AraC の濃度を徐々に薄

める方法では、同一の条件とはなり得ない。

従って今回は培養 7 日目に AraC を培地の

全量交換によって除去した。神経細胞の単

離（ロット）ごとにどの程度グリア細胞が

混入しているかは不明であることから、

AraC 非添加の場合にグリア細胞と神経細

胞の割合がどの程度なのかは全く予想でき

ない。AraC の添加によってグリア細胞の増

殖がある程度抑制されれば、培養期間を通

じてのグリア細胞が混入している割合はそ

れほど大きくばらつかないのではないかと

考えられる。現段階では、定量的にどちら

が最良か判断できないため、引き続き条件
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検討を続けることが必要である。 

5. 培地交換量 

本研究では、最大で 28 日間の培養を行う

が、その間 3 日あるいは 4 日おきに培地交

換を行う。その際、ウェル中のすべての培

地を除去して新たに培地を添加すると、細

胞が乾燥してしまい結果に影響することが

予想された。そこで、培地交換の量を半量

あるいは全量の 2 条件について検討を行っ

た。その結果、0 AraC の半量交換が全量交

換に比べて顕著に高い平均発火頻度だった

が、0.5 AraC では半量交換と全量交換に大

きな差はなかった（図 5A）。活性化電極数

にも半量交換と全量交換で大きな差はなか

った（図 5B）。 

3 日あるいは 4 日おきに培地交換を行う

と、インキュベーター内の湿度が十分であ

っても各ウェルより培地が蒸発していく。

しかもウェルごとに蒸発量が異なるため培

地量を一定に保つことが困難だと考えられ

る。0.5 AraC の場合、半量交換と全量交換

で大差なかったことから全量交換によって

毎回ウェル中の培地を一定量に保つことが

最適だと考えられる。 

6. 急性投与の投与操作の検討 

上述したように、化学物質の急性投与実

験を行うタイミングとしては、培養開始 16

日目付近が最適だと考えられる。急性投与

実験では、化学物質の投与前後でのパラメ

ーターの比較を行うことから、化学物質に

よる作用のみを抽出する必要があり、溶媒

や投与操作によるパラメーター変動は避け

たい。そこで、溶媒に最も多く用いられる

培地と DMSO に関して、投与操作の検討を

行った。DMSO の最終濃度を 0.1%に抑えた

いため、500 μl の培地に対して 5% DMSO

を 10 μl 投与した。 

10 μl の培地および DMSO を 1 ショット

で投与した場合、培地では平均発火頻度の

大きな変化は観察されなかったものの、

DMSOの投与により平均発火頻度の値が大

きく変化し時にはまったくスパイクが観察

されない時間帯もあった（図 6）。これは高

濃度の DMSO が神経細胞に対して直接作

用したためだと考えられる。次に高濃度の

DMSOが細胞に直接作用することを避ける

ため、以下の 4 つの投与方法を検討した。

①10 μl の 5% DMSOを 1ショットではなく、

ゆっくりと時間をかけてウェル中に投与、

②96ウェルプレートに配置した 10 μlの 5% 

DMSOに細胞を培養している実際のマエス

トロプレートのウェルから培地を 50 μl 抜

いて混合し、元のウェルに戻す方法、③②

における培地量を 100 μl にした方法、④②

における培地量を 200 μl にした方法。①は

1 ショットで投与した場合と同じように、

平均発火頻度が大きく変動した（図 7A）。

②では添加直後に平均発火頻度がゼロとな

る時間帯も観察された（図 7B）。③④はウ

ェルに投与する DMSO の濃度が大幅に薄

くなっていることから、投与による影響は

ほぼ消失した（図 7B-D）。以上より 100 μl

以上の培地と 5% DMSO を混合し、ウェル

に投与することが最適だと考えられる。 

7. その他 

上記の条件検討を行うにあたり非常に役

立ったのが、米国環境保護庁（EPA）の

Timothy J Shafer教授との共同研究体制であ

る。EPA を訪問し、実際に作業を行ってい

る実験補助の方を交えて直接話をすること

で技術的な問題が解決できるとともに、プ

ロトコルの最適化を加速することができた。

特に、プレートのコーティングおよび細胞

播種について、コーティング剤である

Laminin を培地に混合しそこに細胞を懸濁

させて播種することで、コーティング時間

の短縮と電極上への確実な細胞播種を実現

することができ、再現性が飛躍的に向上し

た。また、HESI（Health and Environmental 

Sciences Institute）の NeuTox サブチームに

も参加し、プレバリデーションに関する議

論を進めている。 

 

D. 考察 

本研究では、神経ネットワーク形成過程

およびネットワーク形成後の化学物質の毒

性評価系の開発を目指し、プレートのコー

ティング方法、播種細胞密度、AraC の添加、

培地交換の量について検証を行った。その

結果、最適だと考えられる条件が選択でき、

より高い再現性が得られた。今後、化学物

質の毒性評価に望む予定である。また、化

学物質の投与方法についても溶媒である

DMSO を用いて検証した。DMSO を 10 倍

に薄めて投与する方法は測定パラメーター

へ影響を与えないことから、今後の化学物

質を評価する際の投与方法については、上

記方法を採用することとした。今年度開発

した評価法をもとに、性・陰性対照物質の

発達神経毒性に対する影響を効率よく評価
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する予定である。 

 

E. 結論 

海馬ニューロンを用いて神経ネットワー

ク形成過程およびネットワーク形成後の化

学物質の毒性評価系の開発を行い、再現性

が高く最適な評価系を構築した。また、対

照物質の投与方法についても適切な方法を

見出した。 

 

F. 研究発表 

1. 論文発表 

[1] Yamada S., Kubo Y., Yamazaki D., Sekino 

Y. and Kanda Y. “Chlorpyrifos inhibits 

neural induction via Mfn1-mediated 

mitochondrial dysfunction in human 

induced pluripotent stem cells.” Sci. Rep. 

(2017) 7:40925 

 

2. 学会発表 

[1] Yasunari Kanda, Shigeru Yamada, Naoya 

Hirata, Daiju Yamazaki, and Yuko Sekino. 

Role of mitochondrial dynamics in neural 

toxicity assessment in human iPS cells. 5th 

Annual Meeting of the American Society 

for Cellular and Computational 

Toxicology. US EPA Building Research 

Triangle Park, NC. 2016.9.29-30 

 

G. 知的財産権の出願・登録状況 

なし 
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図 1 神経細胞を用いた多点電極システムについて 

A. 各ウェルに 16個の電極が埋め込まれている 48ウェルプレートに対して凍結ラット胎仔海

馬神経細胞を 1 ウェルあたり 50,000 細胞を播種・培養し、 Axion 社製多点電極システムに設

置し、神経活動を記録する。神経活動（スパイク）がアクティビティマップとして疑似カラ

ー表示される。B. 1 電極ごとに電位シグナルが検出され、検出閾値よりも大きなシグナルは

ラスタープロットとして表示される。ラスタープロット 1 本 1 本はスパイクを表しており、

スパイクがまとまって発生した場合にはバーストと呼ばれる。C. 1 ウェル（16 電極）のラス

タープロット。同期したスパイクをネットワークスパイクと呼ぶ。白のラスタープロットは

単一のスパイク、赤のラスタープロットはバーストを表している。 

 

表 1 細胞融解時の生存率について 

回数 生細胞数 死細胞数 生存率（%） 総細胞数 

1 0.86 x 106 0.66 x 106 56.6 1.52 x 106 

2 0.73 x 106 0.85 x 106 46.2 1.58 x 106 

3 0.9 x 106 0.7 x 106 56.3 1.60 x 106 

4 1.05 x 106 0.9 x 106 53.8 1.95 x 106 

5 2.2 x 106 2.2 x 106 50.0 4.4 x 106 

6 1.9 x 106 2.1 x 106 47.5 4.0 x 106 

7 0.78 x 106 0.69 x 106 53.1 1.47 x 106 

8 1.56 x 106 0.78 x106 66.7 2.34 x106 

9 0.53 x 106 0.68 x 106 43.4 1.21 x 106 

10 0.81 x 106 0.54 x 106 60.0 1.35 x 106 

11 1.8 x 106 1.35 x106 57.1 3.15 x 106 

12 1.13 x 106 0.95 x 106 54.3 2.08 x 106 

13 0.81 x 106 0.66 x 106 55.1 1.47 x106 

14 0.98 x 106 0.68 x 106 59.1 1.65 x106 

15 0.80 x 106 0.72 x 106 52.3 1.52 x106 

平均   54.1  
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図 2 コーティング後の保存期間の検討 

マエストロプレートに対して 0.1% PEI コーティングを行った後、1 日（1 day）あるいは 3 週

間（3 weeks）後に細胞を播種し、28 日後まで計測を行った。AraC を適用しない場合（上段）

には、3 weeks に比べて 1 day の方が平均発火頻度は高値であった。一方で、0.5 μM AraC の

適用（下段）では、1 day および 3 weeks に大きな差はなかったものの、コーティングから時

間が経過すると、若干低い平均発火頻度で推移する傾向があった。 
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図 3 播種細胞密度の検討 

播種細胞密度について 6,000、12,500、25,000、50,000 細胞/10 μl で検討を行った。0 μM AraC

（左）および 0.5 μM AraC（右）を適用した際の平均発火頻度（A）および活性化電極数（B）

について 28 日まで計測した。6,000 細胞/10 μl および 12,500 細胞/10 μl では、培養期間が 9 日

を過ぎたところで平均発火頻度が上昇せず、28 日目まで低値であった。活性化電極数も 12,500

細胞/10 μl や 25,000 細胞/10 μl ではほとんどの電極が活性化しなかった。25,000 細胞/10 μl で

は、50,000 細胞/10 μl に比べてわずかに遅れて平均発火頻度が上昇したものの、すべての電極

が活性化しなかったことから全電極を覆うことができないものと考えられる。 
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図 4 AraC 濃度の検討 

Day 5 から Day 7 の 3 日間に培地に AraC を加えるかどうかの検討を行った。0 μM AraC（左）

および 0.5 μM AraC（右）を適用した際の平均発火頻度（A）および活性化電極数（B）につ

いて 28 日まで計測した。それぞれ同一ロット、同一条件にて 3 回行った結果を示した。AraC

の添加、非添加のいずれにおいても平均発火頻度は Day 7 あるいは Day 9 から上昇し、一部

を除いて Day 21 あたりから下降を始めた。活性化電極数については、いずれも Day 12 では

最大値まで到達し、Day 19 まではそれを維持した。 
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図 5 培地交換量の検討 

3 日あるいは 4 日おきに実施している培地交換に関して、交換する培地の量を全量（緑）あ

るいは半量（黄色）か検討を行った。0 μM AraC（左）および 0.5 μM AraC（右）を適用した

際の平均発火頻度（A）および活性化電極数（B）について 28 日まで計測した。平均発火頻

度については、0 μM AraC の半量交換を除いて他の 3 条件はほぼ同じような値で変化した。

活性化電極数についても 0 μM AraC の半量交換のみ最大値に到達しなかった。半量交換の条

件では、培養期間後半の Day 23 あたりから活性化電極数の下降が目立った。 
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図 6 投与方法に関する検討 1 

化学物質の投与方法に関する検討。およそ 30 分間の測定後に 10 μl の medium（上段）および

5% DMSO（下段）を 1 ショットでウェル中に投与し、その後 60 分間平均発火頻度を記録し

た。1 分間ごとの総平均発火頻度をプロットした。緑色の点線がそれぞれ投与したタイミン

グである。Medium を投与した細胞は培養 26 日目、DMSO を投与した細胞は培養 16 日目で

ある。Medium の投与では、平均発火頻度に大きな乱れは観察されなかったが、5% DMSO の

投与によって急激な平均発火頻度の下降が観察され、その後 30 分間元の値に戻らなかった。 
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図 7 投与方法に関する検討 2 

化学物質の投与方法に関する検討。およそ 30 分間の測定後に 5% DMSO をウェルにゆっくり

と添加（A）、96 ウェルプレートに分注した 10 μl の 5% DMSO に記録するウェルから 50 μl

の培地を抜いて混合しその混合液を記録するウェルに添加（B）、96 ウェルプレートに分注し

た 10 μlの 5% DMSOに記録するウェルから 100 μlの培地を抜いて混合しその混合液を記録す

るウェルに添加（C）および 96 ウェルプレートに分注した 10 μl の 5% DMSO に記録するウェ

ルから 200 μl の培地を抜いて混合しその混合液を記録するウェルに添加（D）した。添加の

後 60 分間平均発火頻度を記録した。1 分間ごとの総平均発火頻度をプロットした。緑色の点

線がそれぞれ投与したタイミングである。100 μl 以上の培地に 5% DMSO を混合した場合に

添加による影響が観察されなくなった。 
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厚生労働科学研究費補助金（化学物質リスク研究事業） 

分担研究報告書 

生後小脳の神経回路の機能的影響による評価法の開発 

研究分担者 豊橋技術科学大学 環境・生命工学系 

吉田 祥子 

研究協力者 国立医薬品食品衛生研究所 薬理部長 

関野 祐子 

要旨 

本年度は、化学物質に対して感受性の高いラット小脳皮質を用いて、化

学物質曝露による神経突起進展、神経回路形成への影響を検討し、最も適

切な定量化方法を決定することを目的として実施した。ヒト自閉症誘発が

報告されているバルプロ酸、およびクロルピリホスに加え，同様の薬理作

用機序が考えられる SAHA、MS-275、環境毒性物質の有機スズについて、

神経細胞レベルおよび小脳組織レベルでの変化を観察し、定量化を試みた。

さらにバルプロ酸について、投与時期と投与濃度を変化させその効果を検

討した。本年度は、化学物質投与による神経伸長変化の定量化、小脳虫部

第一裂の過剰な褶曲の定量化、行動観察の定量化を行った。その結果、遅

発性神経毒性が考えられる化学物質であるバルプロ酸、クロルピリホスが、

生後の神経回路発達の変化を小脳神経細胞の突起伸展と小脳構造の変化、

動物の行動変化を引き起こすことを定量的に示した。これにより投与量依

存性、投与時期依存性が明瞭になり、さらに遺伝子レベル、たんぱく質レ

ベルでの発達期神経毒性の定量化につなげることが期待される。 

A. 研究目的 

 ヒト自閉症誘発が報告されているバルプ

ロ酸（VPA）、VPA と同様にヒストン脱アセ

チル化酵素（HDAC）阻害剤であるスベロイ

ルアニリドヒドロキサム酸（SAHA）、MS-275、

ヒト自閉症誘発が報告されているクロルピ

リホス（CPF）、および環境毒性物質のトリ

ブチルスズ（TBT）投与による小脳発達への

影響を、免疫組織化学的手法による神経の形

態的変化、およびヘマトキシリン−エオシン

染色（HE 染色）による小脳虫部全体の構造

変化を観察した。さらに個体の行動に及ぼす

変化を確認するために、発達期個体の行動観

察を行った。 

B. 研究方法 

 近年自閉症の変異部位であることが報

告されている小脳を研究試料として用いた。

各化学物質を妊娠動物に投与し、出生動物の

小脳を摘出してその効果を観察した。妊娠

16 日のラットに、600 mg/kg の VPA（経口）、

50 mg/kg の SAHA（腹腔内）、4 mg/kg の

MS-275（経口）、10 mg/kg の CPF（経口）、

20 mg/kg の TBT（経口）をそれぞれ投与し

た。VPA については、妊娠 14 日、18 日にそ

れぞれ 600 mg/kgの投与することを試験した。

また，妊娠 16 日に 200 mg/kg、300 mg/kg、

400  mg/kg の VPA 投与を試験した。 

 各投与動物を生後２から３週で灌流固定

後、小脳虫部の矢状面スライスを調整し、抗

カルビンジン抗体による蛍光染色を行った。

さらにスライス全体を HE 染色し、皮質層の

変化を観察した。また各投与動物の任意に選

んだ 3 匹について、生後 4 日から 10 日にか

けて、温度維持した明環境下での 3 分間の自

由行動の観察を行った。 

 抗カルビンジン抗体染色によってプルキ

ンエ細胞の樹状突起長を測定し，化学物質投

与による神経伸長変化の定量化を行った。 

 小脳虫部スライスの第 V/VI 小葉間にある

primary fissure（第一裂）について、プルキン

エ層の長さと裂の深さの比を計算し、投与動
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物と対照動物を比較して化学物質投与の影

響の定量化を行った。 

 行動観察では，震えのような不随意運動の

出現率を計測し、定量化を行った。 

 

C. 研究結果 

 VPA投与動物、SAHA投与動物では,プルキ

ンエ細胞の樹状突起伸長が対照動物より早

く著しく、生後2週で1.6倍、生後3週でも1.3

倍の伸長を示した。この現象はCPF投与動物

でも観察されるが、MS-275投与動物、TBT

投与動物では観察されなかった（図1、図2）。 

 VPA投与動物では、小脳虫部第一裂に過剰

な褶曲ができることが観察された。これによ

り、プルキンエ層が長くなり，対照動物より

も1.2倍のプルキンエ層を持つに至った。こ

の変化はCPF投与動物でも観察され、1.05倍

のプルキンエ層を示した。一方MS-275、TBT

投与動物では観察されず、神経突起伸展異常

と同様の傾向を示した。妊娠14日にVPAを投

与した動物では1.25倍のプルキンエ層が観

察されたが、妊娠18日投与動物は対照動物と

差を示さなかった。この変化はVPAの投与量

に正の相関を示した（図3、図4）。 

 行動観察の結果、VPA投与動物では,P4で

多くの不随意運動を確認したが、成長するに

つれて減少する傾向にあった。SAHA投与動

物では,対照動物やVPA投与動物と比較して

多くの不随意運動を確認し、且つP4～P8にか

け増加する傾向が見られた。MS-275投与動

物では対照動物より若干の不随意運動の増

加が確認されたが,著しい変化は確認できな

かった。TBT投与動物では,対照動物と比較し

て多くの不随意運動を確認することができ

た。また, P4～P7にかけて不随意運動が増加

する傾向にあった（図5）。 

 

D. 考察 

今回提案した小脳変化の定量法によって、

自閉症誘発が疑われる化学物質の神経毒性

の定量化の可能性を示した。小脳の広い範囲

に及ぶ変異は、SHH 遺伝子の発現変異や発

生制御たんぱく質、神経栄養因子などの発現

変異を示唆しているものと考えられる。動物

を用いた試験法から得られた神経回路レベ

ル、行動レベルでの変化を細胞レベルの変化

につなげて行くことが必要であると考えら

れる。 

 

 

E. 結論 

本研究において、遅発性神経毒性が考えら

れる化学物質であるバルプロ酸、クロルピリ

ホスを胎生期の動物に投与し、生後の神経回

路発達の変化を小脳神経細胞の突起伸展と

小脳構造の変化、動物の行動変化から定量化

して示した。定量化により投与量依存性、投

与時期依存性が明瞭になり、さらに遺伝子レ

ベル、たんぱく質レベルでの発達期神経毒性

の定量化につなげることが期待される。 

 

F. 研究発表 

1. 論文発表 

[1] Mabuchi H., Ong HY., Watanabe K., 

Yoshida S. and Hozumi N. “Visualization of 

Spatially Distributed Bioactive Molecules 

Using Enzyme-Linked Photo Assay.” IEEJ 

Transactions on Fundamentals and 

Materials, (2016) Vol.136, No.2, pp.99-104 
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(Bar = 100μm) 

(a) WT P12                        (b) P13 VPA                   (c) P14 SAHA 

 

 

 

 

 

 

 

 

(d) P14 MS-275                     (e) P14 TBT                   (d) P12 CPF 

 

 

図 1 各種物質投与動物の小脳プルキンエ細胞。抗 Calbindin D-28k 抗体染色。 

WT:対照動物、VPA:バルプロ酸投与動物、SAHA: スベロイルアニリドヒドロキサム酸投与動

物、MS-275:MS-275 投与動物、TBT:トリブチルスズ投与動物、CPF:クロルピリフォス投与動

物のそれぞれ小脳。 

VPA 投与動物、および SAHA 投与動物では、細胞体が一列に並ばず，樹状突起の乱れが観察

された。 

Cal 

ML        PL 

Cal Cal 

Cal Cal Cal 
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図 2 各種物質投与動物の生後 21 日における小脳プルキンエ細胞樹状突起の長さ 

WT:対照動物、VPA:バルプロ酸投与動物、Bu-1、Bu-2、Bu-3、OT:VPA 投与動物にブメタニド

(Bu)またはオキシトシン(OT)を追加投与した動物 

 

生後 21 日では、バルプロ酸投与動物に著しい樹状突起伸長が観察された。これらの伸長は、

ブメタニド，またはオキシトシンの追加投与で改善された。 
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生後 16 日 対照動物小脳 

 

 VPA 200 ㎎/kg 投与動物小脳 (P15)  

 

 VPA 400 ㎎/kg 投与動物小脳 (P16) 

 

 VPA 600 ㎎/kg 投与動物小脳 (P16)  

 

図 3 各条件で VPA を投与した動物の小脳虫部の褶曲構造の変化 
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(a) 

 
 

(b) 

 
 
 

図 4 VPA の投与濃度(a)、投与時期(b)による小脳虫部の褶曲度の変化 
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(a) 

 
(b) 

 
(c) 

 

図 5 VPA,CPF,TBT,MS-275 投与動物の生後１０日程度の不随意運動の発生頻度 

(a)VPA は対照動物よりも早く不随意運動の低下が見られる。 

(b)TBT や MS-275 ではむしろ遅くなる。 

(c)運動の頻度変化をしめす。 
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厚生労働科学研究費補助金（化学物質リスク研究事業） 

分担研究報告書 

 

幼若期海馬の神経回路機能による評価法の開発 

研究分担者     産業医科大学 産業生態科学研究所 教授 

上野 晋 

研究協力者     産業医科大学 産業保健学部 講師  

笛田由紀子 

研究協力者     豊橋技術科学大学 環境・生命工学系 講師  

吉田祥子 

 

要旨 

本研究班が提案してきた遅発性神経毒性試験手法の妥当性を調べる目的

で、産業化学物質 1-ブロモプロパン（1BP）を対象として検討した。1BP で

は生殖毒性や神経毒性などが報告されているが、発達神経毒性は不明であり、

ヒトにおける事例も報告されていない。そこで妊娠ラットに対して 1BP の吸

入曝露を行い、産まれた仔ラットの授乳期である 2 週齢、離乳後である 5 週

齢、性成熟後の 8 週齢および 13 週齢にわたって、海馬の神経回路機能を検

討した。その結果、1BP 胎生期曝露により 2 週齢で神経回路機能の興奮性が

亢進することが認められた。このことから、バルプロ酸の胎生期曝露と同様

に、1BP 胎生期曝露も神経発達期において神経回路興奮性の亢進をもたらす

ことが判明した。一方、8 週齢および 13 週令において、海馬神経回路におけ

る抑制系回路の指標となるフィードバック抑制が減弱することが認められ、

性成熟後では抑制系回路機能の減弱によって神経回路興奮性が変化する可

能性が示唆された。以上の結果から 1BP は遅延性発達神経毒性を有する可能

性が示唆され、産業化学物質についても生後早期の海馬神経回路機能の評価

が発達神経毒性の評価指標として有用となる可能性が確認された。 

 

 

A．研究目的 

我々はこれまでに胎生期・神経発達期の化

学物質曝露に起因する生後の遅発性神経毒

性を評価する in vitro 試験法の開発を目指し、

作用の異なる神経毒性物質（自閉症モデル動

物作製に用いられるバルプロ酸、内分泌かく

乱作用を示す有機スズ化合物、有機リン系農

薬の一つであるクロルピリホス）を用いて、

海馬神経回路機能の変化の有無を指標とし

た発達期の神経毒性評価を行ってきた。この

知見をもとに、本申請課題の初年度、当分担

研究班では発達神経毒性が不明な産業化学

物質 1-ブロモプロパン（1BP）を用い、妊娠

ラットに吸入曝露して産まれた仔ラットの

脳スライス標本を採取し、授乳期、離乳後、

性成熟後の神経回路異常の有無について電

気生理学的手法による検証を行った。 

 

 

 

B．研究方法 

1．1BP の吸入曝露（研究協力者 笛田由紀

子） 

Wistar 系妊娠ラット（株式会社九動より購

入）に対して、曝露チャンバー内で 1BP を

濃度 200、400、700 ppm で 1 日 6 時間、妊娠

1～20 日目まで 20 日間の反復吸入曝露を行

った。対照群には同様のチャンバーで新鮮空

気を供与した。 

2．体重測定（研究協力者 笛田由紀子） 

仔ラットの体重は毒性を評価する最も簡

便な指標となる。よって、授乳期である生後

2、7、14、18 日にわたって体重を測定した。 

3．電気生理学的評価のための脳スライス標

本の作製（研究協力者 笛田由紀子） 

生後 2、5、8、13 週齢の雄性仔ラットをエ

ーテルで深麻酔下断頭したのち海馬スライ

ス標本を作製した。母ラットへの吸入曝露お
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よび仔ラット出生後にスライスを作製する

時期は、バルプロ酸胎生期曝露モデルを作製

した時の実験プロトコルに順じた（図 1）。

バルプロ酸胎生期曝露モデルでは、神経回路

機能に変化が認められたのが開眼前であっ

たことから、今回の 1BP 胎生期曝露モデル

では、あらかじめ予備実験で開眼時期を検討

しており、その結果開眼時期に対する 1BP

胎生期曝露の影響は認められなかった（平均

開眼日、対照群：生後 15.6 日；700 ppm：15.7

日）。そこで、2 週齢のラットについては生

後 13、14 日齢を開眼前期、生後 15 日齢を開

眼期とする 3 種類の日齢に分けて解析した。 

4．刺激応答性とフィードバック抑制の電気

生理学的評価法（研究協力者 笛田由紀子） 

バルプロ酸胎生期曝露モデルでの検討と

同様に、刺激電極と記録電極を海馬スライス

に設置した後（図 2）、CA1 領野の錐体細胞

層からは集合スパイク電位を、シナプス層か

ら集合興奮性シナプス後電位を記録して神

経回路興奮性および興奮性シナプス強度を

評価した（図 3）。 

評価法は、まず単一の電気刺激を与えたと

きの神経細胞の応答性の発達に伴う変化を、

対照群、200 ppm 群、400 ppm 群および 700 

ppm 群に分けて解析した。 

フィードバック抑制は 2 連続刺激で誘発

される電位を用いて評価した。すなわちフィ

ードバック抑制が形成されていれば、2 回目

の応答は 1 回目の応答よりも小さくなる。つ

まり、2 回目の応答の大きさを 1 回目の応答

の大きさで除した比（ペアパルス比）が 1 よ

りも小さい値となる。この解析手法により、

ペアパルス比が 1 よりも小さい場合では、抑

制系の強さを簡便にかつ定量的に評価でき

る。 

さらに離乳後の仔ラットを用いて、成長に

伴う 1BP 胎生期曝露による影響の出現につ

いても検討することとしたが、この検討には

対照群と 700 ppm 群での比較を行った。 

 

（倫理面への配慮） 

本研究の遂行にあたっては、産業医科大学

に定められた、関係する遵守すべき指針等を

把握して、十分な管理体制のもと、倫理面に

万全の配慮をしながらそれぞれの研究が進

められた。 

 

 

 

C．研究結果 

これまで検討してきたバルプロ酸の胎生

期曝露による神経発達への影響と類似して、

1BP の胎生期曝露でも、神経回路の刺激応答

性の亢進（図 4）と興奮性シナプス強度の増

強（図 5）が開眼前期である生後 14 日齢で

認められた。 

授乳期のラットの体重増加については、出

産時は対照群と 700 ppm 群で有意差が認め

られないものの、生後 18 日齢までの評価に

よって 1割程度の体重増加抑制が 700 ppm群

で見られた（図 6）。 

離乳後 5 週齢の単一刺激への神経細胞の

応答については、対照群と 700 ppm 群に有意

差は認められず（図 7）、性成熟後の 8、13

週齢においても 1BP 胎生期曝露の影響は認

められなかった。 

しかしながら、2 連続刺激による誘発電位

の変化については、性成熟後でも 1BP 胎生

期曝露の影響が認められた（図 8）。対照群

では、授乳期ではペアパルス比が約 2.0 とな

る、いわゆる促通効果が認められたが、離乳

後（5 週齢以降）にはペアパルス比は著しく

小さい値となりフィードバック抑制が形成

されていることが認められた。一方、700 ppm

群ではすでに授乳期において、軽度ではある

もののフィードバック抑制（ペアパルス比

<1.0）が認められた。5 週齢では対照群と同

程度のペアパルス比を示したが、8週齢以降、

すなわち性成熟後のペアパルス比は対照群

と比較して有意に大きく、フィードバック抑

制が減弱していることが判明した。 

 

D．考察 

産業化学物質 1BP の胎生期曝露ラットに

おいて、バルプロ酸の胎生期曝露ラットで見

出した現象と類似した、生後 2 週齢、特に開

眼前期での海馬神経回路興奮性の亢進が認

められた。このことから、1BP も発達神経毒

性を有する化学物質である可能性が示唆さ

れる。しかしながら 1BP の胎生期曝露ラッ

トが離乳後あるいは性成熟後にバルプロ酸

胎生期曝露ラット、すなわち自閉症モデルラ

ットと類似した社会行動異常を示すかは今

後の検討課題として、本研究では電気生理学

的手法による神経回路興奮性のみを指標と

して性成熟後まで検討した。その結果、700 

ppm 群では、対照群に比べてフィードバッ

ク抑制が有意に減弱することが判明した。フ

ィードバック抑制の減弱は神経回路興奮性
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の変化を示す素因となり得ることがヒトや

てんかんモデル動物において示されている。

本研究は動物実験ではあるが、妊娠ラットに

吸入曝露させた 1BP が、成長後の仔ラット

脳の神経回路興奮性に影響を及ぼすという

発達神経毒性を有する可能性を示唆するも

のである。さらにこの 1BP がもたらす遅発

性神経毒性が、本研究で用いた我々の発達神

経毒性評価法により、授乳期に予測できる可

能性が示唆された。 

1BP については日本産業衛生学会許容濃

度等委員会より許容濃度（0.5ppm）がすでに

勧告されているものの、その提案理由の中に

発達神経毒性はもとより発達毒性も考慮さ

れていない。一方、米国産業衛生専門家会議

（ACGIH）が設定した許容濃度（0.1ppm）

には、ヒトの事例は認められないものの動物

実験データに基づく発達毒性は考慮されて

いるが、発達神経毒性については検討されて

いない。また母性保護のために、生殖機能な

どに有害な化学物質が発散する場所での女

性労働者の就業を禁止する「女性労働基準規

則（女性則）」において、現在対象となって

いるのはわずか 25 物質に留まっている。日

本の労働現場で取り扱われている化学物質

は約 60,000 種類あり、毎年約 1,200 物質は新

規に届出がなされている。発達毒性あるいは

発達神経毒性を有する化学物質は女性則の

対象物質になり得ると考えられるが、これら

毒性の情報あるいは評価が十分行われてい

るとは言い難い。産業化学物質の発達神経毒

性評価にも本研究で用いた評価手法が応用

できれば、個々の化学物質の許容濃度の提案、

あるいは女性則の対象物質として提案に向

けた評価などに対して、有益な情報を提供で

きることが期待される。 

今回の曝露条件については、1BP の産業現

場における曝露様式を想定して吸入曝露と

いう経路を選択し、また曝露濃度および曝露

期間については、先行研究（論文発表［1］）

の中で作製した 1BP 胎生期曝露ラットにお

ける濃度を最高濃度としてさらに濃度を低

く設定した。また妊娠した女性の就業を模し

て曝露期間は 20 日間を選択した。バルプロ

酸や有機スズ化合物の評価を行った時のよ

うに妊娠後期における単回曝露という様式

でも産業化学物質が評価できるかどうかは

今後の検討課題である。 

また、授乳期の神経回路興奮性の亢進には

抑制性神経伝達物質 GABA のトランスポー

ターの分布が関連している可能性を研究協

力者の笛田と吉田が見出しており、現在その

詳細について検討中である。 

 

E. 結論 

発達神経毒性の詳細が不明であった産業

化学物質である 1BPについて検討した結果、

胎生期曝露によって神経回路興奮性の亢進

をもたらすことから、1BP が発達神経毒性を

有する可能性が示唆された。 
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図 1 海馬スライスを用いた電気生理学的手法による発達神経毒性評価のためのプロトコル 

ラットの妊娠期 1-20 日の 20 日間、産業化学物質 1BP を吸入曝露した。開眼前の生後 13、14

日および開眼が始まる生後 15 日の 3 日間に、連続して海馬スライス標本を作製して発達神経

毒性の評価を行った。  
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実体顕微鏡下に観察される海馬スライスと
2本の記録電極と刺激電極（緑）

500 m

図 2 発達神経毒性評価法のための海馬スライスを用いた電気生理学的手法 

上図：海馬スライスにおける双極性電気刺激電極の位置と 2 つの記録用ガラス微小電極を示

す。下図：実体顕微鏡下に撮影した生の海馬スライスと、刺激電極（左）および記録用ガラ

ス微小電極（左）の配置。 
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図 3 発達神経毒性評価の指標とする集合スパイク電位(PS)の振幅～回路興奮性を反映～と

集合興奮性シナプス後電位の傾き(fEPSP slope)～興奮性シナプス強度を反映～の計測方法 
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図 4 妊娠 1 日目から 20 日目まで 1BP を吸入曝露した母ラットから生まれた仔ラットの海

馬 CA1 領野における電気刺激に対する集合スパイク電位の大きさ 

吸入曝露濃度は、0（対照群）、200、400、700 ppm とした。刺激電極は CA1 領野への入力シ

ナプスのある放線状層に置き、記録用微小電極は錐体細胞層に置いた。電気刺激の強度は 10、

200、400、600 μA に設定した。曝露濃度 400 ppm 群および 700 ppm 群で、開眼前の PND14

において刺激応答性の亢進が認められた。データは平均値±SEM で表している。 
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図 5 妊娠 1 日目から 20 日目まで 1BP を吸入曝露した母ラットから生まれた仔ラットの海

馬 CA1 領野における電気刺激に対する興奮性シナプス強度の変化 

図 4 において、対照群と比べて集合スパイク電位の振幅が亢進していた、400、700 ppm 曝露

群について解析した。400 ppm 群と 700 ppm 群において、集合スパイク電位の亢進と同様に、

開眼前の PND14 において興奮性シナプス強度の増強が認められた。*p<0.05, repeated measure 

ANOVA 

刺激電極と記録用微小電極は CA1 領野への入力シナプスのある放線状層においた。データは

平均値±SEM で表している。 
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図 6 妊娠期に 20 日間 1BP を吸入曝露した母ラットから生まれた仔ラットの授乳期の体重

変化 

対照群と比較して、700 ppm 群では生後 2 日目では有意差が認められなかったものの、生後 7

日から 18 日までの計測において体重増加の有意な抑制が認められた。データは平均値±SD

で表している。**p<0.01, Student’s t-test 
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図 7 妊娠期に 1BP を吸入曝露した母ラットから生まれた雄性仔ラットの 5 週齢における海

馬 CA1 領野の刺激応答性 

集合スパイク電位の振幅、集合興奮性シナプス後電位の傾きのいずれにおいても、対照群と

700 ppm 群との間に有意差は認められなかった。(PS amplitude: p=0.52; fEPSP slope: p=0.22, 

repeated measure ANOVA) 
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図 8 妊娠期に 1BP を吸入曝露した母ラットから生まれた雄性仔ラットにおける海馬 CA1

領野のペアパルス比の成長に伴う変化 

対照群において、2 週齢では促通効果（ペアパルス比＞1.0）が認められたが、5，8，13 週齢

でのペアパルス比は 0.2 以下となり、著明なフィードバック抑制の形成が示唆された。これ

に対して、1BP 胎生期曝露群では、2 週齢でペアパルス比＜1.0 となり、軽度ではあるがフィ

ードバック抑制が形成されていることが判明した。さらに性成熟後の 8 週齢、13 週齢には対

照群と比べてペアパルス比が有意に増加しており、フィードバック抑制が減弱していること

が示唆された。破線はペアパルス比＝１.0 を示しており、これは 2 連続刺激に対する 2 つの

応答（誘発電位）が独立事象、すなわち 1 回目の刺激応答と 2 回目の刺激応答とが完全に独

立していることを意味する値である。 

－　51　　



厚生労働科学研究費補助金（化学物質リスク研究事業） 

分担研究報告書 

 

既存の毒性データおよびヒトデータとの検証 

研究分担者   国立研究開発法人国立成育医療研究センター研究所 

周産期病態研究部・産婦人科学 部長 

秦 健一郎 

 

要旨 

近年、妊娠中の母親の摂取栄養の程度や栄養成分の偏りが、胎児のエピ

ゲノムに影響し、生後の発育や疾患の発症に寄与するという Developmental 

Origins of Health and Disease、DOHaD という概念が提唱されており、その

メカニズムについても明らかになりつつある。本研究では動物実験を中心

に DOHaD のメカニズムについて文献調査を行った。また、ヒトのエピゲ

ノムデータに関しても調査を開始した。 

 

A．研究目的 

出生前後の環境が数十年後の疾患発症に

関連していることが、疫学研究により明確に

示されている。この現象を司る分子機構の一

つとして、エピジェネティックな制御が示唆

されており、それを裏付けるデータも集積し

てきている。これらの知見を背景に DOHaD

（ Developmental Origins of Health and 

Disease）学説が提唱され、予防医学や先制医

療の観点からも注目されている。また、この

メカニズムを介して疾患発症を引き起こす

出生前後の環境要因についても、栄養環境だ

けではなく、様々な要因の関与が示唆されて

いる。本研究では、DOHaD のメカニズム解

明を目的に行われたこれまでの動物実験の

報告より、とくに化学物質の影響に着目した

報告を取りまとめることを目的とした。さら

に、ヒトを対象とした研究で報告されている、

児のエピゲノムに影響を及ぼす出生前後の

環境要因についてこれまで明らかになって

いるものを整理する目的で文献調査を行っ

た。 

 

B．研究方法 

DOHaD 学説をもとに、動物実験によりメ

カニズムの解析を行っている文献を調査し

た。同じく、同学説に基づきヒトのエピゲノ

ムデータを解析している文献についても調

査研究を行った。 

 

C．研究結果 

エピゲノムすなわちエピジェネティックな

情報とは、ゲノムを変化させずにはたらきを

決め、しかもゲノム（DNA の塩基配列）を

介さないにもかかわらず「遺伝」する情報の

ことである。エピゲノムを担う代表的な分子

的実体として、ヒストンのメチル化・アセチ

ル化や、DNA のシトシンのメチル化が挙げ

られる。哺乳類の初期発生時には特に、これ

らのエピゲノムがダイナミックに変化して

消去と再構築されることが知られている。具

体的には、受精直後に精子由来のメチル化は

速やかに消去され（能動的脱メチル化）、卵

子由来のメチル化はそれに遅れ、DNA 複製

依存的に維持されずに失われていく（受動的

脱メチル化）。親由来の DNA メチル化修飾

情報はこのように、大部分が一度消去され、

その後胚盤胞期まで低メチル化状態にある。

着床後、それぞれの細胞は複数の DNA メチ

ル化酵素によって、発生段階特異的かつ組織

特異的な DNA メチル化修飾を確立する。こ

のように、受精後から発生初期に観察される

エピゲノムの初期化と再構築の時期は、可塑

性に富んでいると考えられ、この時期の環境

負荷により DNA メチル化状態の違いが生じ

れば、その違いは長期にわたりそのまま残っ

ている可能性が考えられる。もともと DNA

メチル化は、細胞が分裂しても安定して娘細

胞に情報が維持される性質を有しており、そ

のような特徴もこの可能性を支持する点で

ある。したがって、DOHaD 学説はこの時期

のエピジェネティックな制御に注目してい

る。さらに、DOHaD 学説が注目する受精時，

胎児期、新生児乳幼児期の環境には、栄養環
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境だけではなく、内分泌かく乱物質などの影

響や、喫煙や飲酒の影響、母体の精神状態に

起因する内分泌の乱れ、等も含まれる。 

（1）妊娠中の神経内分泌異常の胎児への影

響について 

妊婦の精神的ストレスが、胎児の内分泌系

にかかわる遺伝子のエピゲノム変化を誘導

する可能性は、検証数を重ねることで確実性

を増してきている。胎児の視床下部－下垂体

－副腎の神経内分泌系、いわゆる HPA axis

は、妊娠 22 週目より発達し 2 歳までの間は

可塑性があることが知られている。したがっ

て、妊娠中の母体のストレス経験が胎児の

HPA axis をプログラムし永久的にその機能

を変化させる可能性がある。Palma-Gudiel ら

による 7論文に基づく 977人の被験者のメタ

解析の結果は、妊娠中の不安状態やうつ傾向

が、児のグルココルチコイドレセプター

（GR）遺伝子プロモーター領域の DNA メチ

ル化レベルと有意に相関することを示して

いる。メタ解析で対象とした 7 論文のうち 3

論文は 136 名、25 名あるいは 74 名分の臍帯

血 DNA メチル化値を測定しており、残り 4

論文は、胎盤（482 名分）、生後 2 か月前後

の口腔粘膜（56 名分）、14 か月時前後の唾液

（181 名分）、14 歳前後の末梢血（23 名分）

を解析している（ Palma-Gudiel H et al. 

Epigenetics 2015）。この領域の DNA メチル化

が上昇していると、GR 遺伝子の発現抑制に

よるグルココルチコイド不応性、抵抗性、が

亢進するため、社会心理的ストレスに脆弱性

を示す可能性が示唆されている。 

（2）外因性内分泌かく乱物質の胎児、新生

児脳発達への影響について 

主にポリカーボネート樹脂、エポキシ樹脂

などの原料として使用され、広く環境中に存

在する合成エストロゲンのビスフェノール

A（BPA）を含み、外因性内分泌かく乱物質

である環境ホルモンなどの化学物質への暴

露が、自閉症など社会的障害に分類される神

経行動障害の発症に関与している可能性が

示唆されている。BPA はアメリカ人の 93%

の尿中で検出されており（Calafat et al. 

Environ. Health Perspect. 2008）、胎盤を通過す

ることより胎児血清や、母乳中にも検出され

る。ヒト血中レベルの BPA の妊娠期間中マ

ウスへの暴露は、出生直前（E18.5）の雌胎

仔マウスの脳内の DNA メチル化酵素 Dnmt1

とDnmt3a 量減少とグルタミン酸トランスポ

ー タ ー Slc1a1 発 現 を 上 昇 さ せ た

（Wolstenholme et al. PLoS One. 2011）。子宮

内のBPA暴露によって生後 28日目の雌仔マ

ウスの海馬 Bdnf の発現が上昇し、一方で雄

仔マウスが減少。この影響は雌雄ともに生後

60 日目まで確認され、雄マウスの発現低下

は Bdnf プロモータの高メチル化と連動して

いた。さらに、ヒトにおいても妊娠中の血中

の BPA 濃度が高かった母親から生まれた男

児の臍帯血 DNAで BDNFのメチル化が高く

なった（Kundakovic et al. Proc Natl Acad Sci 

U S A. 2014）。最近の報告では、人体に影響

はないといわれている濃度以下での動物実

験において、妊娠中の BPA 暴露が新生仔の

脳内の遺伝子発現を変化させている。影響に

性差が認められる結果は一致しており、新生

雌ラットでは、視床下部におけるエストロゲ

ンレセプターα、β の発現と、海馬と視床下

部のオキシトシンの発現が上昇していた。一

方新生雄ラットでは海馬のオキシトシンの

発現が減少していた（ Arambula et al. 

Endocrinology. 2016）。妊娠中の BPA 暴露の

影響は、孫世代の仔の行動異常にも認められ

た（Wolstenholme et al. Horm Behav. 2013）。 

（3）胎児期の外因性内分泌かく乱物質暴露

が成人期の生殖能に及ぼす影響について 

胎仔期・新生仔期の外因性内分泌かく乱物

質への暴露が精子のインプリント領域 DNA

メチル化異常を誘引し、その精子で受精した

胚は最終的に流産あるいは不妊・不育症の原

因となることが動物実験で報告されている

（Guerrero-Bosagna et al. Curr Opin Genet Dev. 

2014）。ゲノムインプリンティングは哺乳類

が進化する過程で獲得した機構と考えられ

ている。インプリンティング遺伝子とは、片

親のアレル特異的に発現する遺伝子を指し、

およそ数百個のインプリンティング遺伝子

が存在すると推測されている。片親アレル特

異的発現を制御する機構として、インプリン

ティング遺伝子の周辺領域には、片親のみで

メチル化されているゲノム領域、すなわち、

父親性あるいは母親性インプリント領域（イ

ンプリンティングの分子的実体であるイン

プリントを有する領域）が存在する。インプ

リント領域で認められる DNA メチル化は、

一般の遺伝子で認められる遺伝子の発現抑

制のみではなく発現誘導にも機能する。イン

プリンティング遺伝子は、片親のアレルのみ

から発現することで、発生段階において厳密

な発現量を保ちその機能が過剰に働くこと

を回避している。稀な先天奇形症候群である
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インプリンティング疾患は、インプリンティ

ング遺伝子にジェネティックな変異を持つ

か、インプリント領域にエピジェネティック

な変異を持つことを原因とする疾患であり、

胎児と胎盤の発生異常を特徴とすることが

知られている。これまでに、原因不明と診断

された習慣性流産を呈す父親の精子ゲノム

において H19 インプリント領域の有意な低

メチル化が報告されている。精子ゲノムの

H19 インプリント領域の低メチル化は不育

症、乏精子症、精子無力症の患者においても

認められている。 

インプリント領域の DNA メチル化は、ゲ

ノム全体のエピジェネティック情報の書き

換えが行われる初期胚発生時において、受精

直後のゲノム全体の脱メチル化から免れる

機構を持っており、母親性あるいは父親性そ

れぞれのインプリントメチル化情報が受精

後も胚組織に維持される。母親性・父親性イ

ンプリントメチル化情報はそれぞれ卵子精

子とも、生殖細胞の発生時期に確立される。

DNA メチル化修飾のない始原生殖細胞から、

雄性生殖細胞系列では胎児期にインプリン

ト領域を含めメチル化修飾がゲノムに入り、

出生前の精原細胞ではすでにゲノム全体が

高メチル化されている。一方、雌性生殖細胞

系列では、出生後の卵母細胞成長期にメチル

化修飾が入る。したがって、少なくとも精子

においては、胎児期のエピゲノム修飾獲得が

鍵となり、その修飾状態が生涯にわたり維持

され、妊孕能、胚発生・分化能に関与してい

る可能性が示唆される。父親自身の胎児期環

境が、この機構の確立に影響を及ぼし、次世

代に影響する可能性が示唆されている。 

新生仔期の BPA への暴露により、H19 イ

ンプリント領域の有意な低メチル化と遺伝

子発現異常が認められ、かつこのラットの精

子で受精した胚は着床後胚損失が生じた

（Doshi et al. Mol Biol Rep. 2013）。農業用の

防カビ剤の成分であるビンクロゾリンの胎

仔の生殖腺の性分化が行われる時期の妊娠

中雌ラットへの暴露は、胎仔の精子エピジェ

ネティック異常と精子形成細胞のアポトー

シスが 3 世代後まで遺残する（Anway et al. 

Science. 2005）。世代を超えたエピジェネティ

クス異常がいくつかのインプリント領域で

生じる一方、世代を超えるごとに徐々に正常

化する（Stouder et al. Reproduction. 2010）。ビ

ンクロゾリン暴露による精子エピジェネテ

ィックへの影響は、胎仔期の中でも始原生殖

細胞ゲノムの DNA メチル化が一度すべて消

去される時期での暴露が顕著（Skinner et al. 

PLoS ONE. 2013）であったことより、始原生

殖細胞における親由来の DNA メチル化情報

の消去が正常に行われることが生殖能力に

重要であることも示唆されている。 

（4）世代を超えて遺残する環境の影響 

環境の影響は、本人のみではなく、世代を超

えた影響がありうることと、その分子機構の

解明が、近年多数報告されている。つまりは、

ここまで述べてきた対象者の胎児期や新生

児・乳幼児期だけでなく、対象者の親が若い

頃の環境や、祖父母が経験した環境の影響に

も注目が集まっている。 

慢性的な高脂肪食下にあるオスのラットを

親とするメスは、適正な食餌を与えても糖代

謝異常と β 細胞機能不全が認められ、対照群

に比べ膵島で多くの遺伝子の発現量が異な

っており、プロモーターの DNA メチル化状

態が異なっている遺伝子も同定された(Ng  

et al. Nature 2010)。また、若い時にタンパク

質欠乏食を与えられたオスは、その後適正な

食餌を与えても、自身の仔の肝臓で代謝にか

かわる多くの遺伝子の発現が異常を呈し、脂

質代謝のマスターレギュレーターである

Ppara の DNA メチル化が異なっていた

（Carone et al. Cell 2010）。これらの報告が

2010 年に共に発表されて以来、父親の生活

環境が次世代に影響する現象とその分子機

構の解明に関する報告がこれまでに集積し

てきている。不適切な食事負荷により糖尿病

予備軍にあるマウスでは、精子の DNA メチ

ル化パターンが健常のそれと異なっており、

この異常メチル化パターンが世代を超えて

仔の膵島でも確認され、仔世代の代謝異常を

引き起こしていると報告された（Wei et al. 

Proc Natl Acad Sci U S A. 2014）。一方で、世

代を超えて食事の乱れの影響が伝わるメカ

ニズムは、DNA メチル化そのものの遺残で

はないという報告もある。解析対象となるマ

ウス（第 3 世代）の父（第 2 世代）が、父自

身の母親（すなわち解析対象から見ると祖母、

第 1 世代）の胎内にいる時期に栄養不良に曝

されると、その時期の父（第 2 世代）の生殖

細胞に DNA メチル化変化が起き、出生後も

精子メチル化パターンの変化が遺残し、その

影響が解析対象（すなわち、栄養不良だった

妊娠マウスから見ると孫、第 3 世代）の代謝

異常を引き起こしている可能性が示された

（Radford et al.  Science 2014）。この論文で
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は、父（第 2 世代）の異常精子メチル化パタ

ーンは、仔（第 3 世代）の脳と肝臓には伝わ

っておらず、直接の代謝異常の原因ではない

ことが示唆される。前述したように、胚の発

生初期には親由来のエピジェネティックな

情報は一旦消去されて再構築されるため、こ

れは理にかなっている。ところが、解析対象

マウスの体組織において異常な発現が認め

られる遺伝子は、解析対象（第 3 世代）から

見て祖母（第 1 世代）の栄養不良に伴い父（第

2 世代）の精子で観察される DNA メチル化

異常領域の近傍にある遺伝子であり、やはり

何らかの因果関係があることが強く示唆さ

れる。DNA メチル化以外の分子機構、例え

ばヒストン修飾の異常による伝達が候補に

挙げられるが、実際にヒストン修飾の乱れが

世代を超えて伝わる可能性も報告されてお

り（Siklenka et al. Science 2015）、あるいはオ

スの食環境の乱れが精子内の RNA 分子を介

した伝達をする可能性も示され（Sharma et al. 

Science 2016）、今後の研究発展が注目される。

現在のところ、これらの分子機構は動物モデ

ルにおける検証にとどまっているが、ヒトで

も同様の分子機構が存在する可能性は十分

に考えられる。 

（5）妊娠中の喫煙はヒト臍帯血の解毒や免

疫機能に関わる遺伝子（AHRR、MYO1G、

CYP1A1、CNTNAP2 など）のメチル化を変

化させ、この変化は 17 歳時点の血液中でも

継続した（Richmond et al. Hum Mol Genet. 

2015）。 

 

D．考察 

上記の調査研究により、以下のことが示唆

された。 

・胎仔期・新生仔期の環境要因の影響が出生

後も持続して認められる。 

・ヒトでも同様に、胎児期・新生児期はエピ

ゲノムがダイナミックに変化する時期であ

ると考えられ、環境の影響を受けやすい可能

性が十分に予見される。 

・発生段階の脳では、一過性の発現変化も結

果的に不可逆的な脳機能変化を引き起こし、

これは初期エピジェネティックな調節異常

が遺残するためである。 

・発生段階の脳において、外因性内分泌かく

乱物質暴露によるエピジェネティック異常

に伴う機能異常が生じる。 

・始原生殖細胞における親由来 DNA メチル

化情報の消去が正常に行われることが生殖

能力に重要である。 

・発生初期の子宮内における環境要因の影響

が、脳の発達においてエピジェネティックな

制御を介し生後遺残する可能性が示されて

いる。 

・親の生活環境が生殖細胞のエピゲノムを介

して、子に影響する可能性がある。 

・祖母の妊娠中の環境が、親が祖母の子宮内

で発生する段階で生殖細胞のエピゲノムを

変化させ、孫に影響する可能性がある。 

 

E. 結語 

調査研究により、胎児期あるいは新生児期

はエピゲノム確立に重要な時期であり、かつ、

可塑性の高い時期であるため、この時期のエ

ピゲノムは環境の影響を受けやすく、生じた

エピゲノム変化は生後長期に渡って継続し、

疾患リスクとなる可能性が示唆された。環境

因子は、生殖細胞のエピゲノムを介し、次世

代に変化を引き起こす現象も認められてお

り、生殖細胞のエピゲノム確立期、並びに成

熟生殖細胞のエピゲノムに変化を及ぼすよ

うな環境が、次世代で脳を含めた各臓器でど

のような影響を及ぼすのか解明する必要が

ある。 
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ABSTRACT — Organotin compounds, such as tributyltin (TBT), are well-known endocrine-disrupting 
chemicals (EDCs). We have recently reported that TBT induces growth arrest in the human embryonic 
carcinoma cell line NT2/D1 at nanomolar levels by inhibiting NAD+-dependent isocitrate dehydrogenase 
(NAD-IDH), which catalyzes the irreversible conversion of isocitrate to α-ketoglutarate. However, the 
molecular mechanisms by which NAD-IDH mediates TBT toxicity remain unclear. In the present study, 
we examined whether TBT at nanomolar levels affects cell cycle progression in NT2/D1 cells. Propidium 
iodide staining revealed that TBT reduced the ratio of cells in the G1 phase and increased the ratio of cells 
in the G2/M phase. TBT also reduced cell division cycle 25C (cdc25C) and cyclin B1, which are key reg-
ulators of G2/M progression. Furthermore, apigenin, an inhibitor of NAD-IDH, mimicked the effects of 
TBT. The G2/M arrest induced by TBT was abolished by NAD-IDHα knockdown. Treatment with a cell-
permeable α-ketoglutarate analogue recovered the effect of TBT, suggesting the involvement of NAD-
IDH. Taken together, our data suggest that TBT at nanomolar levels induced G2/M cell cycle arrest via 
NAD-IDH in NT2/D1 cells. Thus, cell cycle analysis in embryonic cells could be used to assess cytotox-
icity associated with nanomolar level exposure of EDCs.

Key words:  Embryonic carcinoma cells, Tributyltin, Cell cycle, Isocitrate dehydrogenase

INTRODUCTION

Organotin compounds, such as tributyltin (TBT) are 
typical environmental contaminants and are categorized 
as endocrine-disrupting chemicals (EDCs), which 
cause neurodevelopmental defects including behavioral 
abnormality and teratogenicity (Dopp et al., 2004; 
Gårdlund et al., 1991). Although the use of TBT has 
already been restricted, butyltin compounds, including 
TBT, can still be found in human blood at concentrations 
between 50 and 400 nM. There is still concern about TBT 
toxicity for human health (Whalen et al., 1999).

Several studies have revealed that TBT activates retin-
oid X receptor (RXR) and/or peroxisome proliferator-ac-
tivated receptor γ (PPARγ) (Kanayama et al., 2005). TBT 

at nanomolar levels has the ability to bind with higher 
affinity than the intrinsic ligands and these genomic tran-
scriptional activations have been reported to mediate neu-
rodevelopmental defects in Xenopus (Yu et al., 2011). In 
contrast, TBT elicits non-genomic pathway in mature rat 
neurons and brain tissues at nearly micromolar levels. For 
instance, TBT induces neuronal death by inhibiting mam-
malian target of rapamycin (mTOR) in rat cortical neu-
rons (Nakatsu et al., 2010). TBT also induces neuronal 
degeneration via the generation of reactive oxygen spe-
cies along with marked reduction of GSH/GSSG levels in 
the rat brain (Mitra et al., 2013). 

Cell stress is known to trigger a checkpoint that arrests 
cells in the G1 or G2 phase (Gabrielli et al., 2012). The 
cell cycle is tightly regulated by spatial and temporal 
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expression of cell cycle proteins and divided into p53-
dependent and p53-independent regulations (Shackelford 
et al., 1999). In the p53-independent regulations, cdc25C 
phosphatase, a mitotic inducer, plays a central role in 
G2/M phase regulation. Cdc25C activates cyclin B1/cyc-
lin-dependent kinase (Cdk) 1 complex, which triggers 
mitosis (Donzelli and Draetta, 2003) and cyclin B1 accu-
mulates during the S and G2 phases, followed by nuclear 
translocation and association with Cdk1. Protein levels of 
these cell cycle regulators are strictly regulated during cell 
cycle progression. Ultraviolet irradiation or toxic drugs 
are known to cause G2 arrest by the inactivation of cyclin 
B1/Cdk1 via p53 induction followed by the upregulation 
of p21, a Cdk inhibitor and/or cdc25C downregulation by 
degradation (Chaudhary et al., 2013; Kawabe, 2004; Nam 
et al., 2010; Ouyang et al., 2009). 

We have previously reported that nanomolar levels of 
TBT induce growth arrest of neuronal precursor NT2/D1 
cells as a model of neurodevelopmental stage (Yamada et 
al., 2013). We found that TBT causes growth arrest via 
mitochondrial NAD+-dependent isocitrate dehydrogenase 
(NAD-IDH), which catalyzes the irreversible conversion 
of isocitrate to α-ketoglutarate in the tricarboxylic acid 
(TCA) cycle (Yamada et al., 2014). Based on these obser-
vations, we hypothesized that nanomolar levels of TBT 
could also affect cell cycle progression via NAD-IDH in 
NT2/D1 cells. 

In the present study, we investigated the effect of TBT 
on cell cycle progression in NT2/D1 cells. We found that 
exposure to 100 nM TBT reduced the protein levels of 
cell cycle regulators and induced G2/M cell cycle arrest 
through an NAD-IDH-dependent mechanism. Thus, cell 
cycle regulation via NAD-IDH is a novel target of TBT-
induced toxicity in human embryonic carcinoma cells.

MATERIALS AND METHODS

Cell culture
NT2/D1 cells were obtained from the American Type 

Culture Collection (Manassas, VA, USA). The cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% fetal bovine serum (FBS; Biological 
Industries, Ashrat, Israel) and 0.05 mg/mL penicillin-
streptomycin mixture (Life Technologies, Carlsbad, CA, 
USA) at 37°C in 5% CO2.

Cell cycle analysis
The cells were trypsinized and harvested in phosphate 

buffered saline. Then the cells were resuspended in 70% 
ethanol for 30 min at -20°C. The fixed cells were collected 

by centrifugation and resuspended in propidium iodide 
(PI)/RNase Staining Buffer (BD Biosciences, San Jose, 
CA, USA) followed by incubation at room temperature for 
30 min in the dark. Cell cycle distribution was determined 
by flow cytometric analysis of the DNA content using 
the BD FACS Aria II system (BD Biosciences). Data 
were analyzed by Modfit LT 4.0 (Verity Software House,  
Topsham, ME, USA).

Real-time PCR
Total RNA was extracted from NT2/D1 cells using 

TRIzol reagent (Life Technologies), and quantitative 
real-time reverse transcription (RT)-PCR was performed 
with QuantiTect SYBR Green RT-PCR Kit (QIAGEN,  
Valencia, CA, USA) using an ABI PRISM 7900HT 
sequence detection system (Applied Biosystems, Foster 
City, CA, USA) as previously reported (Hirata et al., 2014). 
The relative change in transcript amounts was normalized to 
the expression levels of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The following primer sequences were 
used for real-time PCR analysis: human cdc25C: forward, 
5′-AGGCAGCCTTGAGTTGCATAGAGA-3′, reverse, 
5′-AGAGTTGGCTGGCTTGTGAGAAGA-3′; human cyclin 
B1: forward, 5′-CGGGAAGTCACTGGAAACAT-3′, reverse, 
5′-AAACATGGCAGTGACACCAA-3′; human GAPDH: 
forward, 5′-GTCTCCTCTGACTTCAACAGCG-3′, reverse, 
5′-ACCACCCTGTTGCTGTAGCCAA-3′.

Western blot analysis
Western blot analysis was performed as previous-

ly reported (Kanda et al., 2011). Briefly, cells were 
lysed with Cell Lysis Buffer (Cell Signaling Technology,  
Danvers, MA, USA). The proteins were then separat-
ed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and electrophoretically trans-
ferred to Immobilon-P membrane (Millipore, Billerica, 
MA, USA). The membranes were probed with an anti-
cdc25C monoclonal antibody (1:1,000; Cell Signaling  
Technology), an anti-cyclin B1 monoclonal antibody 
(1:1,000; Cell Signaling Technology), and an anti-GAP-
DH polyclonal antibody (1:2,500; Abcam, Cambridge, 
UK) followed by incubation with horseradish peroxidase-
conjugated secondary antibodies against rabbit or mouse 
IgG (Cel Signaling Technology). The bands were visual-
ized using the ECL Western Blotting Analysis System (GE  
Healthcare, Buckinghamshire, UK), and images were 
acquired using a LAS-3000 Imager (FUJIFILM UK Ltd., 
Systems, Bedford, UK).

NAD-IDH activity assay 
NAD-IDH activity was determined using the  
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Isocitrate Dehydrogenase Activity Colorimetric Assay Kit  
(Biovision, Mountain View, CA, USA), according to the 
manufacturer’s instructions. Briefly, NT2/D1 cells were 
lysed in an assay buffer provided in the kit. The lysate 
was centrifuged at 14,000 g for 15 min, and the cleared 
supernatant was used for the assay. 

NAD-IDHα knockdown 
Knockdown studies were performed using NAD-IDHα 

shRNA lentiviruses from Sigma-Aldrich (MISSION  
shRNA) according to the manufacturer's protocol. A 
scrambled hairpin sequence was used as a negative con-
trol. Briefly, the cells were infected with the viruses at 
a multiplicity of infection of 10 in presence of 8 μg/mL 
hexadimethrine bromide (Sigma-Aldrich) for 24 hr, and 
were then subjected to selection with 0.5 μg/mL puromy-
cin for 72 hr for further functional analyses.

Chemicals and reagents
Tributyltin Chloride was obtained from Tokyo 

Chemical Industry (Tokyo, Japan). Tin acetate (TA), 
apigenin, and dimethyl α-ketoglutarate (DMKG) were 
obtained from Sigma-Aldrich. 

Statistical analysis
All data were presented as mean ± S.D. Analysis of 

variance (ANOVA) followed by post hoc Tukey’s test was 
used to analyze the data in Figs. 1C, 1D, 1E, 2A, 2B, 3C, 
4E, 5A, 5B, 6A and 6B. Student's t test was used to analyze 
the data in Figs. 3A, 3B, 4A, 4B and 4C. P-values less than 
0.05 were considered to be statistically significant.

RESULTS

Effect of TBT on cell cycle progression
We have previously found that 100 nM TBT induced 

growth arrest in NT2/D1 cells (Yamada et al., 2013). 
Here we investigated whether TBT affects cell cycle 
progression. Exposure to 100 nM TBT for 48 hr 
decreased the proportion of cells in the G1 phase (51.9% 
decrease) and increased of the proportion of cells in the 
G2/M phase (79.6% increase), compared with untreated 
control cells (Figs. 1A-E). In contrast, TBT did not affect 
the proportion of cells in the S phase. Moreover, exposure 
to tin acetate (TA), which is less toxic, did not affect cell 
cycle progression. These data suggest that TBT induces 
G2/M cell cycle arrest in the cells.

TBT exposure reduces G2/M cell cycle 
regulators, cdc25C and cyclin B1 

To examine the molecular mechanism by which TBT 

induces G2/M cell cycle arrest, we assessed the protein 
levels of p53, a major cell cycle regulator. We found that 
p53 protein level was reduced after 24 hr of TBT treat-
ment, whereas cisplatin, which is known to cause p53-
dependent G2/M cell cycle arrest (Pani et al., 2007), 
increased p53 levels (Supplementary Fig. 1). Since we 
could not observe p53-dependency in TBT-induced G2/M 
cell cycle arrest, we assessed cdc25C and its downstream 
factor, cyclin B1, which are also involved in G2/M pro-
gression of cell cycle. Western blot analysis revealed that 
cdc25C and cyclin B1 protein levels were reduced after 
24 hr of TBT treatment (Fig. 2A). In contrast, exposure 
to TA did not affect cdc25C and cyclin B1 protein levels. 
Equal GAPDH protein expression levels were confirmed 
as a loading control. Next, we assessed the gene expres-
sion of cdc25C and cyclin B1. However, real-time PCR 
analysis showed that gene expression was not significant-
ly altered by TBT exposure for both 24 and 48 hr (Fig. 
2B). These data suggest that TBT-induced G2/M cell 
cycle arrest is caused by reduction of cdc25C and cyclin 
B1 proteins.

TBT induces G2/M cell cycle arrest via NAD-IDH
To investigate the molecular mechanisms by which 

cdc25C is degraded and G2/M cell cycle arrest is induced, 
we examined the effect of the PPARγ agonist rosiglitazone 
(RGZ), which is the genomic target of TBT. We found 
that RGZ did not induce G1 phase reduction and G2/M 
phase increase (Figs. 3A and B). RGZ at 100 nM induced 
PPARγ gene expression at similar level to 100 nM TBT in 
NT2/D1 cells (Fig. 3C), confirming the agonistic effect of 
RGZ on PPARγ expression described in previous report 
(Benkirane et al., 2006). These data suggest that TBT 
induces G2/M cell cycle arrest in NT2/D1 cells through a 
non-genomic pathway. We next examined the involvement 
of the non-genomic target NAD-IDH. We used an NAD-
IDH inhibitor apigenin (Arango et al., 2013) at 10 μM, 
which reduced NAD-IDH activity to a level (22.4%)  
(Fig. 4A). As previously reported, 100 nM TBT had a 
similar inhibitory effect (24.4%; Yamada et al., 2014). 
Treatment with apigenin (10 μM, 48 hr) decreased G1 
phase ratio (58.6% decrease) and increased G2/M phase 
ratio (98.1% increase) (Figs. 4B and C). Similar to TBT, 
apigenin reduced protein expression of cdc25C and cyclin 
B1 without affecting gene expression (Figs. 4D and E). 
To further confirm the effect of apigenin, we performed 
knockdown (KD) experiments of NAD-IDHα, the 
catalytic subunit of NAD-IDH, using lentivirus-delivered 
shRNAs. Real-time PCR analysis showed that KD 
efficiency was approximately 40% (Yamada et al., 2014). 
We could not obtain more highly KD cells because of cell 
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death. Due to partial KD of the NAD-IDHα gene, NAD-
IDH activity decreased by 22%, which is comparable to 
its decreased levels by TBT. In our previous studies, we 
observed that NAD-IDHα KD recovered the inhibitory 
effect of TBT on ATP content (Yamada et al., 2014). This 
might be because the TBT target NAD-IDHα was already 
inhibited by shRNA and further inhibition by TBT was not 
observed in the knockdown cells. Similar to these data, 
NAD-IDHα KD abolished the TBT-induced G1 phase 
reduction and G2/M phase increase (Figs. 5A and B), 
suggesting the involvement of NAD-IDH on TBT effects. 
NAD-IDHα KD tended to decrease the proportion of 
cells in the G1 phase (24.1% ± 0.55 to 23.2% ± 0.34) and 

increase the proportion of cells in the G2/M phase (17.5% 
± 1.6 to 20.3% ± 0.62), compared with control (Figs. 5A 
and B). Moreover, NAD-IDHα KD also abolished the 
TBT-induced reduction of cdc25C and cyclin B1 proteins 
(Fig. 5C). NAD-IDHα KD reduced the basal levels of 
cdc25C and cyclin B1 proteins, compared with control 
(Fig. 5C). These data suggest that NAD-IDH mediates 
TBT-induced G2/M cell cycle arrest in NT2/D1 cells. 
To further confirm the involvement of NAD-IDH, we 
treated the cells with dimethyl α-ketoglutarate (DMKG), 
a cell-permeable analog of α-ketoglutarate (Willenborg 
et al., 2009). Incubation with DMKG prevented TBT-
induced G2/M cell cycle arrest in NT2/D1 cells and 

Fig. 1. Effect of TBT on cell cycle progression in NT2/D1 cells. Cells were exposed to 100 nM TA or TBT for 24, 48 or 72 hr. 
Cells were stained with propidium iodide (PI). Cell cycle distribution was determined by flow cytometric analysis of the 
DNA content on BD FACS Aria II. Representative cell cycle data in control (A) and TBT (B)-treated cells. The area ratio of 
G1 (C), G2/M (D) and S (E) phases was determined by Modfit LT 4.0. Data represent mean ± S.D. (n = 3). *P < 0.05.
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Fig. 2. Effect of TBT on expression levels of G2/M cell cycle regulators in NT2/D1 cells. After TBT exposure for 24 and 48 hr, 
protein expression was analyzed by western blot using anti-cdc25C, cyclin B1, or GAPDH antibodies (A). After TBT expo-
sure for 24 or 48 hr, the expression of G2/M cell cycle regulators was analyzed by real time PCR (B). The gene expression 
was not significantly altered by TBT exposure. Data represent mean ± S.D. (n = 3). 

Fig. 3. Effect of RGZ on cell cycle progression in NT2/D1 cells. After RGZ exposure for 48 hr, cells were stained with propidium 
iodide (PI). The cell cycle distribution was determined by flow cytometric analysis of the DNA content using BD FACS 
Aria II. The ratio of G1 (A) and G2/M (B) phases was determined by Modfit LT 4.0. After exposure to TBT or RGZ, the ex-
pression of PPARγ was analyzed by real time PCR (C). The gene expression was comparably increased upon TBT or RGZ 
exposure. Data represent mean ± S.D. (n = 3). *P < 0.05. 
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Fig. 4. Effect of apigenin on cell cycle progression in NT2/D1 cells. Cells were exposed to 10 μM apigenin for 24 hr and then de-
termined NAD-IDH activity (A). Moreover, after exposure to apigenin for 48 hr, the cell cycle distribution was determined 
by flow cytometric analysis of the DNA content using BD FACS Aria II. The ratio of G1 (B) and G2/M (C) phases was 
determined by Modfit LT 4.0. The protein expressions in the cell lysate were analyzed by western blot using anti-cdc25C, 
cyclin B1, or GAPDH antibodies (D). The expression of G2/M cell cycle regulators was analyzed by real time PCR (E). 
The gene expression was not significantly altered upon apigenin exposure. Data represent mean ± S.D. (n = 3). *P < 0.05.

Fig. 5. Effect of NAD-IDH knockdown on cell cycle progression in NT2/D1 cells. Cells were infected with lentiviruses to express 
a shRNA against NAD-IDHα or a scrambled sequence shRNA (control). The infected cells were subjected to selection 
with 0.5 μg/mL puromycin for 72 hr and were then exposed to TBT at 100 nM for 48 hr. After staining with PI, cell cycle 
distribution was determined by flow cytometric analysis of the DNA content using BD FACS Aria II. The ratio of G1 (A) 
and G2/M (B) phases was analyzed by Modfit LT 4.0. The protein expressions in cell lysates were analyzed by western blot 
using anti-cdc25C, cyclin B1, or GAPDH antibodies (C). Data represent mean ± S.D. (n = 3). *P < 0.05. 
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recovered the ratio of G1 and G2/M phases to the basal 
level (Figs. 6A and B). DMKG treatment also recovered 
TBT-induced protein reduction of cdc25C and cyclin B1  
(Fig. 6C). Taken together, these data suggest that NAD-
IDH mediates TBT-induced G2/M cell cycle arrest via 
cdc25C reduction in NT2/D1 cells. 

DISCUSSION

Our data suggest that nanomolar TBT levels induce 
G2/M cell cycle arrest through the protein reduction of 
cdc25C and thereafter cyclin B1 (Figs. 1 and 2). Since 
the protein expression of p53 is decreased after TBT 
exposure, TBT-induced G2/M cell cycle arrest seems to 
be p53 independent. Consistent with our data, recent study 
has reported that nearly micromolar TBT levels induce 
G2/M cell cycle arrest in human amniotic cells via protein 
phosphatase (PP) 2A inhibition-mediated extracellular-
signal-regulated kinase (ERK) inactivation (Zhang et 
al., 2014). Since we did not observe the reduction of 
phospho-ERK in NT2/D1 cells after nanomolar levels 
of TBT exposure (data not shown), the mechanism of 
inducing G2 arrest may differ depending on the TBT 
levels and cell type. Moreover, several chemical stressors 

have been reported to cause G2/M cell cycle arrest 
through the protein reduction of cell cycle regulators 
(Chaudhary et al., 2013; Nam et al., 2010; Ouyang et al., 
2009). For instance, 4-Hydroxynonenal, an inducer of 
oxidative stress, causes DNA damage and induces G2/M 
cell cycle arrest in hepatocellular carcinoma HepG2 
and Hep3B cells, following reduction of cdc25C and 
thereafter cyclin B1 proteins in a p53-independent manner  
(Chaudhary et al., 2013). Reduction of cdc25C protein 
may be mediated by the ubiquitin-proteasome sys-
tem in NT2/D1 cells. Cdc25C has been reported to be 
degraded via ubiquitination by BRCA1 during G2/M 
cell cycle arrest in breast cancer cell lines (Shabbeer et 
al., 2013). During G2/M cell cycle arrest, another cell 
cycle regulators, such as Plk1, cdc25A and CDK1, are 
also known to be degraded by ubiquitin ligases, such as 
multi-subunit E3 ubiquitin ligases, Skp1-Cullin1-F-box 
Complex (SCF) or Anaphase Promoting Complex (APC) 
(Bassermann and Pagano, 2010). Further studies should 
determine whether ubiquitin ligases are involved in TBT-
induced cdc25C reduction and subsequent G2/M cell 
cycle arrest in embryonic cells.

Our data using apigenin showed that TBT-induced 
G2/M cell cycle arrest is caused by NAD-IDH inhibition 

Fig. 6. Effect of dimethyl α-ketoglutarate (DMKG) on TBT-induced G2/M cell cycle arrest in NT2/D1 cells. Cells were exposed 
to 100 nM TBT and 7 mM DMKG for 48 hr. Cells were then stained with propidium iodide (PI) and cell cycle distribution 
was determined by flow cytometric analysis of the DNA content using BD FACS Aria II. The ratio of G1 (A) and G2/M (B) 
phases was analyzed by Modfit LT 4.0. Next, the protein expressions in cell lysates were analyzed by western blot using 
anti-cdc25C, cyclin B1, or GAPDH antibodies (C). Data represent mean ± S.D. (n = 3). *P < 0.05.
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(Fig. 4) and the data were verified by NAD-IDH 
knockdown and DMKG experiments (Figs. 5, 6). We used 
apigenin as a NAD-IDH inhibitor. We also confirmed the 
data by knockdown experiments. Since Apigenin has been 
reported to inhibit not only NAD-IDH but also hnRNPA2 
and NF-κB (Arango et al., 2013), we can not rule out 
the possibility that apigenin-induced G2/M cell cycle 
arrest was induced by other targets. Our previous report 
indicates that TBT induces mitochondrial dysfunction, 
such as impaired mitochondrial morphological dynamics 
and reduced ATP production via NAD-IDH in embryonic 
carcinoma cells (Yamada et al., 2015). Considering that 
NAD-IDH is a mitochondrial enzyme, TBT-induced 
G2/M cell cycle arrest is caused by mitochondrial 
dysfunction through NAD-IDH inhibition. NAD-IDH 
catalyzes the reduction of NAD to NADH, which is 
oxidized by the electron transport chain and is required to 
generate proton electrochemical gradients across the inner 
mitochondrial membrane (Saraste, 1999). Thus, inhibition 
of NAD-IDH by TBT may reduce the NADH supply, 
thereby dissipating the proton electrochemical gradient. 
Intracellular Ca2+ may be also involved in mitochondrial 
dysfunction. Previous reports have shown that several 
anticancer drugs induce G2/M cell cycle arrest and 
apoptosis by depolarizing mitochondrial membrane 
potential and increasing intracellular Ca2+ (Fang et al., 
2014; Guo et al., 2014). With respect to intracellular 
Ca2+, there has been also reported that TBT induces 
mobilization of Ca2+ from intracellular stores and results 
in phosphorylation of MAPKs because its suppression by 
chelation of intracellular Ca2+ in human T lymphoblastoid 
cells (Yu et al., 2000). Thus, Ca2+ release from depolarized 
mitochondria may induce G2/M cell cycle arrest after 
TBT exposure. Further studies should determine how the 
downstream signaling of NAD-IDH induces reduction of 
the cdc25C protein and subsequent G2/M cell cycle arrest 
after TBT exposure in embryonic cells. 

In our previous studies, we have observed that TBT 
degrades mitofusin proteins and induces mitochondrial 
fission via the NAD-IDH inhibition. Moreover, we have 
also shown that TBT results in growth arrest by targeting 
the glycolytic systems (Yamada et al., 2014). Both mito-
chondrial fission and glycolysis have been reported to be 
linked to cell cycle alterations (Yamamori et al., 2015; 
Zhai et al., 2013). Thus, we are currently investigating 
whether TBT-induced mitochondrial fission or glycolytic 
inhibition are linked to G2/M cell cycle arrest or not. 

In summary, we demonstrate that TBT mediates G2/M 
cell cycle arrest through inhibition of NAD-IDH, repre-
senting a novel non-genomic pathway of TBT-induced 
toxicity (Fig. 7). These negative effects of TBT on the 

cell cycle could result in direct inhibition of cell growth. 
Thus, TBT-induced G2/M cell cycle arrest via NAD-IDH 
in embryonic cells may represent a novel mechanism of 
cytotoxicity associated with nanomolar level exposure of 
EDCs.
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1SCIENTIFIC REPORTS

Chlorpyrifos inhibits neural 

 

Shigeru , , Yusuke Kubo , Daiju aki , Yuko Sekino  & Yasunari Kanda

Organophosphates, such as chlorpyrifos (CPF), are widely used as insecticides in agriculture. CPF 

 gene in iPSCs 
downregulated the expression of , a key transcription factor that regulates neurogenesis, 

Growing evidence suggests the involvement of environmental chemicals in neurodevelopmental toxicity, lead-
ing to neurobehavioral outcomes such as learning disabilities, attention deficit hyperactivity disorder, cognitive 
impairment, and autism1,2. As the fetal brain is inherently more susceptible to chemical-induced toxicity com-
pared to the adult brain, exposure to neurotoxic chemicals during early prenatal period can cause delayed neural 
disorders at lower doses than in adults3,4.

Organophosphates, such as chlorpyrifos (CPF), are well known to affect brain structure and neurodevel-
opmental outcome, resulting in delayed neural disorders5,6. In regard to this, previous studies using magnetic 
resonance imaging have shown that prenatal exposure to CPF caused abnormalities in the structure, size, and 
thickness of cerebral cortex, where was responsible for several higher-order brain functions such as attention, 
cognition, and emotion7. Several reports indicate that CPF causes neurotoxicity in the developing brain of ani-
mals. In the developing brain of neonatal rats, CPF exposure impairs neurite outgrowth by inhibiting choline 
acetyltransferase activity8. Maternal exposure to CPF suppresses neurogenesis in the hippocampal dentate gyrus 
of rat offspring9. In addition to in vivo effects, there has been reported the cytotoxic effects of micromolar CPF 
levels in vitro. For example, CPF inhibited mitochondrial oxidative phosphorylation10 and induced apoptosis 
in human neuroblastoma SH-SY5Y cells11 or human neural precursor cells12. As micromolar CPF levels were 
detected in the blood of human newborns living in an agricultural community13, the observations made using 
micromolar levels of CPF in vitro could potentially reflect the biological reactions in a living body. However, the 
effect of CPF on neurodevelopment has not been precisely elucidated.

Division of Pharmacology, National Institute of Health Sciences, Tokyo, Japan. Pharmacological Evaluation 
Institute of Japan (PEIJ), Kanagawa, Japan. Correspondence and requests for materials should be addressed to Y.K. 
(email: kanda@nihs.go.jp)
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Morphological changes of mitochondria are known to contribute to homeostasis14,15. Under normal cir-
cumstances, mitochondria fuses together and forms excessive tubular networks (mitochondrial fusion). These 
fusion is regulated by fusion factors mitofusin 1 and 2 (Mfn1, Mfn2) and optic atrophy 1 (Opa1)16,17. In contrast, 
under stress conditions, mitochondrial networks convert into large numbers of small fragments with spherical 
and punctate morphology (mitochondrial fission), and are regulated by fission factors, such as fission protein 1 
(Fis1) and dynamin-related protein 1 (Drp1)18,19. This morphological dynamics contributes to the maintenance 
of mitochondrial functions, including energy generation14. Moreover, several studies have shown the relationship 
between mitochondrial fragmentation and cellular and neurodevelopmental defects. For example, Mfn1 or Mfn2 
knockout mice die in midgestation embryo, accompanying with developmental delay. In addition, embryonic 
fibroblasts from these knockout mice display distinct types of fragmented mitochondria, a phenotype due to a 
severe reduction in mitochondrial fusion20. Thus, Mfn1 is considered to be functionally different from Mfn2. 
In support to this, Mfn1, not Mfn2, is reported to contribute to Opa1-mediated fusion of mitochondrial inner 
membrane16.

In the present study, we investigated the effect of CPF on neural differentiation using human induced pluripo-
tent stem cells (iPSCs) as a model of human organ development. We focused on the effects of micromolar levels 
of CPF on mitochondrial dynamics, examining the molecular mechanisms of the process. Our results show that 
micromolar CPF levels inhibited ATP production through Mfn1 reduction, followed by mitochondrial fragmen-
tation. Moreover, Mfn1-mediated mitochondrial dysfunction suppressed early neural induction by decreasing 
levels of PAX6, a key transcription factor that regulates neurogenesis. These data suggest that CPF-induced neu-
rodevelopmental toxicity is based on impairment of mitochondrial functions in human iPSCs.

Results
To investigate whether CPF affects early neurodevel-

opment, we examined neural differentiation capability of iPSCs, which was induced by dual SMAD inhibition 
protocol21 (Fig. 1A). First, we determined the critical CPF concentration, affecting neural differentiation. At day 
4 after neural induction with different concentrations of CPF, the expression of PAX6, an early neuroectodermal 
marker that regulates neurogenesis22, was analyzed using real-time PCR. We found that exposure to 30 μ M CPF 
significantly decreased PAX6 gene expression (Fig. 1B). Next, we performed time course experiments for expres-
sion of several neural differentiation markers at days 2, 4, 6, and 8 after exposure to 30 μ M CPF. At day 9, almost 
all cells exposed by CPF (30 μ M) were detached from the culture dish. Real-time PCR analysis revealed upreg-
ulated expression of PAX6 by day 4, and FOXG1, a neuroectodermal marker that also regulates neurogenesis23, 
thereafter (Fig. 1C and D). Representative neural maturation marker NCAM124 continuously increased, confirm-
ing that further neural differentiation occurred (Fig. 1E). In addition, CPF exposure reduced the expression of 
these neural induction markers by day 6 (Fig. 1C–E). These data suggest that CPF has an inhibitory effect on early 
neural differentiation of iPSCs.

Mitochondrial function of iPSCs exposed to CPF. As neural differentiation process requires ATP 
as a source of energy25, we examined intracellular ATP content in iPSCs. Treatment with 30 μ M CPF signifi-
cantly reduced the ATP content of the cells (Fig. 2A). We have previously shown that 0.1 μ M carbonyl cyanide 
m-chlorophenyl hydrazone (CCCP), which functions as a mitochondrial uncoupler26, decreased ATP levels in 
iPSCs. Because CPF inhibited ATP production, we focused on several mitochondrial functions. Mitochondrial 
membrane potential (MMP) was decreased by exposure to 30 μ M CPF for 24 h (Fig. 2B and C). As a positive 
control, exposure to 0.1 μ M CCCP reduced MMP (Figure S1). In addition, CPF exposure increased the number 
of cells with fragmented mitochondria displaying punctate morphology (Fig. 2D) and decreased the number 
of cells exhibiting mitochondrial fusion (Fig. 2E). We have already confirmed that 0.1 μ M CCCP also increased 
the occurrence of fragmented mitochondria. These results suggest that CPF induces mitochondrial dysfunction, 
including MMP depolarization and mitochondrial fragmentation, in iPSCs.

To examine the 
molecular mechanisms by which CPF induces mitochondrial fragmentation in iPSCs, we assessed the expression 
levels of mitochondrial fission (Fis1 and Drp1) and fusion genes (Mfn1, Mfn2, and OPA1). Real-time PCR analy-
sis showed that the gene expression of the factors was not altered after CPF exposure (Fig. 3A). Interestingly, west-
ern blot analysis revealed that CPF significantly decreased Mfn1 protein levels. In contrast, protein expression 
levels of other factors, including Mfn2, were not changed (Fig. 3B and C). These data suggest that CPF-induced 
mitochondrial fragmentation is caused by reduction of Mfn1 protein levels.

To investigate whether the effects of CPF selec-
tively occur in the early stage of neural differentiation in iPSCs, we used iPSC-derived neural progenitor cells 
(NPCs), which were induced by dual SMAD inhibition protocol21 (Figure S1A). Treatment with 30 μ M CPF had 
little effect on ATP content (Figure S1B). Similarly, exposure to 30 μ M CPF had little effect on mitochondrial 
morphology (Figure S1C and D), which was confirmed by the fact that CPF did not alter the protein levels of 
mitochondrial fission and fusion factors containing Mfn1 (Figure S1E). These data suggest that iPSCs, not NPCs, 
are sensitive to CPF exposure.

To further investigate the involvement of 
Mfn1 in the effects of CPF on neural induction, we performed knockdown (KD) of Mfn1, using lentivirus-delivered 
shRNAs. Real-time PCR analysis showed that KD was selective for Mfn1, not Mfn2, and that the efficiency 
was approximately 70% (Fig. 4A). The KD effects were also confirmed by protein levels (Fig. 4B and C).  
The Mfn1 KD cells were used to perform neural induction. Real-time PCR analysis revealed that Mfn1 KD 



www.nature.com/scientificreports/

3SCIENTIFIC REPORTS

decreased the expression of PAX6 (day 4), FOXG1 (day 6) and NCAM1 (day 6) (Fig. 4D). These data suggest that 
Mfn1 is involved in CPF-mediated negative effects on neural induction of iPSCs.

Negative regulation of neural induction by CPF exposure. A previous report indicates that ERK 
signaling inhibits neural induction via PAX6 silencing in human embryonic stem cells27. ERK has been reported 
to be activated after depletion of Mfn128. We focused on ERK signaling in the effect of CPF on neural induction. 

Figure 1. Time course studies of neural induction in iPSCs exposed to CPF. (A) Schematic time course of 
induction from iPSCs to NPCs by dual SMAD inhibition. Neural induction was initiated after exposure to CPF 
for 24 h. The cells were continuously exposed to CPF throughout neural differentiation. (B) At day 4 after neural 
induction with CPF (0–30 μ M), expression of the neural differentiation marker PAX6 was examined using real-
time PCR analysis. (C–E) At days 2, 4, 6, and 8 after neural induction with CPF (30 μ M), expression of neural 
differentiation markers, PAX6, FOXG1, and NCAM1 was examined using real-time PCR analysis. Data are 
represented as means ±  SD (n =  3). *P <  0.05.
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We found that CPF exposure significantly increased basal ERK phosphorylation levels, which were abolished 
by treatment with the ERK inhibitor U0126 (Fig. 5A and B). To further study whether PAX6 downregulation 
in CPF-exposed cells occurred through ERK signaling, we examined the effect of U0126 on PAX6 expression. 
Incubation with U0126 recovered the expression levels of PAX6 (Fig. 5C). These data suggest that CPF activates 
ERK and prevents neural induction via PAX6 downregulation.

To confirm the involvement of Mfn1 in the inhibition 
of neural induction by CPF, we used Mfn1 KD cells. Mfn1 KD significantly increased basal ERK phosphoryl-
ation levels that were abolished by treatment with the ERK inhibitor U0126 (Fig. 6A and B). To further study 

Figure 2. Mitochondrial function of iPSCs exposed to CPF. (A) Cells were exposed to CPF (30 μ M) for 
24 h. Intracellular ATP content was determined in the lysed cells (n =  3). (B) Cells were exposed to CPF 
for 24 h and stained with JC-10 for 20 min. MMP of JC-10 labeled cells was analyzed by flow cytometry. 
The histogram represents the ratio of JC-aggregate (F-590) to JC-monomer (F-535) fluorescence (n =  3). 
(C) Cells were exposed to CPF for 72 h and stained with MitoTracker Red CMXRos and Hoechst33342. 
Mitochondrial morphology was observed by confocal laser microscopy. Bar =  5 μ m. (D) The number of cells 
with mitochondrial fusion (< 10% punctiform) was determined in each image (n =  5). Data are represented as 
means ±  SD. *P <  0.05.
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whether PAX6 downregulation in Mfn1 KD cells occurred through ERK signaling, we examined the effect of 
U0126 on PAX6 expression. Mfn1 KD decreased PAX6 by 64% by in the vehicle-treated cells. In contrast, Mfn1 
KD decreased PAX6 by 30% in the U0126-treated cells. Thus, incubation with U0126 partially recovered the 
PAX6 expression in the Mfn1 KD cells (Fig. 6C). Taken together, these data suggest that Mfn1 reduction by CPF 
exposure activates ERK and prevents neural induction via PAX6 downregulation.

Discussion
In the present study, we demonstrated that exposure to micromolar CPF targeted mitochondrial quality control 
in human iPSCs. We showed that CPF induced Mfn1 reduction, thereby promoting mitochondrial fragmenta-
tion. These negative effects of CPF on mitochondrial quality control could suppress ATP production and neural 

Figure 3. Expression of mitochondrial fission and fusion factors of iPSCs exposed to CPF. (A) After 
exposure to CPF (30 μ M) for 24 h, expression of mitochondrial genes was analyzed by real-time PCR. (B) After 
exposure to CPF for 24 h, expression of mitochondrial proteins was analyzed by western blotting using anti-
Drp1, anti-Fis1, anti-Mfn1, anti-Mfn2, anti-Opa1, or anti-β -actin antibodies. (C) Relative densities of bands 
were quantified with ImageJ software. Relative changes in expression were determined by normalization to  
β -actin. Data are represented as means ±  SD (n =  3). *P <  0.05.
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differentiation. Based on the data observed in our study, Fig. 7 shows a proposed mechanism of CPF cytotoxicity 
via mitochondrial dysfunction.

Our studies showed that treatment with micromolar CPF levels caused mitochondrial dysfunction of human 
iPSCs (Fig. 2). We observed that iPSCs were sensitive to CPF exposure, unlike iPSC-derived NPCs (Figure S1). 
Previous reports support this difference in CPF sensitivity. The inhibitory effect of CPF on DNA synthesis in 
undifferentiated C6 glioma cells is found to be much higher than in differentiated cells29. In vivo studies indicate 
that immature organisms are more susceptible to CPF-induced toxicity compared to adults due to lower levels of 
CPF metabolizing enzymes30. Thus, the difference in CPF sensitivity between iPSCs and NPCs may be dependent 
on the maturation of CPF detoxification pathways. We are currently conducting experiments to determine the 
mechanism causing the differences in sensitivity to CPF.

We showed that CPF induced mitochondrial fragmentation via Mfn1 reduction (Figs 2 and 3). Consistent 
with this, our previous knockdown studies indicated that Mfn1 reduction was sufficient to promote mitochon-
drial dysfunction31. CPF-induced Mfn1 reduction might mediate mitochondrial fragmentation, decrease ATP 
levels, and inhibit iPSC growth. Although Mfn2 is also involved in mitochondrial fission and energy supply  
processes32,33, our results indicated that CPF specifically targeted Mfn1, not Mfn2. Regarding this apparent CPF 
specificity, E3 ubiquitin ligase membrane-associated RING-CH 5 (MARCH5) has been reported to selectively 
bind to Mfn1 dependent on its acetylation, and degrade among all mitochondrial proteins, including Mfn234. 
In addition, we have reported that organotin compounds induced Mfn1 degradation through MARCH5, 

Figure 4. Effect of Mfn1 knockdown on neural induction of iPSCs. Cells were infected with lentiviruses 
containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA (control) for 24 h. 
The infected cells were subjected to selection with puromycin (1 μ g/ml) for 24 h and cultured for an additional 
72 h prior to functional analyses. (A) The expression of Mfn1 and Mfn2 genes was analyzed by real-time PCR. 
(B) The expression of Mfn1 and Mfn2 proteins was analyzed by western blotting using anti-Mfn1, anti-Mfn2, or 
anti-β -actin antibodies. (C) Relative densities of bands were quantified with ImageJ software. Relative changes 
in expression were determined by normalization to β -actin. (D) Expression of neural differentiation markers 
PAX6 (day 4), FOXG1 (day 6), and NCAM1 (day 6) was examined with real-time PCR. Data are represented as 
means ±  SD (n =  3). *P <  0.05.



www.nature.com/scientificreports/

7

SCIENTIFIC REPORTS

thereby promoting mitochondrial fragmentation in iPSCs31. Thus, CPF may specifically target Mfn1 protein via 
MARCH5 in iPSCs without affecting mRNA levels. Furthermore, the difference in CPF sensitivity between iPSCs 
and NPCs may be dependent on Mfn1 and MARCH5 expression levels or MARCH5 activity. Further studies 
should determine whether CPF reduces Mfn1 via MARCH5-mediated degradation in iPSCs.

We demonstrated that ERK phosphorylation mediated the negative effects of CPF on early neural differentia-
tion (Figs 1, 4 and 5). A previous report indicates that Mfn1 directly binds Ras and Raf, resulting in the inhibition 
of Ras-Raf-ERK signaling by the biochemical analysis35,36. Mfn1 reduction by CPF or shRNA may reverse this 
ERK signaling inhibition. Mobilization of Ca2+ from intracellular stores, including mitochondria was reported to 
result in phosphorylation of MAPKs, as the process was suppressed by chelation of intracellular Ca2+ in human T 
lymphoblastoid cells37. As mitochondria are known to uptake into the matrix of any Ca2+ that has accumulated in 
the cytosol, dependent on MMP38, mitochondrial dysfunction by CPF exposure may cause an overload of Ca2+, 
resulting in ERK activation. Moreover, ERK signaling was reported to inhibit neural induction by PAX6 silenc-
ing via upregulation of stemness factors NANOG/OCT4 and downregulation of homeobox transcription factor 
OTX227. NANOG and OCT4 act as repressors of PAX6 induction, whereas OTX2 is a positive inducer of PAX627. 
Therefore, ERK signaling evoked by CPF could affect the expression of these transcriptional network, including 
NANOG, OCT4 and OTX2, by regulating PAX6. In future studies, we should further investigate the mechanisms 
of CPF-induced negative regulation of neural induction via ERK.

Figure 5. Negative regulation of neural induction by CPF exposure. (A) Cells were exposed to CPF (30 μ M) 
or CPF +  U0126 (5 μ M) for 24 h. ERK phosphorylation was analyzed by western blotting using anti-phospho-
ERK antibodies. (B) Relative densities of bands were quantified with ImageJ software. Relative changes in 
expression were determined by normalization to total ERK protein level. (C) At day 4 after neural induction 
with CPF or CPF +  U0126, the expression of PAX6 gene was analyzed by real-time PCR. Data are represented 
as means ±  SD (n =  3). *P <  0.05.
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We further demonstrated that Mfn1 reduction mediated cytotoxic effects of CPF on iPSCs via PAX6 down-
regulation (Figs 5 and 6). FOXG1 was downregulated, along with PAX6, during neural differentiation of iPSCs 
exposed to CPF. PAX6 and FOXG1 act as transcriptional regulators during forebrain development in verte-
brates39,40. Targeted disruption of PAX6 and FOXG1 in rodents led to the loss of anterior neural tissues, suggesting 
the central role of these genes in forebrain development41,42. CPF causes various defects in the development of 
hippocampus and cortex of rodents43. Thus, CPF-induced defects of forebrain architecture may be caused by 
transcriptional silencing of anterior neural markers during early neurogenesis. As NCAM1 was downregulated 
during neural differentiation of iPSCs exposed to CPF, further studies using NPCs are required to reveal how CPF 
affects neural maturation processes.

In summary, our results demonstrate a novel mechanism underlying cytotoxicity, including neurodevelop-
mental toxicity of CPF in iPSCs. Recently, significant progress has been made in the induction of differentiation of 
pluripotent stem cells into a variety of cell types44. Further studies are needed to evaluate the developmental effects 
of CPF on various types of iPSC-derived cells. Moreover, we show that CPF toxicity is caused by Mfn1-mediated 
mitochondrial dysfunction, which is involved in the cytotoxicity of organotin compounds31. Thus, mitochondrial 
functions influenced by Mfn1 might be a good starting point for investigating toxic mechanisms induced by 
exposure to other chemicals.

Figure 6. Negative regulation of neural induction by Mfn1 knockdown. The cells were infected with 
lentiviruses containing a vector encoding a shRNA directed against Mfn1 or a scrambled sequence shRNA 
(control) for 24 h. The infected cells were subjected to selection with 1 μ g/ml puromycin for 24 h and 
cultured for an additional 72 h prior to functional analyses. (A) After incubation with U0126 for 24 h, ERK 
phosphorylation was analyzed by western blotting using anti-phospho-ERK antibodies. (B) Relative densities of 
bands were quantified with ImageJ software. Relative changes in expression were determined by normalization 
to total ERK protein level. (C) At day 4 after neural induction with U0126, the expression of PAX6 gene was 
analyzed by real-time PCR. Data are represented as means ±  SD (n =  3). *P <  0.05.
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Methods
Chlorpyrifos (CPF), Y-27632, SB431542, and LDN193189 were obtained from Wako (Tokyo, 

Japan). Penicillin-streptomycin mixture (PS) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). 
U0126 was obtained from Enzo Life Sciences (Farmingdale, NY, USA). Poly-L-ornithine, 2-mercaptoethanol 
(2-ME), and carbonylcyanide m-chlorophenylhydrazone (CCCP) were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). All other reagents were of analytical grade and obtained from commercial sources.

Cell culture. Human iPSC line 253G1 (Riken BRC Cell Bank, Tsukuba, Ibaraki, Japan) was established 
through retroviral transduction of OCT4, SOX2, and KLF4 into adult human dermal fibroblasts45. The cells 
were cultured under feeder-free conditions using human embryonic stem cell (ESC)-qualified Matrigel (BD 
Biosciences, San Jose, CA, USA) and TeSR-E8 medium (Stemcell Technologies, Vancouver, BC, Canada) at 
37 °C in an atmosphere containing 5% CO2. For passage, iPSC colonies were dissociated into single cells using 
Accumax (Innovative Cell Technologies, San Diego, CA, USA) and cultured in TeSR-E8 medium supplemented 
with Y-27632 (ROCK inhibitor, 10 μ M). The NPCs derived from iPSCs were cultured on poly-L-ornithine and 
Laminin (Thermo Fisher Scientific) coated dishes at 37 °C in an atmosphere containing 5% CO2. The culture 

Figure 7. Proposed mechanism of CPF cytotoxicity in human iPSCs. CPF exposure causes Mfn1 reduction, 
which induces mitochondrial dysfunction, including mitochondrial fragmentation and decreased ATP levels. 
Mitochondrial dysfunction in turn evokes ERK phosphorylation, leading to the suppression of PAX6, which is 
an early marker of neurogenesis.
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medium was Neural maintenance medium [NMM; a 1∶ 1 mixture of DMEM/F12 (Thermo Fisher Scientific) and 
Neurobasal (Thermo Fisher Scientific) containing N2 (Thermo Fisher Scientific), B27 (Thermo Fisher Scientific), 
GlutaMAX (Thermo Fisher Scientific), non-essential amino acids (NEAA; Thermo Fisher Scientific), 2-ME, PS]. 
For passage, NPCs were dissociated into single cells using Accumax and cultured in NMM supplemented with 
EGF (20 ng/ml), FGF2 (20 ng/ml) and Y-27632.

For the induction of neuronal lineages, dual SMAD inhibition protocol 
was used as previously described21 with modifications. Briefly, iPSC colonies were dissociated into single cells 
with Accumax. The cells were seeded at a density of 7 ×  104 cells/cm2 in TeSR-E8 medium on Matrigel-coated 
plates in order to reach nearly confluent within two days after seeding. The initial differentiation medium 
was knockout serum replacement (KSR) medium [Knockout DMEM (Thermo Fisher Scientific) containing 
KSR (Thermo Fisher Scientific), L-glutamine, NEAA, 2-ME, PS] with SB431542 (TGFβ  inhibitor, 10 μ M) and 
LDN193189 (BMP inhibitor, 1 μ g/ml). After 4 days, N2 medium [Neurobasal containing N2, B27, GlutaMAX, 
PS] was added to the KSR medium with LDN193189 every two days.

Intracellular ATP content was measured using an ATP 
Determination Kit (Thermo Fisher Scientific), according to the manufacturer’s protocol. Briefly, the cells were 
washed and lysed with 0.1% Triton X-100/PBS. The resulting cell lysates were added to a reaction mixture con-
taining 0.5 mM D-luciferin, 1 mM DTT, and 1.25 μ g/mL luciferase and incubated for 30 min at room temperature. 
Luminescence was measured using a Fluoroskan Ascent FL microplate reader (Thermo Fisher Scientific). The 
luminescence intensities were normalized to the total protein content.

A Cell Meter JC-10 Mitochondrial Membrane Potential Assay Kit (AAT Bioquest, 
Sunnyvale, CA, USA) was used to detect MMP. Briefly, the cells were suspended in staining buffer containing 
JC-10 and incubated for 20 min at room temperature. After the cells were treated with CPF, a FACS Aria II cell 
sorter (BD Biosciences) was used to measure the fluorescence intensity ratio, JC-aggregate (F-590)/JC-monomer 
(F-535).

After treatment with CPF (30 μ M, 72 h), the cells were fixed with 
4% paraformaldehyde and stained with 50 nM MitoTracker Red CMXRos (Cell Signaling Technology, Danvers, 
MA, USA) and 5 μ g/mL Hoechst 33342 (Sigma-Aldrich). Changes in mitochondrial morphology were observed 
using a confocal laser microscope (Nikon A1). Images (n =  5) of random fields were taken, and the number of 
cells displaying mitochondrial fusion (< 10% punctiform) was determined in each image, as previously reported46.

Total RNA was isolated from iPSCs using TRIzol reagent 
(Thermo Fisher Scientific), and quantitative real-time reverse transcription (RT)-PCR was performed using a 
QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA, USA) on an ABI PRISM 7900HT sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA) as previously reported47. Relative changes in transcript 
levels were normalized to the mRNA levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fol-
lowing primer sequences were used for real-time PCR analysis: Fis1, forward, 5′-TACGTCCGCGGGTTGCT-3′ 
and reverse, 5′-CCAGTTCCTTGGCCTGGTT-3′; Drp1, forward, 5′-TGGGCGCCGACATCA-3′ and reverse, 
5′-GCTCTGCGTTCCCACTACGA-3′; Mfn1, forward, 5′-GGCATCTGTGGCCGAGTT-3′ and reverse, 
5′-ATTATGCTAAGTCTCCGCTCCAA-3′; Mfn2, forward, 5′-GCTCGGAGGCACATGAAAGT-3′ and reverse,  
5′-ATCACGGTGCTCTTCCCATT-3′; Opa1, forward, 5′-GTGCTGCCCGCCTAGAAA-3′ and reverse, 
5′-TGACAGGCACCCGTACTCAGT-3′; PAX6, forward, 5′-ATGTGTGAGTAAAATTCTGGGCA-3′ and reverse,  
5′-GCTTACAACTTCTGGAGTCGCTA-3′; FOXG1, forward, 5′ -GCCACAATCTGTCCCTCAACA-3′ and 
reverse, 5′-GACGGGTCCAGCATCCAGTA-3′; NCAM1, forward, 5′-GGCATTTACAAGTGTGTGGTTAC-3′ and  
reverse, 5′-TTGGCGCATTCTTGAACATGA-3′; GAPDH, forward, 5′-GTCTCCTCTGACTTCAACAGCG-3′ and  
reverse, 5′-ACCACCCTGTTGCTGTAGCCAA-3′.

Western blot analysis. Western blot analysis was performed as previously reported48. Briefly, the cells were 
lysed with Cell Lysis Buffer (Cell Signaling Technology). The proteins were then separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred to Immobilon-P 
membranes (Millipore, Billerica, MA, USA). The membranes were probed with anti-Drp1 monoclonal antibodies 
(1:1000; Cell Signaling Technology), anti-Fis1 polyclonal antibodies (1:200; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), anti-Mfn1 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-Mfn2 monoclonal 
antibodies (1:1000; Cell Signaling Technology), anti-Opa1 monoclonal antibodies (1:1000; BD Biosciences), 
anti-ERK1/2 polyclonal antibodies (1:1000; Cell Signaling Technology), anti-phospho ERK1/2 (Thr202/
Tyr204) monoclonal antibodies (1:2000; BD Biosciences), and anti-β -actin monoclonal antibodies (1:5000; 
Sigma-Aldrich). The membranes were then incubated with secondary antibodies against rabbit or mouse IgG 
conjugated to horseradish peroxidase (Cell Signaling Technology). The bands were visualized using an ECL 
Western Blotting Analysis System (GE Healthcare, Buckinghamshire, UK). Images were acquired using an LAS-
3000 Imager (FUJIFILM, Tokyo, Japan).

Knockdown experiments were performed using Mfn1 shRNA lentiviruses 
from Sigma-Aldrich (MISSION shRNA), as previously reported49. A scrambled hairpin sequence was used as a 

negative control. Briefly, the cells were infected with the viruses at a multiplicity of infection of 1 in the presence 
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of 8 μ g/mL hexadimethrine bromide (Sigma-Aldrich) for 24 h. After medium exchange, the cells were subjected 
to selection with 1 μ g/mL puromycin for 24 h and cultured for an additional 72 h prior to functional analyses.

Statistical analysis. All data are presented as means ±  standard deviation (SD). Analysis of variance 
(ANOVA) followed by post-hoc Bonferroni test was used to analyze data in Figs 1, 3C, 4, 5, and 6. Student’s t test 
was used to analyze data in Figs 2, 3A, S1, and S2. P-values <  0.05 were considered statistically significant.

References
1. Landrigan, P. J., Lambertini, L. & Birnbaum, L. S. A research strategy to discover the environmental causes of autism and

neurodevelopmental disabilities. Environ. Health Perspect. 120, a258–a260 (2012).
2. Ross, E. J., Graham, D. L., Money, K. M. & Stanwood, G. D. Developmental consequences of fetal exposure to drugs: what we know 

and what we still must learn. Neuropsychopharmacology 40, 61–87 (2015).
3. Rodier, P. M. Developing brain as a target of toxicity. Environ. Health Perspect. 103, 73–76 (1995).
4. Rice, D. & Barone, S. Jr. Critical periods of vulnerability for the developing nervous system: evidence from humans and animal 

models. Environ. Health Perspect.108, 511–533 (2000).
5. Brown, M. A. & Brix, K. A. Review of health consequences from high-, intermediate- and low-level exposure to organophosphorus 

nerve agents. J. Appl. Toxicol. 18, 393–408 (1998).
6. Ray, D. E. & Richards, P. G. The potential for toxic effects of chronic, low-dose exposure to organophosphates. Toxicol. Lett. 120, 

343–351 (2001).
7. Rauh, V. A. et al. Brain anomalies in children exposed prenatally to a common organophosphate pesticide. Proc. Natl. Acad. Sci. USA

109, 7871–7876 (2012).
8. Slotkin, T. A., Levin, E. D. & Seidler, F. J. Comparative developmental neurotoxicity of organophosphate insecticides: effects on brain

development are separable from systemic toxicity. Environ. Health Perspect. 114, 746–751 (2006).
9. Ohishi, T. et al. Reversible effect of maternal exposure to chlorpyrifos on the intermediate granule cell progenitors in the

hippocampal dentate gyrus of rat offspring. Reprod. Toxicol. 35, 125–136 (2013).
10. Salama, M., El-Morsy, D., El-Gamal, M., Shabka, O. & Mohamed, W. M. Mitochondrial complex I inhibition as a possible

mechanism of chlorpyrifos induced neurotoxicity. Ann. Neurosci. 21, 85–89 (2014).
11. Lee, J. E., Park, J. H., Jang, S. J. & Koh, H. C. Rosiglitazone inhibits chlorpyrifos-induced apoptosis via modulation of the oxidative

stress and inflammatory response in SH-SY5Y cells. Toxicol. Appl. Pharmacol. 278, 159–171 (2014).
12. Lee, J. E., Lim, M. S., Park, J. H., Park, C. H. & Koh, H. C. Nuclear NF-κ B contributes to chlorpyrifos-induced apoptosis through p53

signaling in human neural precursor cells. Neurotoxicology 42, 58–70 (2014).
13. Huen, K. et al. Organophosphate pesticide levels in blood and urine of women and newborns living in an agricultural community.

Environ. Res. 117, 8–16 (2012).
14. Youle, R. J. & van der Bliek, A. M. Mitochondrial fission, fusion, and stress. Science 337, 1062–1065 (2012).
15. van der Bliek, A. M., Shen, Q. & Kawajiri, S. Mechanisms of mitochondrial fission and fusion. Cold Spring Harb. Perspect. Biol. 5, pii:

a011072 (2013).
16. Cipolat, S., De Brito, O. M., B. Dal Zilio, B. & Scorrano, L. OPA1 requires mitofusin 1 to promote mitochondrial fusion. Proc. Natl. 

Acad. Sci. USA 101, 15927–15932 (2004).
17. Koshiba, T. et al. Structural basis of mitochondrial tethering by mitofusin complexes. Science 305, 858–862 (2004).
18. Smirnova, E., Griparic, L., Shurland, D.-L. & van der Bliek, A. M. Dynamin-related protein Drp1 is required for mitochondrial 

division in mammalian cells. Mol. Biol. Cell 12, 2245–2256 (2001).
19. Yoon, Y., Krueger, E. W., Oswald, B. J. & McNiven, M. A. The mitochondrial protein hFis1 regulates mitochondrial fission in

mammalian cells through an interaction with the dynamin-like protein DLP1. Mol. Biol. Cell 23, 5409–5420 (2003).
20. Chen, H. et al. Mitofusins Mfn1 and Mfn2 coordinately regulate mitochondrial fusion and are essential for embryonic development. 

J. Cell Biol. 160, 189–200 (2003).
21. Chambers, S. M. et al. Highly efficient neural conversion of human ES and iPS cells by dual inhibition of SMAD signaling. Nat.

Biotechnol. 27, 275–280 (2009).
22. Manuel, M. N., Mi, D., Mason, J. O. & Price, D. J. Regulation of cerebral cortical neurogenesis by the Pax6 transcription factor. Front. 

Cell Neurosci. 9, 70 (2015).
23. Shen, L., Nam, H. S., Song, P., Moore, H. & Anderson, S. A. FoxG1 haploinsufficiency results in impaired neurogenesis in the

postnatal hippocampus and contextual memory deficits. Hippocampus 16, 875–890 (2006).
24. Polo-Parada, L., Bose, C. M., Plattner, F. & Landmesser, L. T. Distinct roles of different neural cell adhesion molecule (NCAM)

isoforms in synaptic maturation revealed by analysis of NCAM 180 kDa isoform-deficient mice. J. Neurosci. 24, 1852–1864 (2004).
25. Cheng, A., Hou, Y. & Mattson, M. P. Mitochondria and neuroplasticity. ASN. Neuro. 2, e00045 (2010).
26. Tanaka, A. et al. Proteasome and p97 mediate mitophagy and degradation of mitofusins induced by Parkin. J. Cell Biol. 191,

1367–1380 (2010).
27. Greber, B. et al. FGF signalling inhibits neural induction in human embryonic stem cells. EMBO J. 30, 4874–4884 (2011).
28. Son, M. J. et al. Mitofusins deficiency elicits mitochondrial metabolic reprogramming to pluripotency. Cell Death Differ. 22,

1957–1969 (2015).
29. Garcia, S. J., Seidler, F. J., Crumpton, T. L. & Slotkin, T. A. Does the developmental neurotoxicity of chlorpyrifos involve glial targets?

Macromolecule synthesis, adenylyl cyclase signaling, nuclear transcription factors, and formation of reactive oxygen in C6 glioma 
cells. Brain Res. 891, 54–68 (2001).

30. Basha, M. & Poojary, A. Cold stress offered modulation on chlorpyrifos toxicity in aging rat central nervous system. Toxicol. Int. 19, 
173–181 (2012).

31. Yamada, S. et al. Tributyltin induces mitochondrial fission through Mfn1 degradation in human induced pluripotent stem cells. 
Toxicol. In Vitro. 34, 257–263 (2016).

32. Leboucher, G. P. et al. Stress-induced phosphorylation and proteasomal degradation of mitofusin 2 facilitates mitochondrial 
fragmentation and apoptosis. Mol. Cell 47, 547–557 (2012).

33. Yue, W. et al. A small natural molecule promotes mitochondrial fusion through inhibition of the deubiquitinase USP30. Cell Res. 24, 
482–496 (2014).

34. Park, Y. Y., Nguyen, O. T., Kang, H. & Cho, H. MARCH5-mediated quality control on acetylated Mfn1 facilitates mitochondrial 
homeostasis and cell survival. Cell Death Dis. 5, e1172 (2014).

35. Chen, K. H. et al. Dysregulation of HSG triggers vascular proliferative disorders. Nat. Cell Biol. 6, 872–883 (2004).
36. Chen, K. H. et al. Role of mitofusin 2 (Mfn2) in controlling cellular proliferation. FASEB J. 28, 382–394 (2014).
37. Yu, Z. P., Matsuoka, M., Wispriyono, B., Iryo, Y. & Igisu, H. Activation of mitogen-activated protein kinases by tributyltin in CCRF-

CEM cells: role of intracellular Ca(2+ ). Toxicol. Appl. Pharmacol. 168, 200–207 (2000).
38. Pizzo, P., Drago, I., Filadi, R. & Pozzan, T. Mitochondrial Ca2+ homeostasis: mechanism, role, and tissue specificities. Pflugers Arch. 

464, 3–17 (2012).



www.nature.com/scientificreports/

1 2
SCIENTIFIC REPORTS

39. Danesin, C. & Houart, C. A. Fox stops the Wnt: implications for forebrain development and diseases. Curr. Opin. Genet. Dev. 22, 
323–330 (2012).

40. Georgala, P. A., Carr, C. B. & Price, D. J. The role of Pax6 in forebrain development. Dev. Neurobiol. 71, 690–709 (2011).
41. Tuoc, T. C. et al. Selective cortical layering abnormalities and behavioral deficits in cortex-specific Pax6 knock-out mice. J. Neurosci. 

29, 8335–8349 (2009).
42. Tian, C. et al. Foxg1 has an essential role in postnatal development of the dentate gyrus. J. Neurosci. 32, 2931–2949 (2012).
43. Chen, X. P., Chen, W. Z., Wang, F. S. & Liu, J. X. Selective cognitive impairments are related to selective hippocampus and prefrontal 

cortex deficits after prenatal chlorpyrifos exposure. Brain Res. 1474, 19–28 (2012).
44. Li, K. et al. Differentiation of pluripotent stem cells for regenerative medicine. Biochem. Biophys. Res. Commun. 471, 1–4 (2016).
45. Nakagawa, M. et al. Generation of induced pluripotent stem cells without Myc from mouse and human fibroblasts. Nat. Biotechnol.

26, 101–106 (2008).
46. Fan, X., Hussien, R. & Brooks, G. A. H2O2-induced mitochondrial fragmentation in C2C12 myocytes. Free Radic. Biol. Med. 49,

1646–1654 (2010).
47. Hirata, N. et al. Sphingosine-1-phosphate promotes expansion of cancer stem cells via S1PR3 by a ligand-independent Notch

activation. Nat. Commun. 5, 4806 (2014).
48. Kanda, Y. et al. Reactive oxygen species mediate adipocyte differentiation in mesenchymal stem cells. Life Sci. 89, 250–258 (2011).
49. Yamada, S. et al. NAD-dependent isocitrate dehydrogenase as a novel target of tributyltin in human embryonic carcinoma cells. Sci. 

Rep. 4, 5952 (2014).

This work was supported by a Health and Labour Sciences Research Grant from the Ministry of Health, 
Labour, and Welfare, Japan (#H25-Kagaku-Ippan-002 and #H28-Kagaku-Ippan-003 to Y.Ka.), a Grant-in-
Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science, and Technology, Japan 
(#26293056 and #26670041 to Y.Ka.), the Japan Agency for Medical Research and Development, AMED 
(#15mk0104053h0101 and #16mk0104027j0002 to Y.S.), and a grant from the Smoking Research Foundation 
(Y.Ka.).

Y.S. and Y.Ka. planned the project. S.Y. performed most of the experiments. S.Y. and Y.Ka. wrote the manuscript. 
Y.Ku. and D.Y. provided technical advices. All authors reviewed the manuscript.

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Yamada, S. et al. Chlorpyrifos inhibits neural induction via Mfn1-mediated 
mitochondrial dysfunction in human induced pluripotent stem cells. Sci. Rep. 7, 40925; doi: 10.1038/srep40925 
(2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017



Tributyltin induces mitochondrial fission through Mfn1 degradation in
human induced pluripotent stem cells

Shigeru Yamada a, Miki Asanagi a,b, Naoya Hirata a, Hiroshi Itagaki b, Yuko Sekino a, Yasunari Kanda a,⁎
a Division of Pharmacology, National Institute of Health Sciences, Japan
b Faculty of Engineering, Department of Materials Science and Engineering, Yokohama National University, Japan

a b s t r a c ta r t i c l e i n f o

Article history:
Received 31 October 2015
Received in revised form 2 March 2016
Accepted 24 April 2016
Available online 29 April 2016

Organotin compounds, such as tributyltin (TBT), are well-known endocrine disruptors. TBT is also known to
cause various forms of cytotoxicity, including neurotoxicity and immunotoxicity. However, TBT toxicity has
not been identified in normal stem cells. In the present study, we examined the effects of TBT on cell growth
in human induced pluripotent stem cells (iPSCs). We found that exposure to nanomolar concentrations of TBT
decreased intracellular ATP levels and inhibited cell viability in iPSCs. Because TBT suppressed energy production,
which is a critical function of themitochondria,we further assessed the effects of TBT onmitochondrial dynamics.
Staining withMitoTracker revealed that nanomolar concentrations of TBT inducedmitochondrial fragmentation.
TBT also reduced the expressionofmitochondrial fusion proteinmitofusin 1 (Mfn1), and this effectwas abolished
by knockdown of the E3 ubiquitin ligase membrane-associated RING-CH 5 (MARCH5), suggesting that
nanomolar concentrations of TBT could inducemitochondrial dysfunction viaMARCH5-mediatedMfn1 degrada-
tion in iPSCs. Thus, mitochondrial function in normal stem cells could be used to assess cytotoxicity associated
with metal exposure.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Human induced pluripotent stem cells (iPSCs), which possess
self-renewal and multipotent differentiation properties, are expected
to have applications in drug discovery and drug safety assessment
(Nakamura et al., 2014; Takahashi et al., 2007). Growing evidence sug-
gests that iPSCs can also provide a unique platform for assessing
chemical-induced toxicities in various tissues, such as the brain (He
et al., 2012; Kumar et al., 2015). Thus, it is necessary to elucidate the
mechanisms mediating the cytotoxic effects of different chemicals dur-
ing embryonic development in stem cells.

Organotin compounds, such as tributyltin (TBT), are also associated
with various developmental, neurological, immunological, and meta-
bolic effects (Kotake, 2012). Although the use of TBT has already been
restricted, butyltin compounds, including TBT, have been reported to
be still present at concentrations between 50 and 400 nM in human
blood (Whalen et al., 1999). Therefore, the mechanisms through
which nanomolar concentrations of TBT cause cytotoxicity should be
elucidated using undifferentiated normal stem cells, which is the most
suitable platform for toxicological analysis.

Several studies have revealed the cytotoxic effects of nanomolar
concentrations of TBT in stem cells. For example, nanomolar concentra-
tions of TBT activate retinoid X receptor (RXR) and/or peroxisome

proliferator-activated receptorγ (PPARγ), thereby enhancing adipocyte
differentiation in adipose-derived stromal stem cells (ADSCs) (Kirchner
et al., 2010). In ratmesencephalic neural stem cells, transcriptome anal-
ysis after induction of TBT-dependent apoptosis revealed changes in the
expression levels of genes involved in Ca2+ mobilization, retinoic acid
signaling, and apoptosis (Suzuki and Ishido, 2011). We previously re-
ported that nanomolar concentrations of TBT mediate mitochondrial
dysfunction and inhibit the growth of human embryonic carcinoma
NT2/D1 cells (Yamada et al., 2015). Thus, we hypothesized that
nanomolar concentrations of TBT could also affect mitochondria in
human iPSCs.

Mitochondria exhibit continuous changes in morphology through
fusion and fission (van der Bliek et al., 2013; Youle and van der Bliek,
2012). Under normal circumstances, mitochondria fuse together,
forming excessive tubular networks (mitochondrial fusion). In contrast,
under stress conditions, mitochondrial networks convert into large
numbers of small fragments with punctate morphology (mitochondrial
fission). These mitochondrial dynamics play a key role in the mainte-
nance ofmitochondrial functions, such as ATP production.Mitochondri-
almorphology is strictly regulated byfission (fission protein 1 [Fis1] and
dynamin-related protein 1 [Drp1]) and fusion (mitofusin 1 and 2 [Mfn1,
Mfn2] and optic atrophy 1 [Opa1]) factors (Fischer et al., 2012). Several
reports have described mitochondrial fragmentation induced by chem-
ical exposure. For example, CGP37157, an inhibitor of mitochondrial
calcium efflux, mediates mitochondrial fission through Mfn1 degrada-
tion via the E3 ubiquitin ligase membrane-associated RING-CH 5
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(MARCH5) in prostate cancer cells (Choudhary et al., 2014). Another
study showed that doxorubicin induces proteasomal degradation of
Mfn2, which facilitates mitochondrial fragmentation and apoptosis in
sarcoma U2OS cells (Leboucher et al., 2012).

In the present study, we investigated the cytotoxic effects of
nanomolar concentrations of TBT in iPSCs. Our results showed that ex-
posure to 50 nM TBT decreased intracellular ATP levels and inhibited
cell growth. Moreover, TBT exposure induced Mfn1 degradation and
mitochondrial fragmentation through a MARCH5-dependent mecha-
nism. Thus, nanomolar concentrations of TBT induce toxicity through
impairment of mitochondrial quality control in human iPSCs.

2. Materials and methods

2.1. Chemicals and reagents

TBT was obtained from Tokyo Chemical Industry (Tokyo, Japan). Tin
acetate (TA), rosiglitazone (RGZ), and carbonyl cyanidem-chlorophenyl
hydrazone (CCCP) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). All other reagents were of analytical grade and were obtained
from commercial sources.

2.2. Cell culture

We used the human iPSC line 253G1 (Riken BRC Cell Bank, Tsukuba,
Ibaraki, Japan), which was established through retroviral transduction
of Oct3/4, Sox2, and Klf4 into adult human dermal fibroblasts
(Nakagawa et al., 2008). The cells were cultured under feederless condi-
tions using human embryonic stem cell (ESC)-qualified Matrigel
(BD Biosciences, San Jose, CA, USA) and TeSR-E8 medium (Stemcell
Technologies, Vancouver, BC, Canada) at 37 °C in an atmosphere con-
taining 5% CO2. For passage, iPSC colonies were dissociated into single
cells using Accumax (Innovative Cell Technologies, San Diego, CA,
USA) and cultured in a TeSR-E8 medium supplemented with the Rho-
kinase (ROCK) inhibitor Y-27632 (Wako, Tokyo, Japan).

2.3. Cell proliferation assay

Cell viabilitywasmeasured using CellTiter 96 AQueous One Solution
Cell Proliferation Assays (Promega, Madison,WI, USA), according to the
manufacturer's instructions. Briefly, iPSCs were seeded into 96-well
plates and exposed to different concentrations of TBT. After exposure
to TBT, One Solution Reagent was added to each well, and the plate
was incubated at 37 °C for another 2 h. Absorbance was measured at
490 nm using an iMark microplate reader (Bio-Rad, Hercules, CA, USA).

2.4. Measurement of intracellular ATP levels

The intracellular ATP content was measured using an ATP Determi-
nation Kit (Life Technologies, Carlsbad, CA, USA), according to the
manufacturer's protocol. Briefly, the cells were washed and lysed with
0.1% Triton X-100/PBS. The resulting cell lysates were added to a
reaction mixture containing 0.5 mM D-luciferin, 1 mM DTT, and
1.25 μg/mL luciferase and incubated for 30 min at room temperature.
Luminescence was measured using a Fluoroskan Ascent FL microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA). The lumines-
cence intensities were normalized to the total protein content.

2.5. Measurement of mitochondrial membrane potential (MMP)

A Cell Meter JC-10 Mitochondrial Membrane Potential Assay Kit
(AAT Bioquest, Sunnyvale, CA, USA) was used to detect MMP. Briefly,
the cells were suspended in a staining buffer containing JC-10 and incu-
bated for 20 min at room temperature. After treatment of the cells with
chemicals, a FACS Aria II cell sorter (BD Biosciences) was used to

measure the fluorescence intensity ratio, that is, JC-aggregate (F-590)/
JC-monomer (F-535).

2.6. Assessment of mitochondrial fusion

After the cells were treated with TBT (50 nM, 72 h), they were fixed
with 4% paraformaldehyde and stained with 50 nM MitoTracker Red
CMXRos (Cell Signaling Technology, Danvers, MA, USA) and 5 μg/mL
Hoechst 33342 (Sigma-Aldrich). Changes in mitochondrial morphology
were observed using a confocal laser microscope (Nikon A1). Images
(n= 5)were taken of random fields, and the number of cells displaying
mitochondrial fusion (b10% punctiform) was counted in each image, as
previously reported (Fan et al., 2010).

2.7. Real-time polymerase chain reaction (PCR)

Total RNA was isolated from iPSCs using TRIzol reagent (Life Tech-
nologies), and quantitative real-time reverse transcription (RT)-PCR
was performed using a QuantiTect SYBR Green RT-PCR Kit (Qiagen,
Valencia, CA, USA) on an ABI PRISM 7900HT sequence detection system
(Applied Biosystems, Foster City, CA, USA) as previously reported
(Hirata et al., 2014). Relative changes in transcript levels were normal-
ized to themRNA levels of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The following primer sequences were used for real-time PCR
analysis:Nanog, forward, 5′-CAGAAGGCCTCAGCACCTAC-3′ and reverse,
5′-ATTGTTCCAGGTCTGGTTGC-3′; Oct3/4, forward, 5′-ACATCAAAGCTC
TGCAGAAAGAA-3′ and reverse, 5′-CCAGTTCCTTGGCCTGGTT-3′; Drp1,
forward, 5′-TGGGCGCCGACATCA-3′ and reverse, 5′-GCTCTGCGTTCCCA
CTACGA-3′; Fis1, forward, 5′-TACGTCCGCGGGTTGCT-3′ and reverse,
5′-CCAGTTCCTTGGCCTGGTT-3′; Mfn1, forward, 5′-GGCATCTGTGGCCG
AGTT-3′ and reverse, 5′-ATTATGCTAAGTCTCCGCTCCAA-3′; Mfn2, for-
ward, 5′-GCTCGGAGGCACATGAAAGT-3′ and reverse, 5′-ATCACGGTGC
TCTTCCCATT-3′; Opa1, forward, 5′-GTGCTGCCCGCCTAGAAA-3′ and re-
verse, 5′-TGACAGGCACCCGTACTCAGT-3′; GAPDH, forward, 5′-GTCTCC
TCTGACTTCAACAGCG-3′ and reverse, 5′-ACCACCCTGTTGCTGTAGCC
AA-3′.

2.8. Western blot analysis

Western blot analysis was performed as previously reported (Kanda
et al., 2011). Briefly, the cells were lysed with a Cell Lysis Buffer
(Cell Signaling Technology). The proteins were then separated by sodi-
umdodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred to Immobilon-P membranes (Millipore,
Billerica, MA, USA). The membranes were probed with anti-Drp1 mono-
clonal antibodies (1:1000; Cell Signaling Technology), anti-Fis1 polyclon-
al antibodies (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-Mfn1 polyclonal antibodies (1:1000; Cell Signaling Technology),
anti-Mfn2 monoclonal antibodies (1:1000; Cell Signaling Technology),
anti-Opa1 monoclonal antibodies (1:1000; BD Biosciences), and anti-β-
actin monoclonal antibodies (1:5000; Sigma-Aldrich). The membranes
were then incubated with secondary antibodies against rabbit or mouse
IgG conjugated to horseradish peroxidase (Cell Signaling Technology).
The bandswere visualizedusing anECLWesternBlottingAnalysis System
(GE Healthcare, Buckinghamshire, UK), and images were acquired using
an LAS-3000 Imager (Fujifilm, Tokyo, Japan).

2.9. Gene knockdown by shRNA

Knockdown experiments were performed using Mfn1 shRNA lenti-
viruses from Sigma-Aldrich (MISSION shRNA), as previously reported
(Yamada et al., 2014). A scrambled hairpin sequence was used as a neg-
ative control. Briefly, the cells were infected with the viruses at a multi-
plicity of infection of 1 in the presence of 8 mg/mL hexadimethrine
bromide (Sigma-Aldrich) for 24 h. The cells were then subjected to
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selectionwith 1 μg/mL puromycin for 24 h and cultured for an addition-
al 72 h prior to functional analyses.

2.10. Gene knockdown by siRNA

Double-stranded RNA oligonucleotides (siRNAs) against MARCH5
and appropriate control scrambled siRNA were purchased from
Life Technologies. The siRNAs were transfected into iPSCs using
DharmaFECT1 (Dharmacon, Lafayette, CO, USA) as previously described
(Kinehara et al., 2013).

2.11. Statistical analysis

All data were presented as means ± standard deviations (SDs).
Analysis of variance (ANOVA) followed by post-hoc Tukey test was
used to analyze data involvingmore than two samples. For comparisons
between two samples, Student's t-tests were used. Differences with
P-values of less than 0.05 were considered statistically significant.

3. Results

3.1. Cytotoxic effects of TBT in iPSCs

To examine whether TBT was cytotoxic in iPSCs, we studied the ef-
fects of TBT on cell proliferation in iPSCs. Treatment with TBT reduced
cell viability in a dose-dependent manner (Fig. 1A and B). The LC50 for
TBT was 77 nM in iPSCs. Moreover, almost all cells were detached
from the culture dish at more than 200 nM TBT. In contrast, exposure
to TA, which is less toxic, had little effect at any concentration tested
(Fig. 1A and B). We next examined whether TBT affected pluripotency.
The expression levels of the undifferentiated markers Nanog and

Oct3/4 were not changed by TBT (Fig. 1C). Because cell growth requires
ATP as a source of energy in iPSCs, we examined intracellular ATP con-
tent in the cells. We found that treatment with 50 nM TBT reduced
the ATP content of the cells (Fig. 1D). We confirmed that 0.1 μM CCCP,
which functions as a mitochondrial uncoupler, also decreased ATP
levels. In contrast, TA had little effect. These data suggest that exposure
to 50 nM TBT reduces cell growth without inhibiting iPSC pluripotency.

3.2. Effects of TBT on mitochondrial function in iPSCs

Because TBT inhibited ATP production, we investigated MMP, as an
important parameter of mitochondrial function, during TBT treatment
in iPSCs. MMPwas decreased by 50 nMTBT for 1 h (Fig. 2A). In contrast,
TA had little effect on MMP. We further examined the generation of re-
active oxygen species (ROS), which affect MMP and are related to
mitochondrion-mediated cell damage (Park et al., 2005), using 2′,7′-
dichlorodihydrofluorescein (DCFH). TBT at 50 nM did not affect the
ROS level (Fig. S1). In contrast, hydrogen peroxide (H2O2) as a positive
control promoted the generation of ROS, which was attenuated by
N-acetylcysteine treatment. Because morphological changes in mito-
chondria are closely related to energy supply and MMP maintenance
(Youle and van der Bliek, 2012), we focused onmitochondrial dynamics
in iPSCs. After TBT exposure, we observed fragmented mitochondria
with punctate morphology (Fig. 2B). Furthermore, TBT significantly de-
creased the number of cells exhibitingmitochondrial fusion (Fig. 2C). As
expected, fragmentedmitochondria were also observed following CCCP
treatment (Fig. S2). In contrast, TA exposure did not affectmitochondri-
al morphology. Taken together, these results suggest that nanomolar
concentrations of TBT induce mitochondrial dysfunction, such as MMP
depolarization and mitochondrial fragmentation, in iPSCs.

Fig. 1. TBT induces cytotoxic effects in iPSCs. (A) Cells were seeded in 96-well plates and exposed to different concentrations of TBT for 72 h. Phase-contrast photomicrographs of iPSCs
were captured after exposure to TBT or TA at 0, 50, and 100 nM. Bar = 100 μm. (B) Cell viability in the presence of TBT or TA was examined using CellTiter 96 AQueous One Solution
Cell Proliferation Assays. (C) After exposure to 50 nM TBT or TA for 72 h, the expression of undifferentiated marker genes (Nanog and Oct3/4) was analyzed by real-time PCR. (D) The
intracellular ATP content was determined in the lysed cells. Data represent the mean ± SD (n = 3). *P b 0.05 using ANOVA with post-hoc Tukey test.
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3.3. TBT exposure induced mitochondrial fission via the reduction of Mfn1
protein in iPSCs

To examine the molecular mechanisms through which TBT induces
mitochondrial fragmentation, we assessed the effects of TBT on the ex-
pression of mitochondrial fission (Fis1 and Drp1) and fusion genes
(Mfn1,Mfn2, andOPA1). Real-time PCRanalysis showed that the expres-
sion of each genewas not altered by TBT exposure (Fig. 3A). Interesting-
ly, western blot analysis revealed that TBT significantly decreased only
Mfn1 protein levels. In contrast, the expression levels of other factors,
including Mfn2, were not changed (Fig. 3B and C). To confirm the in-
volvement ofMfn1 in the fragmentation ofmitochondria,we performed
knockdown (KD) of Mfn1 using lentivirus-delivered shRNAs. Real-time
PCR analysis showed that the KD efficiency was approximately 60%
(Fig. 3D), which was similar to that reported in previous KD studies
(Son et al., 2015). Similar to TBT exposure, Mfn1 KD inducedmitochon-
drial fragmentation (Fig. 3E and F). These data suggest that TBT-induced
mitochondrial fragmentation is caused by reduction of Mfn1 protein
levels.

3.4. MARCH5 KD abolished TBT-induced Mfn1 reduction in iPSCs

To investigate whether Mfn1 reduction triggered by TBT occurred
through an E3 ubiquitin ligase-dependent mechanism, we performed
KD of MARCH5 by siRNA. Real-time PCR analysis showed that the KD
efficiency of MARCH5 was approximately 70% (Fig. 4A). Western
blot analysis revealed that MARCH5 KD increased basal Mfn1 levels
and further abolished TBT-induced Mfn1 reduction (Fig. 4B and C). In
contrast, Mfn2 protein levels were not recovered by MARCH5 KD. Be-
cause the gene expression of Mfn1 was not affected by TBT exposure,
Mfn1 reductionwas thought to be caused byMARCH5-mediated degra-
dation, independent of gene downregulation. Taken together, these

data suggest that MARCH5 mediates TBT-induced Mfn1 degradation in
iPSCs.

4. Discussion

In the present study, we demonstrated that nanomolar concentra-
tions of TBT targeted mitochondrial quality control in human iPSCs.
We showed that exposure to nanomolar concentrations of TBT induced
Mfn1 degradation through the E3 ubiquitin ligase MARCH5, thereby
promoting mitochondrial fragmentation. These negative effects of TBT
on mitochondrial quality control could inhibit ATP production and cell
growth.

Our results showed that treatment with more than 200 nM TBT
caused almost complete detachment of human iPSCs from the culture
dish (Fig. 1). Previous studies have shown that micromolar concentra-
tions of TBT induce apoptosis in various cell types, such as human amni-
on cells (Zhu et al., 2007), hepatocytes (Grondin et al., 2007), and
neutrophils (Lavastre and Girard, 2002). Compared to somatic cells, im-
mature cells tend to be highly sensitive to TBT exposure. Therefore,
analysis of TBT sensitivity using iPSCs, iPSC-neural progenitor cells,
and iPSC-neurons might provide interesting insights into the mecha-
nisms of TBT toxicity. Previous reports have shown that iPSC-derived
cells are immature compared with human naïve neural cells and do
not form neural networks (Belinsky et al., 2011). Therefore, further
studies are required to elucidate the mechanisms of TBT neurotoxicity
using iPSCs and to optimize the types of iPSC-derived cells.

We also showed that the stemness properties of iPSCs were main-
tained after TBT exposure, whereas cell growth was reduced (Fig. 1).
Mitochondria have been reported to be in a morphologically and func-
tionally immature state in iPSCs, with poorly developed cristae and
more fragmented structures than those observed in somatic cells
(Wanet et al., 2015). Mfn1 and Mfn2 have been shown to constitute a
new barrier to reprogramming because Mfn1/2 ablation facilitates the

Fig. 2. TBT affects several mitochondrial functions in iPSCs. (A) Cells were stained with JC-10 for 20 min and exposed to 50 nM TBT or TA for an additional 1 h. The MMP of JC-10-labeled
cells was analyzed by flow cytometry. (B) Cells were exposed to 50 nMTBT or TA for 72 h and then stainedwithMitoTracker Red CMXRos and Hoechst 33342.Mitochondrial morphology
was observed by confocal lasermicroscopy. Bar=10 μm. (C) The number of cellswithmitochondrial fusion (b10%punctiform)was counted in each image. Data represent themean± SD
(n = 5). *P b 0.05 using ANOVA with post-hoc Tukey test.
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induction of pluripotency through the restructuring of mitochondrial
dynamics and bioenergetics (Son et al., 2015). Moreover, MARCH5 has
been shown to be involved in maintaining the pluripotency of mouse
embryonic stem cells through protein kinase A (PKA)-extracellular
signal-regulated kinase (ERK) signaling (Gu et al., 2015). Thus,
MARCH5-Mfn1 might be involved in maintenance of embryonic
stemness through mitochondrial fragmentation in iPSCs. Previous
study has reported that Mfn1 knockout results in embryonic lethality
of homozygous mutants (Chen et al., 2003). Moreover, Mfn1-deficient
embryonic cells have dramatically fragmented mitochondria. Taken
together, these data indicate that Mfn1-mediated mitochondrial dy-
namics might regulate embryonic development. Further studies are
needed to determine whether MARCH5-mediated Mfn1 degradation
plays a role in the maintenance of stemness properties.

Our data suggest that nanomolar concentrations of TBT could induce
mitochondrial fission through MARCH5-mediated Mfn1 degradation
(Figs. 2–4). Consistent with our data, chemical stressors have been re-
ported to causemitochondrial fission through proteasomal degradation
ofMfn1 and/orMfn2 (Choudhary et al., 2014; Leboucher et al., 2012). In
addition, Mfn1 or Mfn2 deficiency in cells is known to result in severe
cellular defects, including decreased ATP content and poor cell growth
(Chen et al., 2005; Yue et al., 2014). Our Mfn1 KD studies indicated
that Mfn1 degradation was sufficient to promote mitochondrial
dysfunction; therefore, TBT-induced Mfn1 degradation might mediate
mitochondrial fragmentation, decrease ATP levels, and inhibit iPSC
growth. AlthoughMfn2 is also involved inmitochondrial fission and en-
ergy supply (Chen et al., 2005; Leboucher et al., 2012; Yue et al., 2014),

our results indicated that TBT specifically targeted Mfn1, not Mfn2. Re-
garding this apparent TBT specificity, MARCH5 has been reported to se-
lectively degrade Mfn1 among all mitochondrial proteins, including
Mfn2 (Park et al., 2014). This selectivity of MARCH5 toward Mfn1 was
also confirmed by our recovery studies of TBT-induced Mfn1 degrada-
tion using MARCH5-KD cells. Thus, exposure to nanomolar concentra-
tions of TBT might specifically target Mfn1 via MARCH5 in iPSCs.
In future studies, it will be necessary to investigate the specific mecha-
nisms underlying TBT-induced Mfn1 degradation via MARCH5, a pro-
cess that results in mitochondrial fission and dysfunction.

Herein, we found that TBT targeted themitochondrial energy supply
in iPSCs. Although mitochondrial energy production is more efficient
than glycolysis, embryonic cells such as iPSCs are known to rely mainly
on glycolysis rather than the mitochondrial system for ATP production
(Varum et al., 2011). We previously reported that nanomolar concen-
trations of TBT inhibit glucose uptake and cause growth arrest in
human embryonic carcinoma NT2/D1 cells (Yamada et al., 2013). Fur-
ther studies should determine whether glycolysis is also targeted by
TBT in iPSCs.

In summary, our results demonstrated a novel mechanism underly-
ing the cytotoxicity of nanomolar TBT levels in iPSCs. Recently, signifi-
cant progress has been made in the induction of differentiation of
pluripotent stem cells into a variety of cell types (Li et al., 2016). Thus,
further studies are needed to evaluate the toxicities and developmental
effects of TBT on somatic cells present in human adults. The chemical
sensitivity and broad utility of iPSCs in toxicological studies of TBT
may enable the discovery of versatile toxicity evaluation markers,

Fig. 3. TBT inducesmitochondrial fission via decreasedMfn1 protein levels in iPSCs. (A) After exposure to 50 nMTBT or TA for 72 h, the expression ofmitochondrial geneswas analyzed by
real-time PCR. (B) After exposure to 50 nMTBT or TA for 72 h, the expression ofmitochondrial proteinswas analyzed bywestern blotting using anti-Drp1, anti-Fis1, anti-Mfn1, anti-Mfn2,
anti-Opa1, or anti-β-actin antibodies. (C) The relative densities of bands were quantified with ImageJ software. Relative changes in expression were determined by normalization to
β-actin. (D) After introduction of lentivirus-delivered shRNAs against Mfn1 to the cells, the expression of Mfn1 was analyzed by real-time PCR. (E) Mfn1-KD cells were stained with
MitoTracker Red CMXRos and Hoechst 33342. Mitochondrial morphology was observed by confocal laser microscopy. Bar = 10 μm. (F) The number of cells with mitochondrial fusion
(b10% punctiform) was counted in each image. Data represent the mean ± SD (n = 5). *P b 0.05 using ANOVA with post-hoc Tukey test.
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which could facilitate the development of a platform for chemical vali-
dation by providing simple, reproducible, and cost-effective tools.
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Abstract 

Prenatal valproic acid (VPA) exposure is a well-known animal model of autism 

spectrum disorder (ASD) that produces alterations in embryonic and adult neurogenesis 

as well as adolescent/adulthood neurobehavioral phenotypes. However, the effects of 

prenatal VPA exposure on neural network excitability, especially during the 

synaptogenic period around eye opening, are not fully understood. In this study, we 

orally administered VPA (300 mg/kg) to pregnant Wistar rats on gestation day 15 and 

subsequently performed field potential recording in the CA1 area of hippocampal slices 

obtained from control (saline-exposed) and VPA-exposed rat pups between postnatal 

day (PND) 13 and PND18. In control slices, we observed an abrupt enhancement of 

stimulation-dependent responses including population spike (PS) amplitudes and field 

excitatory postsynaptic potential (fEPSP) slopes at PND16, which coincided with the 

average day of eye opening. In contrast, VPA-exposed pups exhibited delayed eye 

opening (PND17) and gradual rather than abrupt increases in PS amplitudes and fEPSP 

slopes over the duration of the synaptogenic period. We next investigated the 

involvement of ambient GABA in PS generation using bicuculline methiodide (BMI), a 

-aminobutyric acid type A (GABAA) receptor antagonist. In control slices, BMI 

enhanced PS amplitudes during PND14–15 (before eye opening) and had little effect 



thereafter during PND16–17; a subsequent regression model analysis of BMI ratios (the 

ratio of PS amplitudes in the presence and absence of BMI) indicated a possible 

developmental change between these periods. In contrast, almost identical regression 

models were obtained for BMI ratios during PND14–15 and PND16–17 in the 

VPA-exposed group, indicating the absence of a developmental change. Our results 

suggest that prenatal VPA exposure accelerates the development of hippocampal 

excitability before eye opening. Moreover, our experimental model can be used as a 

novel approach for the evaluation of developmental neurotoxicity. 

 

Key words: 

developmental neurotoxicity; valproic acid; prenatal exposure; hippocampus; slice 

preparation; electrophysiology 

  



1. Introduction  

The impact of exogenous chemical substances on childhood neural development, 

also known as developmental neurotoxicity, is an important social issue (Andersen et al., 

2000; Grandjean and Landrigan, 2006). Valproic acid (VPA) is an antiepileptic drug and 

mood stabilizer that has been reported to increase the risk of autism spectrum disorders 

(ASD) in children when women take VPA during early pregnancy (Chomiak et al., 

2013). Similarly, rodent models of ASD have been established using prenatal exposure 

to VPA; in VPA exposure-based models, offspring exhibit autism-like behaviors 

including impaired social interactions and repetitive behaviors (Markram et al., 2008; 

Rodier et al., 1997; Roullet et al., 2013; Schneider and Przewlocki, 2005). In addition to 

neurobehavioral phenotypes, ASD model animals exhibit alterations in embryonic and 

adult neurogenesis (Juliandi et al., 2015). However, it is not well known whether 

prenatal exposure to VPA also affects neurogenesis in developmental stages occurring 

prior to adulthood, especially during the synaptogenic period. 

Neural activity is a critical regulator of neural network development. It was recently 

demonstrated that spine density is remarkably increased in the hippocampal CA1 area of 

mice between postnatal day (PND) 11 and PND21, i.e. during the synaptogenic period 

(Johnson-Venkatesh et al., 2015). Interestingly, when intrinsic neural activity was 



suppressed by overexpression of Kir2.1, an inwardly rectifying K
+
 channel, increases in 

spine density during the synaptogenic period were abolished. Thus, neural network 

activity in the hippocampal CA1 area is necessary for healthy neural development 

during the synaptogenic period including around eye opening. 

Chloride conductance due to ambient concentrations of GABA ( -aminobutyric 

acid) also plays a role in regulating neural network excitability during postnatal neural 

development (Cellot and Cherubini, 2013; Kilb et al., 2013). Ambient GABA originates 

from the spillover of neurotransmitter escaping the synaptic cleft and from astrocytes 

via a non-vesicular Ca
2+

-independent process and mediates tonic inhibition via 

extrasynaptic GABAA receptors. However, there is little evidence demonstrating effects 

of prenatal exposure to toxicants including VPA on ambient GABA-mediated inhibition 

of neural network excitability. 

In the present study, we used a model of prenatal VPA exposure and evaluated 

effects on neural network activity in the hippocampal CA1 area during the synaptogenic 

period using hippocampal slices from PND13–18 rat pups. We not only observed the 

ability of prenatal VPA exposure to abolish development-associated enhancements in 

stimulation-dependent neural responses, but also confirmed the ability of prenatal 

exposure to influence ambient GABA-mediated inhibition even prior to eye opening. 



2. Material and Methods 

2.1 Animals 

Adult Wistar/ST rats were purchased from Japan SLC Inc. (Japan). Rats were housed 

in plastic cages on paper chip bedding (ALPHA-dri, Shepherd Specialty Papers, USA) 

and maintained on a 12-h light/dark cycle (light period: 07:00–19:00) in a room with 

controlled temperature (23 ± 1°C) and relative humidity (50 ± 15%). Animals were 

given free access to food (CE2, CLEA Japan Inc., Japan) and filtered water (TCW-PPS 

filter, Advantech Co., LTD., Japan) dispensed in glass water supply bottles. 

The proestrus stage was verified with an impedance checker (MK-10B, Muromachi 

Kikai Co., Ltd., Japan). When the observed impedance was > 3 k  female rats were 

provided with a male rat for mating. The presence of a vaginal plug or sperm in the 

vaginal smear the following morning confirmed coition, and it was regarded as 

gestation day (GD) “zero” (Fig. 1). Pregnant rats were randomly divided into two 

groups: a control group and a VPA exposure group.  

VPA was purchased from Wako Pure Chemical Industries, Ltd. (Japan), dissolved in 

physiological saline (Otsuka Pharmaceutical Co., Ltd, Japan), and orally administered 

to dams (300 mg/kg) on GD15 under 5% isoflurane gas anesthesia (Pfizer Japan Inc., 

Japan).  



All dams gave birth on GD21, and the date of birth was defined as PND0. If there 

were more than 10 pups in a litter, the litter size was adjusted to 10 pups on PND1. 

Litters of less than 10 pups were not adjusted. All pups were housed with their dams 

during the lactation period. Rat pup body weights were measured on PND1, PND7, 

PND14, and PND21. The day of eye opening was determined by checking the eyes of 

pups at 14:00 on each day from PND15–18. 

For the electrophysiological study, the control group included pups from 16 control 

dams and the VPA-exposed group included pups from 17 VPA-exposed dams. All 

studies were approved by the Ethics Committee on Animal Care and Experimentation 

and performed in accordance with the guidelines of the University of Occupational and 

Environmental Health, Japan.  

 

2.2 Slice preparation and recordings  

Hippocampal slices (600 m thickness) were prepared from male pups on each 

postnatal day between PND13–18 as previously described (Fueta et al., 2004; Fueta et 

al., 2002). Slices were perfused with artificial cerebrospinal fluid (ACSF) containing 

124 mM NaCl, 2 mM KCl, 2 mM MgSO4, 2 mM CaCl2, 1.25 mM KH2PO4, 26 mM 

NaHCO3, and 10 mM glucose; saturated with an O2 95%/CO2 5% gas mixture; and 



stored in a thermostatic bath (27.6
°
C). The perfusion rate of ACSF was 1 ml/min for all 

experiments.  

Population spikes (PSs) and field excitatory synaptic potentials (fEPSPs) were 

simultaneously recorded from the CA1 area of hippocampal slices using glass 

microelectrodes (Fig. 2A). For slices obtained during the period from PND13–15, PSs 

were recorded from the area between the pyramidal cell layer and the alveus. The 

recording positions for PSs and fEPSPs were similar between the control and 

VPA-exposed groups. Bipolar stimulation electrodes made of stainless wires (50 m in 

diameter) were placed on Shaffer collateral/commissural fibers at a distance of about 

250 m from the fEPSP recording electrodes. Stimulation-response relationships were 

observed with stimulation intensities from 10–600 A. The stimulation interval was 2 

min in order to avoid the measurement of overlapping stimulation effects. 

Between PND14–17, experiments evaluated the effects of bicuculline methiodide 

(BMI, Tocris Bioscience, U.K.), a GABAA receptor antagonist, on the generation of PSs. 

Average PS amplitudes in response to 600 A stimulation were recorded in triplicate 

(with 2-min intervals) in the absence and presence of BMI; after PS measurements in 

the absence of BMI, slices were perfused with ACSF containing BMI (1 M) for 10 min 

and subsequently tested. A total of 3–4 slices per rat pup were tested. 



 

2.3 Distribution analysis 

Histogram distribution and nonlinear regression analyses of BMI ratios (PS 

amplitude in the presence of BMI divided by that in the absence of BMI) were 

conducted using GraphPad Prism software (GraphPad Software, Inc., USA).  

 

2.4 Statistical analysis 

Litter sizes and sex ratios as well as pup body weights and the day of eye opening are 

expressed as the mean ± standard deviation (SD). Electrophysiological results are 

expressed as the mean ± standard error of mean (SEM). Statistical differences between 

the control and VPA-exposed groups were determined using two-sided Student’s t-tests 

or Mann-Whitney U tests at a significance level of P < 0.05. 

  



3. Results  

For the purpose of our study, the time of eye opening in our rat models was needed 

to confirm. In consequence, the average day of eye opening was significantly delayed in 

the VPA-exposed group compared to the control group (P<0.01, Table 1). We also 

examined general toxicity induced by one-time prenatal VPA exposure at GD15, and 

found that there were no significant differences between the control and VPA-exposed 

groups in terms of litter size, litter sex ratio, or changes in pup body weight. Moreover, 

the number of pups that died before experimentation or weaning was not significantly 

different between groups (control group, 2 of 206 pups; VPA-exposed group, 4 of 195 

pups).  

Next, to investigate neural network excitability during the synaptogenic period, we 

studied stimulation-response (S/R) relationships for fEPSP slopes and PS amplitudes 

using hippocampal slice preparations, in which the cytoarchitecture and synaptic 

circuits of the hippocampus are largely retained. S/R relationships exhibited two 

different stages; similar degrees of stimulation-dependent responses were observed in 

control pups between PND13–15. However, responses (fEPSP slopes and PS 

amplitudes) were suddenly augmented on PND16, which seemed to correspond with 

eye opening. Responses were maintained at an enhanced level for fEPSP slopes and 



slightly enhanced for PS amplitudes between PND17–18 (Fig. 2B, C).  

In contrast, a gradual enhancement of S/R relationships was observed between 

PND13–18 in the VPA-exposed group, and did appear to correspond with eye opening. 

Therefore, we reanalyzed fEPSP slopes and PS amplitudes in response to a stimulation 

intensity of 600 A, which evoked the maximal responses. PS amplitudes obtained from 

the control group showed an abrupt increase between PND15–16, whereas those from 

the VPA-exposed group again demonstrated a gradual increase over the period 

examined, with significant differences at PND14 and PND15 compared to the control 

group. A similar but smaller developmental change was observed in the fEPSP slope, 

with a significant difference between the control and VPA-exposed groups on PND15 

(Fig. 3). 

Next we investigated the effect of BMI on PS generation in order to elucidate the 

role of ambient GABA in postnatal PS generation. Fig. 4 shows the effect of BMI on PS 

amplitudes in the control group before eye opening (PND14–15) and after eye opening 

(PND16–17). PS amplitudes were enhanced in the presence of BMI during PND14–15 

(Fig. 4A, left), but this enhancement was attenuated during PND16–17 (Fig. 4B, left). 

The mean BMI ratios (ratio of the PS amplitude in the presence of BMI to that in the 

absence of BMI) were 1.80  0.17 (n = 13) for PND14–15 and 1.14 ± 0.04 (n = 10) 



for PND16–17. Histograms of BMI ratios (Figs. 4A and 4B, right) and nonlinear 

regression analyses revealed a clear developmental change in the probability 

distribution of BMI ratios for PS amplitudes (Fig. 6, left).  

In contrast, for the VPA-exposed group, PS amplitudes generated in the presence of 

BMI showed small or little increases during both the PND14–15 and PND16–17 

periods (Figs. 5A and 5B, left). The mean BMI ratios were 1.34 ± 0.14 (n = 17) for 

PND14–15 and 1.14 ± 0.05 (n = 17) for PND16–17. Moreover, histograms of BMI 

ratios and nonlinear regression analyses (Figs. 5A and 5B, right) were almost identical 

between the PND14–15 and PND16–17 periods, suggesting attenuation of the 

developmental change observed in the control group (Fig. 6, right). We also investigated 

the responses to BMI for fEPSP slopes, but minimal (non-significant) BMI responses 

and alterations in developmental change were observed. 

  



4. Discussion 

In this study, we investigated the effect of prenatal VPA exposure on the 

development of neural network activity in the hippocampal CA1 area during the 

synaptogenic period, including during the period of eye opening. A single dose of VPA 

(300 mg/kg) was orally administered to dams on GD15 and was not noted to affect dam 

maternal behavior or fetal/neonatal mortality. In animal models of ASD, VPA is often 

administered repeatedly or earlier than GD11.5 prior to closure of the neural tube 

(Rodier et al., 1997). Therefore, the most effective period for observing the effects of 

prenatal VPA exposure as it relates to ASD may be earlier than GD15.  

Brain slice preparation is a well-known laboratory technique for electrophysiology 

and pharmacology research. Since local neuronal circuits remain intact in brain slices, 

this neurophysiological preparation is useful for studying neurotoxicity (Fountain et al., 

1992) as well as the specific effects of neurotoxic agents on synaptic transmission and 

plasticity (Varela et al., 2012; Wiegand and Altmann, 1994). The electrophysiological 

strategy used in the present work has been previously implemented to study the effects 

of prenatal/perinatal ethanol exposure (Puglia and Valenzuela, 2010), lead (Carpenter et 

al., 2002; Sui et al., 2000), polychlorinated biphenyl exposure (Altmann et al., 1998; 

Carpenter et al., 2002; Kim and Pessah, 2011), and toluene exposure (Chen et al., 2011). 



Thus, we deemed the present model to be useful for evaluating excitatory/inhibitory 

function and developmental neurotoxicity after VPA exposure. 

Our first main finding was that stimulation-dependent responses for fEPSPs and PSs 

in the hippocampal CA1 area showed two different periods of development in normal 

pups; one from PND13–15 before eye opening on PND16, and another after eye 

opening from PND16–18. S/R relationships for neural excitability in the CA1 area 

exhibited drastic enhancements after eye opening. Alternatively, we did not observe 

clear discrimination between stimulation-dependent responses before and after eye 

opening in the VPA-exposed group; enhancements in stimulation-dependent CA1 

excitability were observed on PND14 and/or PND15 in the VPA-exposed group 

compared to the control group, and gradual changes were observed in the subsequent 

postnatal days. In other words, prenatal VPA exposure appeared to accelerate 

developmental changes in neural excitability that otherwise appeared in association with 

eye opening in healthy pups. 

Ambient GABA is a critical factor that regulates neural network excitability. 

Therefore, we also investigated the involvement of ambient GABA in PS generation 

using BMI, a GABAA receptor antagonist. On PND14 and PND15 before eye opening, 

PS amplitudes evoked in the presence of BMI were greater than those in the control 



condition, suggesting a possible role for PS inhibition by ambient GABA. On PND 16 

and PND17 on or after eye opening, BMI had little effect on PS amplitudes. These 

results indicated that ambient GABA was involved in suppressing neural excitability in 

the CA1 area during neural development prior to eye opening. The centering of this 

developmental change around the event of eye opening is consistent with a previous 

report that demonstrated notable increases in spine density on PND15 

(Johnson-Venkatesh et al., 2015). 

In contrast, BMI had little effect on PS generation before or after eye opening in the 

VPA-exposed group. Indeed, nonlinear regression models of distribution histograms 

obtained during PND14–15 and PND16–17 were virtually identical. These results 

suggest that prenatal exposure to VPA may eliminate ambient GABA suppression of 

neural excitability prior to eye opening, and are consistent with the observation of 

enhanced stimulation-dependent responses at PND14 and PND15 in the VPA-exposed 

group. Accordingly, prenatal exposure to VPA may accelerate neural development in 

CA1 area during the synaptogenic period.  

Ambient GABA-mediated tonic inhibition in hippocampal neurons is synergistically 

modulated by two GABA transporters (GATs): GAT-1 located on presynaptic 

membranes and GAT-3 on astrocytes (Egawa and Fukuda, 2013; Kersante et al., 2013). 



GAT-1 is predominantly responsible for GABA reuptake under resting conditions; 

alternatively, GAT-3 plays an important role in controlling hippocampal cell excitability 

during neural activation (Kersante et al., 2013). Therefore, our findings raise the 

question of whether developmental changes in evoked PS responses to BMI were 

related to alterations in the expression and/or function of GATs in the CA1 area during 

development. Further investigations are in progress to address this issue. 

Among several hypothetical mechanisms underlying ASD, the disruption of 

excitation/inhibition (E/I) balance in neuronal circuits has been proposed as a unifying 

explanation for the complexity and diversity of ASD presentations arising from genetic 

(Gkogkas et al., 2013; Gogolla et al., 2009; Rubenstein, 2010; Rubenstein and 

Merzenich, 2003) and environmental factors (Rubenstein and Merzenich, 2003). 

Although the precise mechanisms of altered E/I balance after prenatal exposure to VPA 

have not been fully elucidated, this effect has been replicated in several rodent studies. 

Rinaldi et al. showed that prenatal injection of VPA (500 mg/kg, intraperitoneally) 

increased N-methyl-D-aspartate (NMDA) receptor subunit protein expression in the 

whole brains of pups and enhanced NMDA receptor-mediated synaptic currents in 

neocortical slices obtained from pups during PND12–16 (Rinaldi et al., 2007). These 

authors further reported that prenatal VPA exposure induced local circuits 



hyperconnectivity and enhancements in both excitatory and inhibitory systems in the 

sensory cortex (Rinaldi et al., 2008). Banerjee et al. reported that a single intraperitoneal 

injection of VPA (600 mg/kg) at GD11.5 impaired postnatal GABAergic synaptic 

transmission using slice preparations of the auditory cortex from PND23–45 offspring 

(Banerjee et al., 2013).  

To the best of our knowledge, this is the first report to describe a possible role for 

GABA-mediated inhibition in the development of evoked PSs during the synaptogenic 

period around eye opening. Moreover, our data suggest that prenatal exposure to VPA 

and potentially other developmental neurotoxicants at specific points of the gestation 

period can accelerate this developmental change. Changes in PS amplitudes evoked 

from hippocampal slices during prenatal development, especially in the presence of 

BMI, may be useful as an index for the normal development of neural circuits; to this 

end, our assay may have utility for screening other candidate neurodevelopmental 

toxicants. Studies with other known toxicants including organometallic compounds and 

pesticides are in progress to determine whether similar developmental alterations can be 

observed using the current experimental approach. 

  



5. Conclusions 

In summary, we report that one-time prenatal exposure to VPA at GD 15 produced 

enhancements in stimulation-dependent responses for fEPSP slopes and PS amplitudes 

in the CA1 area of offspring, and moreover altered offspring PS amplitude responses to 

BMI. Taken together, prenatal VPA exposure may transiently alter E/I balance, resulting 

in the acceleration of neural development before eye opening. This effect corresponds 

with the hypothetical mechanisms underlying ASD; that is, the disruption of E/I balance 

in developing brain circuits. Although further investigations are required, our results 

provide an alternative approach for the evaluation of developmental neurotoxicity. 
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Table 1. Litter sizes and sex ratios as well as pup weight gain and the day of eye 

opening for the control and VPA-exposed groups. 

 

Data represent the mean ± standard deviation. Numbers in parentheses are total numbers 

of dams/pups examined. **P<0.01, compared to the control. Abbreviations: PND, 

postnatal day; VPA, valproic acid.  

  

 control  VPA-exposed 

litter size of dams 12.0 ± 2.0 (21)  13.0 ± 3.0 (20) 

sex ratio of pups 
(male/female, %) 48.5 ± 0.1 (21) 49.5 ± 0.1 (20) 

male pup weight (g) 

PND1 6.0 ± 0.6 (55)  5.7 ± 0.4 (53) 

PND7 14.9 ± 1.6 (54)  14.1 ± 1.3 (47) 

PND14 30.1 ± 1.9 (47)  28.6 ± 2.2 (45) 

PND21 50.2 ± 4.3 (20)  46.9 ± 3.7  (23) 

Day of eye opening 16.5 ± 0.6 (67)  17.3 ± 0.7** (77) 
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Figure legends  

Figure 1. Scheme of the experimental design. 

 

Figure 2. Stimulation/response (S/R) relationships for population spike (PS) 

amplitudes and field excitatory postsynaptic potential (fEPSP) slopes recorded 

from the hippocampal CA1 area of rats that were prenatally exposed to valproic 

acid (VPA). (A) Illustration depicting the procedure of fEPSP and PS recordings from 

CA1. Responses were evoked with a stimulating electrode placed in the stratum 

radiatum. Thick lines on the left traces indicate how measurements of fEPSP slopes and 

PS amplitudes were taken. (B, C) In control rats (left graphs), the S/R relationships for 

both fEPSP slopes and PS amplitudes were enhanced between PND15–16. Data were 

collected from 14–19 slices obtained from pups of 4–5 different litters. In VPA-exposed 

rats (right graphs), these relationships were gradually enhanced between PND13–18. 

Data were gathered from 10–17 slices obtained from pups of 5–6 different litters. The 

x-axis is stimulation intensity and the y-axis is size of the fEPSP slope or PS amplitude. 

Data represent the mean ± standard error of the mean.  

 

Figure 3. Developmental changes in population spike (PS) amplitudes and field 



excitatory postsynaptic potentials (fEPSPs) slopes in the control and valproic acid 

(VPA)-exposed groups. One-time prenatal exposure to VPA (300 mg/kg) led to 

postnatal increases in PS amplitude and fEPSP slope during PND14–15 and PND15, 

respectively. There were no between-group differences in excitability between PND16–

18. The stimulation intensity was 600 A. * indicates P < 0.05 using a Student’s t-test. 

++ indicates P < 0.01 using a Mann-Whitney U test.  

  

Figure 4. Development-associated changes in population spike (PS) amplitude 

responses to BMI in the control group. (A) At PND14–15, application of the GABAA 

receptor antagonist BMI to hippocampal slices during recording remarkably increased 

PS amplitudes; the mean BMI ratio was 1.80 (95% confidence interval = 1.44–2.16). 

(B) Increased PS amplitudes in response to BMI application were not observed at 

PND16–17; the mean ratio was 1.14 (95% confidence interval = 1.04–1.24).  

  

Figure 5. Development-associated changes in population spike (PS) amplitude 

responses to BMI in the valproic acid (VPA)-exposed group. Hippocampal slices 

from the VPA-exposed group were virtually insensitive to BMI during both the PND14–

15 (A) and PND16–17 (B) periods; the mean BMI ratios were 1.34 (95% confidence 



interval = 1.04–1.64) and 1.14 (95% confidence interval = 1.04–1.25), respectively.  

 

Figure 6. Developmental alterations in nonlinear regression models of BMI ratios 

for population spike (PS) responses. Data from right figure panels of 4 and 5 were 

re-plotted and summarized for the control (left panel) and VPA-exposed groups (right 

panel). 
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 Neurotoxicity of 10bromopropane (10BP) has been reported in occupational 

exposure, but whether the chemical exerts developmental neurotoxicity is unknown. We 

studied the effects of prenatal 10BP exposure on neuronal excitability in rat offspring. 

 We exposed dams to 10BP (700 ppm, 6 h a day for 20 days), and examined 

hippocampal slices obtained from the offspring at 2, 5, 8, and 13 weeks of age. We measured 

the stimulation/response (S/R) relationship and paired0pulse ratios (PPRs) of the population 

spike (PS) at the interpulse intervals (IPIs) of 5 and 10 ms in the CA1 subfield.  

Prenatal 10BP exposure enhanced S/R relationships of PS at 2 weeks of age; however, the 

enhancement diminished at 5 weeks of age until it reached control levels. Prenatal 10BP 

exposure decreased PPRs of PS at 2 weeks of age. After sexual maturation, however, the PPRs 

of PS increased at a 50ms IPI in male rats aged 8 and 13 weeks, and at 50 and 100ms IPIs in 

female rats aged 13 weeks.  Our findings indicate that prenatal 10BP exposure in 

dams can cause delayed adverse effects on excitability of pyramidal cells in the hippocampal 

CA1 subfield of offspring. 

: 10Bromopropane, Delayed adverse effect, Electrophysiology, Excitability, Prenatal 

exposure, Rat hippocampal slices 
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Social concerns have been raised regarding the developmental neurotoxicity of prenatally 

absorbed environmental chemicals, which may exert delayed adverse effects on brain function 

after birth. It is now recognized that some industrial chemicals (e.g., lead, methylmercury, 

polychlorinated biphenyls, arsenic, and toluene) can exert developmental neurotoxicity, which 

results in clinical or subclinical brain dysfunction in humans and in laboratory animals1). 

Many neurotoxic chemicals are present in industrial work settings, and it is not known 

whether a prenatal exposure to industrial chemicals can cause developmental neurotoxicity. 

10Bromopropane (CH30CH20CH2Br; 10BP), one substitute for specific chlorofluorocarbons, 

is currently used as a solvent in a variety of industrial and commercial applications. Products 

containing 10BP include degreasers and cleaners, spray adhesives, spot removers, coin 

cleaners, paintable mold release agents, automotive refrigerant flushes, and lubricants2).

Adverse effects on the central and peripheral nervous system have been found in industrial 

workers who used 10BP 05). Adult rats exposed to 10BP have also shown central

neurotoxicity, alteration of mRNA levels of brain neurotransmitter receptors6), and

hippocampal disinhibition caused by a decrease in γ0aminobutyric acid (GABA)0mediated 

function7). In  studies using rat hippocampal slices, 10BP directly suppressed the

synaptic plasticity, referred to as a long0term potentiation, in the granule cells of the dentate 
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gyrus8).

Developmental toxicity is one reason for the threshold limit value set by the American 

Conference of Governmental Industrial Hygienists for 10BP9). We recently reported that

prenatal exposure to 10BP suppressed the occurrence of kainite (KA)0induced “wet dog shake” 

behavior in 20week0old rat pups10). However, whether prenatal 10BP exposure can change

neuronal function at the cellular level in the brain of the offspring is unknown. We therefore 

studied the effects of prenatal 10BP exposure on neuronal excitability after birth. In studying 

neuronal excitability, population spikes (PS) were recorded in the CA1 subfield of 

hippocampal slices. For comparison, the same inhalation concentration was used in this study. 

We analyzed stimulation0dependent responses, stimulation/response (S/R) relationships, and 

the ratio of responses to double0pulse stimulations, paired0pulse ratios (PPRs). PPRs have 

been used as a simple method for assessing excitability in neuronal networks ,11) In this study, 

we evaluated rats at 2, 5, 8, and 13 weeks of age, to determine whether prenatal 10BP 

exposure can exert delayed effects after birth. 

Preparation of rats and 10BP inhalation were made according to our previous study  
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Briefly, adult male and female Wistar rats were purchased from Kyudo Co., Ltd (Tosu, Japan). 

The rats were housed in plastic cages with paper0made chips (ALPHA0dri, Shepherd Specialty 

Papers, Richland, MI, USA) on a 120h light/dark cycle (light period: 7 AM–7 PM). The 

temperature was controlled at 22–23°C. The relative humidity was approximately 50–70%. 

The animals had free access to food (CE2, CLEA Japan Inc., Tokyo, Japan) and filtered water 

(TCW0PPS filter, Advantech Co., Ltd., Tokyo, Japan). Female rats at the proestrus stage were 

mated with male rats. On the morning of the following day, the existence of sperm in the 

vaginal plug or vaginal smear was verified as gestation day (GD) 0. 10BP was purchased from 

Kanto Chemical Co., Ltd. (Tokyo, Japan). Dams were exposed to 10BP vapor at a 

concentration of 700 ppm (6 h/day) for 20 days from GD 1 to GD 20 in an exposure chamber, 

whereas the other dams were provided fresh air in the same type of chamber. Rats were not 

allowed access to food and water during the inhalation period. Until the experimental days, 

male and female rat pups were housed separately after weaning. Some pups in the control and 

prenatally 10BP0exposed groups were sourced from pups that were not injected with KA in 

our previous study10). The prenatally 10BP0exposed groups are abbreviated as the 10BP group.

The number of dams was 15 in the control group and 12 in the 10BP group. The total number 

of pups was 34 in the control group and 25 in the 10BP group. 

The experiments were conducted under the guidance of the Ethics Committee of Animal 

Care and Experimentation in accordance with the Guiding Principle for Animal Care 
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Experimentation, University of Occupational and Environmental Health, Japan, which 

conforms to the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals and the Japanese Law for Animal Welfare and Care. 

The electrophysiological tests were conducted in male rats at 2, 5, 8, and 13 weeks of age. 

Female rats were also used for the test at the 13 weeks of age. The female rats at the proestrus 

stage were deselected for the present experiment, since it is known that estradiol levels can 

influence the morphology of synaptic boutons and may affect neuron excitability12). The total 

number of tested slices was 135 in the control group and 102 in the 10BP group. The slices 

were made following previously reported methods7). Briefly, the rats were deeply anesthetized

with a diethyl ether vapor. After decapitation, the brain was removed and dipped in an 

ice0cooled artificial cerebrospinal fluid (ACSF) (3–4°C) saturated with an O2/CO2 mixture 

(95%:5%). The ACSF was composed of 124 mM NaCl, 2 mM KCl, 1.25 mM KH2PO4, 2 mM 

CaCl2, 2 mM MgSO4, 26 mM NaHCO3, and 10 mM glucose. The bilateral hippocampi were 

separated from other brain regions. Next, transverse slices were obtained from the middle 

third region of the hippocampus with a McIlwain tissue chopper (Mickle Laboratory 

Engineering, Co., Ltd., Guildford, UK). The thickness of the slice was 600 Lm for 20week0old 

rats and 450 Lm for 50, 80, and 130week0old rats. The slices were transferred to an 

interface0type recording chamber, which was controlled at 32 ± 0.2°C, and perfused with 
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ACSF saturated with a mixture of O2/CO2 (95%:5%) at a flow rate of 1 ml/min. 

All the chemicals used in this study were of reagent grade and purchased from commercial 

sources. 

After a stabilizing period of 1–2 h, bipolar stimulation electrodes made with stainless steel 

wires (50 Lm in diameter) were placed on the stratum radiatum, where the Schaffer collateral 

and commissural fibers run up in the CA1 subfield (Figure 1A). PS was recorded from the 

pyramidal cell layer in the CA1 subfield using glass microelectrodes (1–2 MN). Stimulations 

consisted of square0wave pulses (200 Ls) from a stimulator (SEN7203, Nihon Koden Co , 

Tokyo, Japan) via an isolator (SS202J, Nihon Koden Co ). Stimulation intensities were 10 and 

50 LA and increased by 100 LA every 2 min from 100 LA to a current of 600 LA in the slices 

from the 20week0old rats. In the slices from the 50, 80 and 130week0old rats, the stimulation 

was delivered every 30 sec with intensities of 20, 40, 60, 80, 100, 140, 200, and 300 LA. The 

S/R relationship in the extracellular recording configuration represents basic excitability of the 

local area responding to electrical stimulation, and the responses are prefigured to increase as 

the stimulation strengthens. For the paired0pulse configuration, after the S/R relationship 

experiment, the current amplitude was adjusted so as to give the almost0maximum PS, 600 

L for slices from the 20week0old rats, and 300 L for slices from the 50, 80, and 130week0old 

rats. Interpulse intervals (IPIs) of the paired0pulse stimulation were 5 and 10 ms and delivered 
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every 2 min for slices from the 20week0old rats and every 1 min for slices from older rats. 

Electrophysiological signals were amplified with a high0impedance amplifier (Axoclamp 2B, 

Molecular Devices, Sunnyvale, CA, USA). The signals were then digitized with an AD 

converter (Digidata 1200, Molecular Devices) and stored on a computer using pCLAMP 

software (Molecular Devices). 

PS amplitude was measured as described in our previous study7) (Figure 1B). Calculation 

of the PPRs was done as follows: 

PPR of PS = second PS amplitude / first PS amplitude 

In our previous inhalation studies using adult rats7)  PPRs of PS evoked with paired0pulse

stimulation at IPIs of 5 and 10 ms in the CA1 subfield were less than 1 in the hippocampal 

CA1 of control adult rats, representing the presence of feedback inhibition. Compared to adult 

rats, PPRs of PS in immature rats can be 1 or higher13). Thus, in either case of inhibition or

facilitation, paired0pulse configuration in extracellular recordings in the slices is useful to 

examine the excitability of the local area responding to double0pulse stimulations. 

Statistical significance was evaluated by a repeated0measure analysis of variance (ANOVA) 

or an unpaired Welch’s 0test for a difference between the 10BP and control groups, when the 
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data were normally distributed. Otherwise, the Mann0Whitney U test was applied. values < 

0.05 (two0tailed) were considered statistically significant. Data represent mean ± standard 

error of the mean (SEM). Statistical tests were performed in Ekuseru0Toukei 2010 for 

Windows (Social Survey Research Information Co., Ltd , Tokyo, Japan) 

As shown in Figure 1C, the PS amplitude was four times greater in the 10BP group than in 

the control group at 600 LA of stimulation intensity in 20week0old rats. In 50week0old rats, the 

enhancement disappeared and the levels decreased to the control level of the S/R relationship 

of the PS amplitude (Figure 1D). No difference was observed either between the 10BP and 

control groups at 8 and 13 weeks of age (data not shown). Increased excitability of pyramidal 

neurons was a transient change. 

[Insert Figure 1 here.] 

Figure 2A shows examples of paired0pulse responses recorded from the hippocampal CA1 

subfield of the control and 10BP groups at 2 weeks of age. As shown in Figure 2B, the 

averaged PPR was approximately 2 at 2 weeks of age in the control group, suggesting a 

facilitatory effect. In contrast, inhibition rather than facilitation was observed at the 50ms IPI 

in the 10BP group. At the 100ms IPI, PPRs showed a slight facilitation, but significantly 
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decreased compared to PPRs in the control group. At 5 weeks of age, PPRs were lower than 

0.2, displaying an apparent feedback inhibition in both groups (data not shown), and the 

effects of prenatal 10BP exposure on PS PPRs disappeared. At 8 and 13 weeks of age, PPRs 

were still lower than 1, but increased significantly at 5 ms of IPI in the 10BP group compared 

with the control group (Figures 2C and 2D). In female rats aged 13 weeks, the increase in 

PPRs was observed at both 100ms and 50ms IPIs (Figure 2E). 

[Insert Figure 2 here.] 

The present study found that prenatal exposure to 10BP enhanced the excitability of CA1 

pyramidal neurons and caused a decrease in PPRs of PS amplitude in hippocampal slices from 

20week0old rats. The lactation period after birth is considered the period of synaptogenesis in 

rat brains14); so neuronal development during the lactation period may be sensitive to prenatal

chemical exposures. In a previous study10), we reported that prenatal exposure to 10BP

suppressed KA0induced “wet dog shake” behaviors in 20week0old rats. Prenatal 10BP 

exposure rendered the hippocampal CA1 subfield highly responsive to a single stimulation but 

suppressive to double stimulations. Prenatal 10BP exposure appears to prevent 

hyperexcitability of CA1 pyramidal neurons induced by repetitive stimulation. Nevertheless,

Page 11 of 21

https://mc.manuscriptcentral.com/joccuphealth

Journal of Occupational Health



For Review Only

this is quite different from normal brain development. 

Though a decrease in PPRs of PS amplitude was observed in the 10BP group at 2 weeks of 

age, the difference diminished at 5 weeks of age, as did the S/R relationship. In contrast with 

the 20week0old pups, the 80 and 130week0old groups displayed an increase in PPRs of the PS, 

termed disinhibition. Thus, prenatal exposure to 10BP can exert developmental effects linked 

to the excitatory function of neurons and network excitability. Disinhibition has been reported 

in relation to subclinical and clinical changes in brain excitability in epileptic patients and 

animals15), as well as in anxiety disorders16). We did not observe any spontaneous abnormal

behaviors in the 10BP group during breeding. To date, developmental neurotoxic effects 

caused by 10BP exposure have not been reported in children whose mothers were exposed 

occupationally during pregnancy. However, because disinhibition can be related to the 

hyperexcitable brain and to epilepsy, it should not be concluded that disinhibition is merely a 

phenomenon restricted to rats. Since disinhibition is interpreted as a disturbance of the 

excitation/inhibition balance in the hippocampal CA1 area, a disinhibitory effect can be 

classified as an adverse effect. 

The enhancement of excitability induced by prenatal 10BP exposure was observed only in 

the 20week0old group, and may therefore have been only a transient effect. Alternately, one 

could argue that the excess basal excitability during synaptogenesis is not coincidental with 

disinhibition after maturation. If so, the PS S/R relationship can be useful as a new index 
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marker for developmental neurotoxicity of chemicals before the appearance of 

neurophysiological changes in the brain after maturation. To validate this method for 

assessing the developmental neurotoxicity of industrial chemicals, we should test chemicals 

that are already known to exert developmental neurotoxicity. To this end, we are currently 

investigating valproic acid (VPA), an antiepileptic drug used in an established animal model 

of the developmental disorder autism17). Synaptic transmission generates action potentials; we

are also studying field excitatory postsynaptic potentials. 

In conclusion, we demonstrated that prenatal 10BP exposure can cause delayed 

neurotoxicity, although the underlying mechanism is not known yet, and requires further 

study. 
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(A) Stimulation electrode and recording electrode set on the CA1 subfield of the hippocampal 

slice. The stimulation electrode was set in the stratum radiatum, supplying stimulation to 

Schaffer collateral and commissural fibers. The PS recording electrode was set in the 

pyramidal cell layer. (B) Typical PS recorded in the CA1 field of the hippocampal slice 

obtained from a 20week0old control rat. The thick line represents the PS amplitude 

measurement. Stimulation intensity was 600 LA. (C) At 2 weeks of age, S/R relationships of 

the PS amplitude obtained from the 10BP0exposed rats were significantly enhanced compared 

to S/R relationships in control rats (  < 0.001 by repeated0measure ANOVA). (D) At 5 weeks, 

the enhancement observed in the 10BP0exposed rats disappeared, and the S/R relationship 

decreased to control levels (PS amplitude:  = 0.5 by repeated0measure ANOVA). The 

horizontal axis represents the stimulation intensity; the vertical axis represents the PS 

amplitude. Data from 16–19 slices were averaged. 
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(A) Paired0pulse responses evoked with a 6000LA stimulation intensity at 10 ms IPI in the 

hippocampal CA1 subfield of 20week0old rats. (B) At 2 weeks of age, PPRs decreased 

substantially in the 10BP group (++  < 0.01 vs. the control group at the 50ms IPI, +  < 0.05 vs. 

the control group at the 100ms IPI by Welch's 0test). (C) At 8 weeks of age, PPRs were lower 

than 1 in both groups, indicating an apparent inhibition. At the 50ms IPI, the PPR of the 10BP 

group increased compared with that of the control group (#  < 0.05 by Mann0Whitney U test). 

(D) Similar to the 50ms IPI at 8 weeks of age, PPR of male rats in the 10BP group increased 

compared with that of the control male rats at 13 weeks of age (+  < 0.05 by Welch’s 0test). 

(E) At 13 weeks, female rats in the 10BP group showed an increase in PPRs at 50 and 100ms 

IPIs compared with control female rats (##  < 0.01 by Mann0Whitney U test; ++  < 0.01 by 

Welch’s 0test). The horizontal axis represents the IPIs; the vertical axis represents the PPRs of 

PS amplitude. Data from 16–25 slices were averaged. 
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ABSTRACT

Organic solvents are widely used in various factories and their use is strictly controlled by 

official guidelines. Inhalation of organic solvents can cause sudden cardiac death; however,

the detailed mechanism of their cardiac toxicity remains unclear. Connexin43 (Cx43) is a 

principle gap junction protein located in the intercalated disk (IC-D) of cardiac myocytes and 

associated with a susceptibility to arrhythmia. We hypothesized that acute exposure to 

organic solvents could affect the expression of gap junction proteins and exposed human

cardiac myocytes to doses of toluene and xylene for different times. The cytotoxicity assay 

revealed that toluene and xylene caused cytotoxicity in a dose-dependent manner. The 

western blot analysis showed that the expression of Cx43 was significantly decreased after 

exposure to toluene and xylene (0.56 ± 0.08 AU, p < 0.05) in dose-dependent and time-

dependent manners. Furthermore, the immunohistochemical study revealed that the

expression of Cx43 in the IC-D was significantly decreased and lower in cells that had been 

exposed to toluene and xylene than it was in the control cells (1.32 ± 0.06AU, p < 0.05).

Toluene and xylene showed toxic effects on the human cardiac myocytes and decreased the 

expression of Cx43 in the IC-D.

Keywords: connexin43; toluene; xylene; gap junction protein; cardiotoxicity.



1. Introduction

Organic solvents are widely used in industrial factories and their use is strictly controlled 

by official guidelines. Several previous studies have reported that organic solvents can affect 

cardiac function and cause malformations of the heart (Kurppa et al., 1983; Kurppa et al., 

1984; Tikkanen and Heinonen, 1991). It has been reported that the early stage following

exposure to trichloroethylene is characterized by the induction of atrial and septal defects,

whereas chronic exposure to trichloroethylene leads to congestive heart failure (Makwana et 

al., 2013; Rufer et al., 2010; Watson et al., 2006). Furthermore, trichloromethane 

(chloroform) has been noted to shorten action potential duration and induce bradycardia and 

ventricular fibrillation due to the inhibition of multiple ionic currents such as calcium, 

sodium, and potassium (Tibon-Fisher et al., 1992; Zhou et al., 2011). Another study has 

reported that inhalation of butane gas causes sudden cardiac death, possibly due to

myocardial hypoxia such as is found in the absence of atherosclerotic heart disease (Novosel 

et al., 2011). Epidemiologic analyses have revealed that a high level of occupational exposure 

to organic solvents increases the risk of myocardial infarction during at least one year of 

work. The findings of the abovementioned previous studies imply that organic solvents may 

affect cardiac function; however, the detailed mechanism of the cardiac toxicity caused by 

organic solvents remains unclear. As a result, we developed a novel paradigm to understand

the relationship between cardiac toxicity and exposure to organic solvents.



Gap junction proteins are expressed in the intercalated disks (IC-Ds) of cardiomyocytes 

and play an important role in impulse propagation in the heart. Connexin43 (Cx43) is a 

principle gap junction protein associated with susceptibility to arrhythmia. We have 

previously reported that the preservation of phosphorylated Cx43 plays an important role in 

the maintenance of sinus rhythm. In addition, Cx43 gene therapy was noted to recover the

cardiac conduction system and prevent ventricular tachycardia in a healed myocardial 

infarction.

We hypothesized that acute exposure to toluene and xylene would affect the cardiac 

conduction system in human cardiac myocytes (HCMs). Therefore, we exposed HCMs to

different doses of toluene and xylene in order to evaluate the relationship between the

cardiotoxicity of each organic solvent and the expression of gap junction proteins.

2. Materials and methods 

2.1. Study design

HCMs (PromoCell, Heidelberg, Germany) were plated in a 6-mm well plate according to 

the manufacturer’s instructions. The following day, the cells were exposed to different

concentrations of toluene (Nacalai Tesque, Kyoto, Japan) , xylene (Nacalai Tesque), and 

dimethyl sulfoxide (DMSO), and maintained in 5% CO2 at 37 C for 3h, 6h, 12h, and 24h.

The supernatants were subjected to a cytotoxicity assay, whereas the whole cells were 



subjected to western blotting and immunohistochemistry analysis. Toluene and xylene were 

dissolved in DMSO immediately before use.

2.2. Cytotoxicity assay

The supernatants obtained after exposing the HCMs to the solvents were collected and 

purified by centrifugation (3000 g for 10 minutes at 20 C). The cytotoxicity assay was 

performed on the supernatant using ToxiLight® (Lonza, Basel, Switzerland) according to the 

manufacturer’s instructions. Assay of luciferase activity showed a high extracellular level of 

adenylate kinase, indicating leakage of the latter from the HCMs.

2.3. Western blot analysis

The cardiomyocytes were harvested, homogenized, and dissolved in 0.3 M sucrose/10

mM sodium phosphate buffer containing a protease inhibitor (Roche, Indianapolis, IN, USA)

and a phosphatase inhibitor (Sigma, St. Louis, MO, USA). Next, centrifugation (3000× g for 

10 minutes at 4°C) was performed to obtain the cell lysates. Protein concentrations were then

determined by the bicinchoninic acid assay (Thermo Scientific, Rockford, IL, USA). The 

proteins were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis,

transferred to nitrocellulose membranes, blocked with 3% non-fat dry milk, and blotted with 

anti-Cx43 (Thermo Scientific), anti-human ether-a-go-go related gene (HERG) (Invitrogen, 



Carlsbad, CA, USA), anti-Nav1.5 (Santa Cruz Biotechnology, Dallas, TX, USA), anti-L-type 

Ca2+ (Santa Cruz Biotechnology), and anti-actin (Santa Cruz Biotechnology) at 4°C

overnight. The following day, the membranes were washed with blocking buffer and 

incubated with secondary antibodies conjugated with horseradish peroxidase. Protein bands 

were detected by enhanced chemiluminescence (Thermo Scientific) and quantified using the 

ImageJ software (National Institutes of Health (NIH), Bethesda, MD, USA). The band 

intensity for each protein was normalized to the intensity of actin in its lane.

2.4. Immunohistochemical analysis

Cover glasses were placed on the bottoms of 6-well plates before plating the HCMs.

Twenty four hours after exposing the cells to toluene and xylene, the HCMs on the cover 

glasses were subjected to an immunohistochemical study. The HCMs were fixed in 2%

formalin, followed by washing with phosphate-buffered saline (3 times, 5 minutes each). The 

cells were then incubated overnight with anti-Cx43 antibodies (1:400 dilution, Invitrogen) at 

4°C overnight. The following day, the cells were incubated with fluorescein isothiocyanate-

conjugated goat anti-rabbit IgG (1:400 dilution; Jackson ImmunoResearch Laboratories, Inc., 

West Grove, PA) before being examined by laser microscopy ( 20 magnification; Axio; Carl 

Zeiss, Oberkochen, Germany). The signal intensities of the connexin proteins in the IC-D and 

lateral membrane were digitized and quantified using the Image-J software.



2.5. Statistical analysis

Statistical differences were determined by repeated measures analysis of variance. All the

analyses were conducted at a 0.05 significance level. Data are presented as mean ± standard 

deviation.

3. Results

3.1. Cytotoxic effects of toluene and xylene on HCMs

The HCMs were exposed to 0μM, 3.1μM, 6.3μM, 12.5μM, 25.0μM, and 50.0μM of

toluene and xylene for 24 hours and subjected to a cytotoxicity assay as described above. The 

supernatants from the HCMs were used in a cytotoxicity evaluation according to the 

ToxiLight assay. We found that the cytotoxicity of each solvent increased in a concentration-

dependent manner (Fig. 1). In addition, the two solvents were significantly and more 

cytotoxic to the HCMs [xylene at 25 μM (24.3 19.5 IU, p < 0.01) and 50 μM (288.7 13.5

IU, p < 0.01), toluene at 50 μM (250.3 8.39 IU, p < 0.01)] than DMSO was. Overall, xylene 

showed a higher cytotoxic effect than toluene did (half maximal inhibitory concentration 

values: xylene, 21 μM; toluene, 38 μM). Therefore, we used toluene and xylene at 10 μM and 

20 μM, respectively, for the subsequent western blotting and immunohistochemical studies.



3.2. Western blot analyses of Cx43 expression in HCMs exposed to toluene and xylene

We assessed Cx43 expression by western blot analysis using an anti-Cx43 antibody that 

recognized total Cx43. The expression of Cx43 was decreased in a dose-dependent manner 

after exposure of the cells to toluene and xylene (Fig. 2A). The signal intensity was 

quantified using the ImageJ software and normalized to the expression of actin in the non-

treated cells. We found that there were significant reductions in Cx43 expression when

toluene was used at concentrations of 2 M (0.58 0.03 AU, p < 0.05) and 20 M (0.38

0.04 AU, p < 0.01) and xylene was used at 1 M (0.59 0.12 AU, p < 0.01) and 10 M (0.49

0.07 AU, p < 0.01) (Fig. 2B). Next, we performed a time-course cytotoxic evaluation of the

organic solvents. It was observed that the expression of Cx43 decreased in a time-dependent 

manner after the cells were exposed to either toluene or xylene (Fig. 3A). Furthermore, we

found that, compared to the non-treated cells, there were significant reductions in Cx43 

expression after incubation of the cells with toluene for 12 hours (0.56 0.05 AU, p < 0.05) 

or 24 hours (0.42 0.03 AU, p < 0.01), as well as with xylene for 12 hours (0.46 0.02 AU, 

p < 0.01) or 24 hours (0.51 0.07 AU, p < 0.01) (Fig. 3B).

3.3. Immunohistochemical analyses of Cx43 expression in HCMs exposed to toluene and 

xylene

We evaluated the percentage expression of Cx43 in the IC-Ds using 

immunohistochemistry. Representative pictures showing cells stained with Cx43 antibody are 



shown in Fig. 4A. We found that there were significant reductions in Cx43 expression in the 

IC-Ds when toluene was used at concentrations of 0.2 M (0.73 0.06 AU, p < 0.05), 2 M

(0.64 0.04 AU, p < 0.05), and 20 M (0.45 0.14 AU, p < 0.01), and xylene was used at 1

M (0.65 0.06 AU, p < 0.05) and 10 M (0.59 0.07 AU, p < 0.05). This suggests that the

organic solvents possibly affect the trafficking pathway of Cx43 proteins (Fig. 4B).

3.4. Western blot analyses of HERG, Nav1.5, and L-type Ca2+ channel expressions in HCMs

exposed to toluene and xylene

We also assessed the expression of major cardiac channels such as HERG, Nav1.5, and L-

type Ca2+ using western blot analysis, because these channel proteins play an important role 

in action potential duration. We found that the expressions of the channels before and after 

exposure of the cells to toluene or xylene for 24 hours were the same (Fig. 5).

4. Discussion

The National Institute for Occupational Safety and Health has declared the criteria for the 

use of organic solvents in order to prevent disease and hazardous conditions at the workplace 

(https://www.cdc.gov/niosh/topics/organsolv/). The criteria include all the information on an 

organic solvent, which is necessary to know at the workplace. Although the usage of organic 

solvents are strictly controlled by official guidelines, workers are likely to be exposed to high 



concentrations of organic solvents, especially in a narrow space. The inhalation of organic 

solvents sometimes causes sudden death. The main mechanism underling the lethality of

organic solvents is considered to be oxygen deficiency in cardiomyocytes (Harrison et al., 

2016); however, the detailed mechanism remains unknown. Butane is a typical organic 

solvent used in industries and that sometimes causes sudden death (Celinski et al., 2013; 

Novosel et al., 2011). According to our cytotoxicity assay, toluene and xylene showed 

cytotoxic effects on the HCMs in dose-dependent and time-dependent manners, which 

suggests that the organic solvents have acute cytotoxic effects on human cardiomyocytes.

Furthermore, environmental chemical contamination is a risk factor for congenital heart 

disease, which indicates that exposure to chemicals poses a risk for defective heart function 

during the embryonic stage (Rufer et al., 2010; Tikkanen and Heinonen, 1991). Although 

several epidemiological studies have been focused on the effects of chronic or constant 

exposure to organic solvents at the workplace (Kotseva and Popov, 1998; Tibon-Fisher et al., 

1992), it would also be highly important to assess acute cell damage in the human heart

caused by such exposures. The next step would then be an animal experiment to reveal how 

organic solvents might affect the conduction system in the heart in vivo. Several studies have 

reported that nanoparticles showed direct and indirect toxic effects on the cardiovascular 

system and increased the risks of ischemic heart disease or cerebrovascular disease (Chen et 

al., 2015; Nelin et al., 2012; Polichetti et al., 2009), and furthermore demonstrated that



mortality would be decreased at workplaces where workers are constantly exposed to small 

particles in the air (Stephan et al., 2014; Toren et al., 2007). However, little is known about 

the mortality of workers at places where high concentrations of organic solvents are used. 

According to our results, toluene and xylene are toxic to HCMs, however, it is quite 

important to evaluate the mechanism of cytotoxic effects of organic solvents on HCMs.

Furthermore, we assessed the relationship between exposure to organic solvent and 

connexin expression in HCMs. According to our results, toluene and xylene decreased the

expression of gap junction proteins, increased the heterogeneity of cardiac propagation, and 

caused reentrant arrhythmias such as ventricular tachycardia and ventricular fibrillation.

Imbalance in autonomic nerve activities has been stated as another important factor that

increases the risk of arrhythmia (Matikainen and Juntunen, 1985; Morrow and Steinhauer, 

1995; Murata et al., 1994). Since autonomic nerve activities are influenced by organic 

solvents following a long-term occupational exposure (Morrow and Steinhauer, 1995), high 

concentrations of organic solvents might drive sympathetic nerve activities. We have 

previously shown that an altered expression of Cx43 is strongly associated with heterogeneity 

of cardiac impulse propagation in atrial fibrillation (AF) in healed myocardial infarction

models (Bikou et al., 2011; Greener et al., 2012; Igarashi et al., 2012). In the present study, 

we found that the expression of Cx43 was significantly decreased by toluene and xylene in 

dose-dependent and time-dependent manners after exposing HCMs to the solvents. These



results imply that a decreased expression of Cx43 slows impulse propagation in

cardiomyocytes and increases the risk of arrhythmia.

Connexin proteins are folded in the Golgi system, which are phosphorylated and 

trafficked to the plasma membrane surface (Basheer and Shaw, 2016; Falk et al., 2016; Zhang 

and Shaw, 2014). We have previously shown that the expression of connexin proteins is

significantly decreased in AF induced by atrial burst-pacing in animal models (Igarashi et al., 

2012). According to our immunohistochemical analyses, lateralized expression of Cx43 was 

significantly increased after exposing the cells to toluene and xylene, indicating that the

organic solvents affect the intracellular trafficking of connexin proteins. Since we observed 

that the expression of connexin proteins in the IC-D was decreased by the organic solvents, 

there are possibilities that the organic solvents would affect the phosphorylation status of 

connexin proteins. Several previous studies have reported that chemical agents affect the 

trafficking of proteins such as sodium and potassium channels (Abriel et al., 2015; Basheer 

and Shaw, 2016; Steffensen et al., 2015). However, no organic solvents have been reported to 

affect the expression of gap junction proteins. Another concern is whether organic solvents 

might affect the functions of phosphatases and/or phosphatase inhibitors in cardiomyocytes.

Therefore, further investigations are necessary to assess the relationship between exposure to 

organic solvents and the phosphorylation system in cardiomyocytes.

According to official reports from the Centers for Disease Control and Prevention, nine



sudden deaths have been caused by inhalation of hydrocarbon gases and oxygen deficiency at

specific locations such as catwalk or in front of an open hatch, where the oxygen level might 

have been low (Harrison et al., 2016). Most of the reasons for sudden deaths in such places

are due to oxygen deficiency; however, a direct effect of organic solvents on HCMs can cause 

sudden death especially at workplaces where organic solvents are used. We have shown that 

toluene and xylene had cytotoxic effects on the HCMs in the acute phase; however, further 

studies should be carried out to assess the effects of long-term continuous exposure to organic 

solvents at low concentrations. Since the concentration of organic solvents in the air is strictly

controlled by official guidelines, it is highly unlikely that workers would inhale high 

concentrations of organic solvents for long periods. Moreover, organic solvents can directly 

decrease the expression of Cx43, as well as decrease impulse propagation and increase the 

risk of arrhythmia. AF is the most common arrhythmia in clinical practice with a prevalence 

rate of about 10% in individuals aged > 80 years old (Alonso and Norby, 2016; Ko et al., 

2016). The major contributing factor to AF is thought to be the age of patients; however, 

other risk factors for AF include hypertension, dyslipidemia, and diabetes mellitus. In clinical 

medical practice, little is known about the relationship between continuous exposure to 

organic solvents and the occurrence of AF. Since the prevalence of AF is strongly correlated 

with patient age, we have not assessed to the working history or working environmental 

aspects when patients with AF come to the hospital. Therefore, the work history and working 



conditions of a patient who presents with AF must be evaluated. Furthermore, the direct 

effects of continuous and low-dose exposure of organic solvents on the human heart have to 

be evaluated in large animal models. This will allow for the investigation of exposure to low

doses of organic solvents and the resulting long-term effects on cardiomyocytes.

In conclusion, toluene and xylene showed cytotoxic effects on HCMs in dose-dependent 

and time-dependent manners. In addition, toluene and xylene decreased the expression of 

Cx43, especially that in the IC-Ds of the HCMs. An in vivo electrophysiological study would 

be necessary to understand the mechanism underlying the toxicities of the organic solvents 

and how they increase susceptibility to arrhythmia.
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Figure legends

Fig. 1. Evaluation of the cytotoxic effects of toluene and xylene on human cardiac myocytes 

(HCMs).

HCMs were exposed to different concentrations of toluene, xylene, and dimethyl sulfoxide 

(DMSO). Luciferase activity was used to evaluate the cytotoxicities of the solvents using

ToxiLight assay.

Fig. 2. Western blot analysis of connexin43 (Cx43) expression in human cardiac myocytes

(HCMs) exposed to toluene and xylene.

HCMs were exposed to different concentrations of toluene and xylene for 24 hours. (A)

Whole cell lysates were then harvested and subjected to western blot analysis. (B) The 

expression levels of Cx43 and actin were quantified and normalized to the expression level of

actin in control cells.

Fig. 3. Time-course evaluation of connexin43 (Cx43) expression in human cardiac myocytes 

(HCMs) exposed to toluene and xylene using western blot analysis.

HCMs were exposed to toluene (20 M) or xylene (10 M) for 3, 6, 12, or 24 hours. (A)

Whole cell lysates were harvested and subjected to western blot analysis. (B) The expression

levels of Cx43 and actin were quantified and normalized to the expression level of actin in



control cells.

Fig. 4. Immunohistochemical analysis of connexin43 (Cx43) expression in human cardiac 

myocytes (HCMs) exposed to toluene and xylene.

HCMs were exposed to different concentrations of toluene and xylene for 24 hours. (A)

Representative images of cells stained with Cx43 antibody. The yellow boxes are magnified 

images of intercalated discs (IC-Ds) located between neighboring cardiomyocytes. The red 

arrow indicates Cx43 expressed in the IC-Ds. The expression of Cx43 in all fields and IC-Ds

was quantified using the ImageJ software. (B) The expression level of Cx43 in the IC-Ds.

Fig. 5. Western blot analysis of human ether-a-go-go related gene (HERG), Nav1.5, and L-

type Ca2+ channel expressions in human cardiac myocytes (HCMs) exposed to toluene and 

xylene.

HCMs were exposed to toluene (20 M) or xylene (10 M) for 24 hours. Whole cell lysates 

were then harvested and subjected to western blot analysis using primary antibodies against

HERG, Nav1.5, L-type Ca2+, and actin.
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Abstract

Cellular senescence is classified into two groups: replicative and premature senescence.

Gene expression and epigenetic changes are reported to differ between these two groups

and cell types. Normal human diploid fibroblast TIG-3 cells have often been used in cellular

senescence research; however, their epigenetic profiles are still not fully understood. To elu-

cidate how cellular senescence is epigenetically regulated in TIG-3 cells, we analyzed the

gene expression and DNAmethylation profiles of three types of senescent cells, namely,

replicatively senescent, ras-induced senescent (RIS), and non-permissive temperature-

induced senescent SVts8 cells, using gene expression and DNAmethylation microarrays.

The expression of genes involved in the cell cycle and immune response was commonly

either down- or up-regulated in the three types of senescent cells, respectively. The altered

DNAmethylation patterns were observed in replicatively senescent cells, but not in prema-

turely senescent cells. Interestingly, hypomethylated CpG sites detected on non-CpG island

regions (“open sea”) were enriched in immune response-related genes that had non-CpG

island promoters. The integrated analysis of gene expression and methylation in replica-

tively senescent cells demonstrated that differentially expressed 867 genes, including

cell cycle- and immune response-related genes, were associated with DNAmethylation

changes in CpG sites close to the transcription start sites (TSSs). Furthermore, several miR-

NAs regulated in part through DNAmethylation were found to affect the expression of their

targeted genes. Taken together, these results indicate that the epigenetic changes of DNA

methylation regulate the expression of a certain portion of genes and partly contribute to the

introduction and establishment of replicative senescence.
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Introduction
Cellular senescence is the irreversible cessation of cell proliferation [1] and is classified

into two groups: replicative senescence and premature senescence [2]. Replicative senes-

cence is caused by telomere shortening due to repeated DNA replication [3], while prema-

ture senescence is caused by stress, such as oncogene activation [4] and reactive oxygen

species (ROS) [5], without apparent loss of telomere length and function. Although cellular

senescence has been shown to be associated with tumor suppression in several cancers [2, 6,

7], it has been reportedly involved in cancer progression through the induction of epithe-

lial-mesenchymal transitions and tumor invasion [8]. In addition, senescent cells secrete

several factors associated with inflammation such as interleukin (IL)-6 and IL-8 [9], which

are referred to as senescence-associated secretory phenotypes (SASP). Recently, SASP has

been implicated in the pathogenesis of age-related diseases such as rheumatoid arthritis,

periodontitis and Alzheimer’s disease [8, 10]. Therefore, elucidation of the mechanism con-

tributing to induction and establishment of the senescent state will help overcome such age-

related diseases.

Epigenetic regulation such as histone modification, DNAmethylation and interference

with micro RNA (miRNA) is one of the mechanisms that modulate gene expression. Alter-

ation of the chromatin structure occurs in human senescent fibroblasts, where epigenetic regu-

lation contributes to the establishment of the senescent state partly through the p16INK4A /

retinoblastoma (RB) protein pathway [11]. Modification of histones, trimethylated histone H3

at lysine9 (H3K9me3) and trimethylated histone H3 at lysine 27 (H3K27me3) is enriched in

the senescent-associated heterochromatic foci (SAHF), although the spreading of repressive

histone marks is not necessary for SAHF formation [12]. So far as known, histone modifica-

tion is reportedly involved in expression of key molecules of senescence, such as p16INK4A,

p14ARF and p53. Loss of H3K27me3 is involved in expression of p16INK4A and p14ARF, whereas

H4 acetylation and trimethylation of histone H3 at lysine 4 (H3K4me3) are involved in expres-

sion of p53 [13–16]. Furthermore, Takahashi, A. et al. [17] showed that the expression levels of

SASP factors, IL-6 and IL-8, are regulated by demethylation of H3K9 through the APC/CCdh1-

G9a/GLP pathway.

DNA methylation changes have also been observed during cellular senescence and individ-

ual aging. Many studies have elucidated the role of epigenetics in senescence using various

approaches such as pyrosequencing, array-based methylome and combined bisulfite restric-

tion analysis (COBRA), as well as using various types of cells and different tissues derived from

genetically different individuals [18–21]. These studies have shown that DNAmethylation pro-

files are tissue- and cell-type specific, and the epigenetic control of gene expression seems to

promote in part tissue- and cell-type specific differentiation in addition to cellular senescence.

For instance, the DNAmethylation profile of fibroblast cells is different to that of mesenchy-

mal stromal cells [22]. Moreover, principal component analysis showed that the methylation

pattern of fibroblast cells from one dermal region is different to that from other dermal regions

[23]. Christensen et al. also showed interindividual variation in methylation profiles among 11

tissues, including blood and brain [24]. In contrast to the studies using genetically different tis-

sues and cells derived from individuals, age-related changes in DNAmethylation between

monozygotic twins were reported to arise with chronological time, indicating that the differ-

ences in genetically identical individuals are driven by different cellular responses to environ-

mental changes [25]. Therefore, we hypothesized that a specific type of cultured cell leading to

senescent states induced by different methods and demonstrating differences in methylation

profiles will allow us to characterize in detail the role of epigenetic regulation in response to

cellular senescence.

Regulation of replicative senescence via DNAmethylation
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The effects of DNAmethylation on gene transcription have been extensively studied in rela-

tion to the states of CpG islands (CGIs) near the transcription start sites (TSS). According to

recent studies examining the relationship between gene body methylation and gene expres-

sion, hypermethylation correlated to not only high gene expression but also low gene

expression [26], suggesting a more complex regulation. Varley et. al. also reported that the

relationship between methylation and gene expression is context-dependent, although the cur-

rent models reported by several groups indicate that methylation in the promoter regions is

associated with gene silencing, and gene body methylation is associated with expression [20].

Furthermore, some senescence-associated genes are regulated in part by miRNA [27–31].

MiR-34 has been well known as a tumor suppressor and its targeted genes encode the cell

cycle regulators including E2F, c-Myc, cyclin D1, cyclin E2, cdk4, and cdk6 [32–34]. Recent

studies on cancers have revealed that the expression of some tumor suppressive miRNAs is

regulated by DNAmethylation in the miRNA promoter regions [35–37]. Despite these recent

advances, much of the relationship between DNAmethylation and miRNA expression and

how this relates to senescence genes remains unclear.

In this study, we examined characteristic features of DNA methylation during cellular

senescence using TIG-3 cells established from fetal lung fibroblasts. Although such TIG-3 cells

have been a common focus in senescence research, much of the epigenetics remains unex-

plored. To test the hypothesis that the differences in genetically identical cells are driven by dif-

ferent cellular responses to senescence, we examined array-based gene expression and DNA

methylation profiles using genetically identical TIG-3 cells which had been induced to a senes-

cent state by three different methods, namely, replicatively senescent, ras-induced senescent

(RIS), and senescent SVts8 cells. Originally derived from TIG-3 cells, SVts8 cells can induce

senescence under non-permissive temperature by inactivation of the temperature-sensitive

SV40 large T antigen. We then searched for the positional trend of methylation changes and

the possible effects of DNAmethylation changes on gene expression using integrated analysis.

Materials andmethods

Cells and cell culture
Normal human diploid fibroblast TIG-3 cells (obtained from the Health Science Research

Resources Bank, Japan) were cultured in DMEM+GlutaMAX-I (GIBCO) supplemented with

10% fetal bovine serum (FBS) (HyClone) and 1% penicillin/streptomycin (Nacalai Tesque) at

37˚C under a 5% CO2 atmosphere. TIG-3 cells were cultured until they senesced at population

doubling level (PDL) 85. The TIG-3 cells were harvested for DNA extraction at PDL 36, 49, 69

and 85, for RNA extraction to analyze gene expression at PDL 36 and 84, and for RNA extrac-

tion to analyze miRNA expression at PDL 44, 60, 78 and 80.

To prepare RIS cells, retroviral infection was performed as reported previously [38]. Briefly,

Phoenix-Eco cells (obtained from Dr. G. P. Nolan, Stanford University, CA, USA) were trans-

fected with the pBabe-puro-H-Ras-V12 or pBabe-puro plasmid by the Chen-Okayama method

[39]. Viral supernatants were prepared from the cells after transfection, passed through a 0.45-

μm-pore-size syringe filter, and pooled. The supernatant and 8 μg/mL hexadimethrine bro-

mide (Sigma-Aldrich) were added to TIG-3 cells expressing an ecotropic receptor at a prolifer-

ating phase. After infection, the cells were selected with growth medium containing 300 μg/
mL G418 and 2 μg/mL puromycin for 9 days before being harvested.

SVts8 cells (obtained from the Health Science Research Resources Bank, Japan) [40] contin-

ued to proliferate at a permissive temperature (33.5˚C), because of suppression of RB and p53

through induction of a temperature-sensitive mutant of the simian virus (SV) 40 large T
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antigen to TIG-3 cells and the high ability of telomere maintenance. Senescent SVts8 cells

were obtained by culturing SVts8 cells at a non-permissive temperature (38˚C) for 6 days.

Microarray assays
Gene expression. Total RNA was isolated with a ReliaPrep RNA Cell MiniPrep System

(Promega) according to the manufacturer’s instructions. Starting with 200 ng of the isolated

RNA for each sample, double stranded cDNA and cyanine 3 labeled cRNA were synthesized

using a low input quick amp labeling kit (one-color) and RNA spike-in kit (Agilent). The

labeled cRNA was purified with an RNeasy mini kit (Qiagen), and hybridized to a SurePrint

G3 Human GE microarray 8×60K Ver. 2.0 (Agilent). After washing the microarray to remove

unhybridized cRNA, the microarray was scanned with an Agilent DNAmicroarray scanner

G2505B, and then feature extraction was performed using the GE1_QCMT_Sep09 protocol.

DNAmethylation. Genomic DNA was isolated using DNeasy Blood & Tissue (Qiagen)

according to the manufacturer’s instructions. Genomic DNA (1.5 μg) was bisulfite-converted
using the EpiTec Plus DNA Bisulfite Kit (Qiagen). From each sample, 300 ng of bisulfite-

treated DNA was subjected to DNAmethylation profiling using an Infinium HumanMethyla-

tion27 or HumanMethylation450 BeadChip array (Illumina) according to the manufacturer’s

standard protocol. The array slides were scanned with an iScan system (Illumina).

MicroRNA (miRNA) expression. Total RNA including miRNA was isolated with a Relia-

Prep miRNA Cell and Tissue MiniPrep System (Promega) according to the manufacturer’s

instructions. Approximately 100 ng of the isolated RNA for each sample was labeled with cya-

nine 3 using miRNA Complete Labelling and Hyb Kit (Agilent) according to the manufactur-

er’s protocols. The labeled RNA was hybridized to a SurePrint G3 Human miRNAMicroarray

(Release 21.0) (Agilent). After washing, the microarray was immediately scanned using one

color scan setting for 8×60k array slides with an Agilent DNAmicroarray scanner G2505C.

The images were extracted with Feature Extraction Software 10.7.3.1 (Agilent) using default

parameters.

Data analysis
Gene expression. The SurePrint G3 Human GE microarray data were analyzed using the

Subio Platform (Ver. 1.18.4625). The data were normalized as to low signal cutoff (cutoff 1.0

and replace), log transformation (base 2), and global normalization (percentile 75), and then

the ratios to those of the control sample (mean) were obtained. In this study,> = 2-fold and =

< 0.5-fold changes were regarded as up- and down-regulated gene expression, respectively. In

order to calculate fold-change differences and construct a heatmap, each gene expression level

in the senescent cells was compared with that in the control cells, namely replicative senescent

cells versus proliferating cells, RIS cells versus cells infected with the empty vector, and senes-

cent SVts8 cells versus proliferating SVts8 cells. The heatmap with sample clustering was

drawn using Subio Platform with Uncentered Correlation. The microarray data for gene

expression have been deposited in the GEO (GSE81798).

DNAmethylation. The Infinium HumanMethylation27 BeadChip includes probes for

27,578 CpG sites [41]. The Infinium HumanMethylation450 BeadChip includes probes for

485,577 CpG sites covering 21,231 RefSeq genes (99%), and 26,658 CGIs (96%), and 3,091

probes for non-CpG loci [42]. The image data obtained by the iScan system were subjected to

background subtraction and control normalization using GenomeStudio V2011.1 (Illumina).

Methylation levels were calculated as values (= intensity of the methylation allele / [intensity

of the unmethylated allele + intensity of the methylated allele +100]), which ranged from 0

(0% methylation) to 1 (100% methylation). Probes for CpG sites with a detection p-value
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of> 0.05 or a blank value were eliminated from further analysis. The values of control cells

were subtracted from those of senescent cells ( ). > = 0.2 and =< −0.2 were regarded
as hyper- and hypomethylation in this study. TIG-3 cells at PDL 36 were regarded as control

cells for those at higher PDLs (49, 69, and 85). An Infinium HumanMethylation27 BeadChip

was used to obtain methylation profiles for all samples (TIG-3, RIS, and SVts8 cells). An Infi-

nium HumanMethylation450 BeadChip was used to obtain more comprehensive methylation

profiles of TIG-3 cells at PDL 36 and PDL 85, and RIS cells. The BeadChip data have been

deposited in the GEO (GSE81788 and GSE81797). Scatter plots for values were drawn using

Genome Studio. Hyper- and hypo-methylated CpG sites were classified into six CpG subcate-

gories depending on the location relative to the CpG island (CpG island, N_Shore, S_Shore,

N_Shelf, S_Shelf, and the open sea) and into seven gene feature subcategories (− 1500 to − 200

bp upstream of the TSS (TSS1500), − 200 bp to 0 bp upstream of TSS (TSS200), 5’ untranslated

region (5’UTR), first exon (1st exon), gene body, 3’ untranslated region (3’UTR), and inter-

genic region), according to the probe annotation (HumanMethylation450_15017482_v.1.1.

csv) provided by Illumina [43].

Integrated analysis of DNAmethylation and gene expression. Normalized gene expres-

sion and DNAmethylation array data were integrated based on the genomic locations of the

RefSeq genes’ TSS composed in the expression array and the genomic location of the CpG

sites placed in the BeadChip array using custom perl scripts. RefSeq information was retrieved

from http://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/refGene.txt.gz. We assessed

values for the CpG sites located within 8 kb distance from the closest TSS of the RefSeq

genes and the fold-change value of the corresponding gene expression. The gene expression

data were obtained from probes annotated by the RefSeq ID for mRNA. When multiple

expression probes existed in the same RefSeq ID, the mean of multiple intensities was calcu-

lated for the RefSeq ID. The distance from the methylation site to the TSS was calculated with

a computer using the location information on the methylation probes and RefSeq (as described

above). Promoters registered in RefSeq were classified into two classes, CGI and non-CGI pro-

moters, using the following criteria:> = 50% GC content and observed-to-expected ratio of

CpG> = 0.6.

Gene ontology (GO) analysis. GO analysis was performed using the Database for Anno-

tation, Visualization and Integrated Discovery (DAVID) v6.7 (http://david.abcc.ncifcrf.gov/)

[15–17] with GOTERM_BP_ALL and functional annotation clustering. The genes for GO

analysis were extracted according to each cut-off value given in the methylation and integrated

analysis section. For GO analysis using only gene expression data, genes exhibiting a more

than 3-fold change of expression were used due to the limited gene numbers loaded onto the

annotation tool. The top 10 represented GO terms are shown in some tables. Enrichment

scores of more than 1.3 gave p-values of less than 0.05.

To conduct GO analysis on gene feature- and CpG site-categories, the genes related to dif-

ferentially methylated CpG sites on the gene-coding region based on the probe annotation

were analyzed with GOTERM_BP_ALL and a functional annotation chart due to the small

numbers of extracted genes. The ratios of the number of genes with similar functions were cal-

culated for all gene feature- and CpG site-subcategories.

miRNA expression regulated by DNAmethylation and its targeted genes. To measure

the expression level of miRNAs during replicative senescence, the Human miRNA microarray

data were analyzed using GeneSpring (Ver. 12.5). The data were normalized by a 90-percentile

shift, and then the ratios to those of the control sample (PDL 44) were obtained. The cut-off

for miRNA expression change used in this study was a ±1.5-fold change. The microarray data

for miRNA expression have been deposited in the GEO (GSE90942). miRNAs exhibiting

methylation changes were obtained from HumanMethylation450 BeadChip data using the
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“MIR” keyword in the “UCSC_REFGENE_NAME” column provided by Illumina. We

searched for miRNAs with hypermethylated promoter regions and down-regulated expres-

sion, and vice versa, by comparing methylation changes ( cut-off was ±0.2) with expression
changes (fold-change cut-off, ±1.5). Genes targeted by those miRNAs for which expression

seemed to be regulated by DNAmethylation were picked up by TargetScanHuman Release

7.0. The resulting genes were then further filtered by more than two miRNAs and the gene

expression levels based on our microarray data.

Results

Similar biological outcomes, but different gene expression patterns were
detected in three types of senescent cells
We prepared three types of senescent cells, namely, replicatively senescent, RIS and senescent

SVts8 cells. The senescence state in SVts8 cells was rapidly induced by the inactivation of the

temperature-sensitive mutant of the SV40 large T antigen under non-permissive temperature.

Senescence was confirmed by the growth arrest, appearance (a large flat morphology), senes-

cence-associated beta-galactosidase (SA- -Gal) activity, and protein and mRNA levels of p16
INK4A and p21Cip1/Waf1 (S1 Fig). Gene expression data for senescent cells obtained with Sure-

Print G3 Human GE microarrays (Agilent) showed that less than 10% of the probes tended to

show similar changes in the three types of senescent cells (up-regulated: 358 of 4,355 probes in

replicatively senescent cells, 3,927 probes in RIS cells and 5,124 probes in senescent SVts8

cells; down-regulated: 278 of 4,679 probes in replicatively senescent cells, 4,557 probes in RIS

cells and 3,823 probes in senescent SVts8 cells), whereas more than 50% of the probes showed

changes specific to each type of senescent cell (up-regulated: 2,396 of 4,355 probes in replica-

tively senescent cells, 2,384 of 3,927 probes in RIS cells, and 3,408 of 5,124 probes in senescent

SVts8 cells; down-regulated: 2,561 of 4,679 probes in replicatively senescent cells, 2,750 of

4,557 probes in RIS cells, and 2,840 of 3,823 probes in senescent SVts8 cells) (Fig 1). A heatmap

also showed different patterns of gene expression among the three types of senescent cells,

even though sample clustering indicated that replicatively senescent cells and RIS cells were

closer than senescent SVts8 cells (Fig 2).

According to the GO analysis of more than 3-fold changed genes, the down-regulated

genes in the replicatively senescent, RIS and senescent SVts8 cells were mostly related to the

“cell cycle” (S1 Table). On the other hand, the up-regulated genes were related to “immune

response”, “locomotion”, and “cell migration” in all three types of senescent cells that we

examined. Both up-regulated and down-regulated genes included “developmental process”

genes. The results suggest that different genes with similar functions contributed to the senes-

cent process, although the biological outcomes were similar among the three types of senescent

cells.

Replicatively senescent cells showed DNAmethylation changes
The DNAmethylation profiles of senescent and proliferating cells were obtained using the

Infinium HumanMethylation27 BeadChip. Among the three types of senescent cells exam-

ined, only the replicatively senescent cells (TIG-3 at PDL 85) were notably differentially meth-

ylated compared to the proliferating control cells (TIG-3 at PDL 36), whereas prematurely

senescent cells (RIS and SVts8) were not (Fig 3, upper panels). Among the 629 and 366 CpG

sites that were hyper- and hypo-methylated, respectively, in TIG-3 at PDL 85 (Fig 3, lower

table), 565 (89.8%) and 310 (84.7%) sites showed a stepwise increase and decrease, respectively,

of DNAmethylation along with the progression of PDLs (36, 49, 69, and 85) (Table 1). Genes

Regulation of replicative senescence via DNAmethylation

PLOSONE | DOI:10.1371/journal.pone.0171431 February 3, 2017 6 / 22



hosting the differentially methylated CpG sites detected in TIG-3 at PDL 85 were subjected to

GO analysis using DAVID. Genes associated with hypomethylated CpG sites were found to be

most enriched in the term “immune response” (enrichment score 7.86) and its related terms

(S2 Table). On the other hand, genes associated with hypermethylated CpG sites were enriched

in a wider variety of terms such as regulation of biological and developmental processes with

lower enrichment scores (4.24 or lower).

To more comprehensively examine the alteration of DNAmethylation upon senescence,

we obtained the DNAmethylation profiles of TIG-3 cells at PDL 36 and PDL 85, and RIS cells

using the Infinium HumanMethylation450 BeadChip. Again, replicatively senescent TIG-3

cells were differentially methylated compared to the proliferating control cells, whereas RIS

cells were not (Fig 3D and 3E). Among 484,662 probes that passed quality control procedures,

14,214 and 12,727 probes were hyper- and hypo-methylated, respectively, in TIG-3 cells at

PDL 85 as compared with TIG-3 cells at PDL 36 (Fig 3F). The ratios of differentially methyl-

ated probes were determined for each of the seven gene features and six CpG subcategories

(Fig 4). The frequency of hypermethylated CpG sites was higher than that of hypomethylated

CpG sites in TSS1500 (1.6 fold), TSS200 (2.1 fold), 5’UTR (1.5 fold), 1st exon (2.0 fold) and

gene body (1.2 fold) subcategories (Fig 4A). As shown in Fig 4B, the frequency of hypermethy-

lated CpG sites was higher in CGI (16.0 fold), N_Shore (2.2 fold), and S_shore (2.4 fold) sub-

categories, but was lower in N_Shelf (0.44 fold), S_Shelf (0.39 fold), and the open sea (0.51

fold) subcategories. We applied GO analyses to genes hosting the differentially methylated

CpG sites to characterize the features of the genes that were supposed to be regulated in part

by DNAmethylation in each gene feature- and CpG site-subcategories. A total of 8,114 genes

hosting the differentially methylated CpG sites were classified by GO terms into the subcatego-

ries. The GO terms obtained from functional annotation charts using DAVID were further

categorized into seven groups: “immune response”, “metabolic process”, “transport”, “cell

Fig 1. The number of probes indicating up- or down-regulated genes in three types of senescent cells. The number of up-regulated
(A) or down-regulated probes (B) are shown in three types of senescent cells. The probes exhibiting a more than 2-fold change were
counted. Purple circles, replicatively senescent cells; yellow circles, RIS cells; green circles, senescent SVts8 cells.

doi:10.1371/journal.pone.0171431.g001
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adhesion”, “development”, “signal transduction”, and “transcription”, plus an additional

group, others (Figs 5A–5H and 6A–6H and S3 Table). The “immune response”-related genes

hosting hypomethylated CpG sites were enriched in all of the gene feature subcategories,

whereas a small portion of those hosting hypermethylated sites were located in the TSS1500,

5’UTR, 1st exon and gene body subcategories (Fig 5A). Interestingly, in the region from − 200

bp to 0 bp upstream of TSS (TSS200), all of the classified 63 genes related to “immune

response” consisted of the hypomethylated CpG sites. Consistent with the results of GO analy-

ses using HumanMethylation27 data (S2 Table), the genes hosting hypomethylated CpG sites

were found to be markedly enriched with the genes involved in “immune response”. In sharp

contrast, the “transcription”-related genes hosting hypermethylated CpG sites were enriched

in all of the gene feature subcategories except for “1st exon”, whereas no “transcription”-related

genes hosting the hypomethylated ones were located in the gene feature subcategories except

“gene body” (Fig 5G). The results of the GO analyses conducted on the CpG site subcategories

are shown in Fig 6. Genes related to “immune response” were enriched only in the genes host-

ing hypomethylated CpG sites in the “open sea”, but not those in other subcategories (islands,

shores, and shelves) (Fig 6A). In addition, genes related to “transcript” were enriched in the

genes hosting hypomethylated CpG sites in the “CpG islands” (Fig 6G). However, genes

related to the other six groups of GO terms were enriched in the genes hosting hypomethylated

CpGs in several CpG subcategories (Fig 6B–6F and 6H). When we focused on the genes

hosting hypermethylated CpG sites, genes related to “immune response” were enriched in

Fig 2. Heatmap of gene expression in three types of senescent cells.Gene expression patterns in three types of senescent cells are shown
as a heatmap with sample clustering using uncentered correlation.

doi:10.1371/journal.pone.0171431.g002
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“N_shore” rather than in the “open sea”. In addition, genes related to other groups were

enriched in the genes hosting hypermethlated CpG sites regardless of the CpG site locations

(islands, shores, shelves, and the open sea) (Fig 6B–6G). Thus, a certain portion of “immune

response”-related genes might be regulated in part by DNAmethylation via CpG sites being

outside of the CpG islands.

Fig 3. Comparison of DNAmethylation profiles in three types of senescent cells.DNAmethylation values of senescent (x-axis) and proliferating
control (y-axis) cells in the three types of senescent models are shown in scatter plots. The data were obtained by Infinium HumanMethylation27 (upper
panels, A–C) and HumanMethylation450 BeadChip (middle panels, D–E). The correlation coefficient (r2) is shown in each plot. The lower table (F)
shows the numbers of CpG sites that were hyper- ( = 0.2) and hypo-methylated ( = 0.2) upon senescence.

doi:10.1371/journal.pone.0171431.g003
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Hypomethylation observed in the open sea was frequently associated
with the up-regulation of genes related to immune response
Next, we performed an integrated analysis of HumanMethylation450 BeadChip and gene

expression profiles to investigate potential functional effects of DNAmethylation on gene

expression in replicative senescence. Most methylation changes were unlikely to have a signifi-

cant impact on gene expression (S2 Fig). Out of 212,885 probes located within 8 kb distance

from a TSS of RefSeq genes, 1,596 CpG sites were differentially methylated along with the

altered expression of the nearest genes to these CpG sites: 1,101 hyper- and 495 hypo-methyl-

ated CpG sites for which the nearest genes were down- and up-regulated, respectively, upon

senescence (S4 Table). The genes nearest to these 1,596 differentially methylated CpG sites

were subjected to GO analysis using DAVID. Those genes with up-regulated expression that

were in a hypomethylated state in close proximity (within 8 kb) to their TSS were involved in

“immune response” and “cell death” as ranked in the top 10 terms (Table 2). The immune

response-related genes includedMHC II, and the cell death-related genes included FAS and
oxidized low density lipoprotein receptor 1 (OLR1). In contrast, those genes with down-regu-

lated expression that were in a hypermethylated state in close proximity to their TSS were cate-

gorized into several categories such as “development” and “cell cycle”.

We also assessed the distribution of the distances between each of the 1,596 differentially

methylated CpG sites and the nearest TSS. In this analysis, we classified genes into two subcate-

gories based on promoter types, CGI and non-CGI promoters. The number of probes for all

CpG sites within CGI and non-CGI promoters on the array were 204,829 and 94,432 respectively

(Fig 7A). The number of probes located within 1 kb distance to the TSS was 186,998 (62%). The

1,101 hypermethylated CpG sites for which the nearest gene was down-regulated upon replica-

tive senescence consisted of 744 and 357 CpG sites within CGI and non-CGI promoters, respec-

tively. The hypermethylated CpG sites tended to be located more frequently in CGI promoters

than in non-CGI promoters, and located close to the TSS: 630 out of 1,101 (57%) within 1 kb dis-

tance (Fig 7B). The distribution patterns were similar between all CpG sites (Fig 7A) and 1,101

hypermethylated CpG sites (Fig 7B). In sharp contrast, 495 hypomethylated CpG sites for which

the nearest gene was up-regulated were mainly located in non-CGI promoters (Fig 7C). Within

1 kb distance of the TSS, 202 hypomethylated CpG sites, for which the nearest gene was up-regu-

lated upon replicative senescence, consisted of 36 and 166 CpG sites within CGI and non-CGI

promoters, respectively (Fig 7C). This distribution pattern was similar to that of a subset of hypo-

methylated CpG sites, for which the nearest gene was up-regulated and related to “immune

response” (Fig 7D). This result suggests the possibility that DNAmethylation on the promoter

modulates the expression of a subset of “immune response” genes in replicative senescence.

DNAmethylation affected the expression of miRNAs and the target
genes during replicative senescence
AHumanMethylation450 BeadChip includes 3,436 probes related to miRNA. In replicatively

senescent TIG-3 cells, 98 CpG sites corresponding to 66 miRNAs were hypomethylated,

Table 1. Sequential changes of DNAmethylation during replicative senescence.

PDL 49 vs PDL 36 PDL 69 vs PDL 36 PDL 85 vs PDL36

Hypomethylated CpG sites Total number 64 165 366

Number of sites with sequential change – 156 (94.5%) 310(84.7%)

Hypermethylated CpG sites Total number 76 277 629

Number of sites with sequential change – 273 (98.6%) 565 (89.8%)

doi:10.1371/journal.pone.0171431.t001
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whereas 102 CpG sites corresponding to 62 miRNAs were hypermethylated (S5 Table). The

expression levels of miRNAs were examined using Human miRNA microarray (Release 21.0),

where 2,549 human miRNAs were represented. During replicative senescence, 178 miRNAs

(fold-change> = ±1.5) showed up- or down-regulated (data not shown). To select miRNAs

Fig 4. Rates of differentially methylated CpG sites in replicatively senescent TIG-3 cells in seven gene- feature (A) and six CpG- site (B)
subcategories.CpG sites showing = 0.2 and = 0.2 in senescent TIG-3 cells (at PDL 85) compared to those at PDL 36 were regarded as
hyper- and hypo-methylated, respectively. Seven gene-feature subcategories: TSS1500, TSS200, 5’UTR, 1st exon, gene body, 3’UTR, and intergenic
region. Six CpG subcategories: CpG island, N_Shore, S_Shore, N_Shelf, S_Shelf, and the open sea.

doi:10.1371/journal.pone.0171431.g004
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Fig 5. The characterization of genes hosting differentially methylated CpG sites in the gene feature subcategories.GO analyses
for gene hosting differentially methylated CpG sites were performed using DAVID (functional annotation chart and GOTERM_BP_ALL).
The genes hosting hypermethylated (red) or hypomethylated (blue) CpG sites were classified into six gene feature categories (TSS1500,
TSS200, 5’UTR, 1st exon, gene body and 3’UTR). Using the GO terms detected to be enriched (p-value = 0.05) by DAVID, genes with
similar functions were classified into seven groups: immune response (A), metabolic process (B), transport (C), cell adhesion (D),
development (E), signal transduction (F), and transcription (G), plus an additional group, others (H). Histograms (A–H) show the ratio of the
number of genes classified by GO terms in gene features subcategories (S3 Table shows the number of genes analyzed and classified).

doi:10.1371/journal.pone.0171431.g005
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Fig 6. The characterization of genes hosting differentially methylated CpG sites in the CpG site subcategories. The same type of
GO analyses shown in Fig 5 was applied to six CpG subcategories (N_Shelf, N_Shore, CpG island, S_Shore, S_Shelf, and the open sea).
S3 Table shows the number of genes analyzed and classified.

doi:10.1371/journal.pone.0171431.g006
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for which expression seemed to be regulated by DNAmethylation, we compared the methyla-

tion changes of CpG sites related to miRNA with the miRNA expression changes. Among 18

miRNAs selected, seven miRNAs showed a decrease in expression accompanied with a hyper-

methylated CpG site in the promoters (S6 Table). This result was consistent with a previous

report using IMR 90 cells, where the expression levels of six of the seven miRNAs were down-

regulated during replicative senescence [27]. In contrast, no miRNAs showed an increase in

expression along with a hypomethylated CpG site in the promoters. We next searched for can-

didate genes targeted by the seven miRNAs using TargetScan Human Release 7.0, and these

genes were further selected by more than two miRNAs and the targeted gene expression levels

based on our microarray data. As a result, we identified 27 genes for which expression seemed

to be indirectly regulated by DNAmethylation on the promoters of targeting miRNAs

(Table 3). The genes encoding IL-6 signal transducer (IL6ST) and Zinc finger matrin-type 3

(ZMAT3) were included in the targeted genes.

Discussion
In this study, we examined DNAmethylation levels in three types of senescent cells and found

that only replicatively senescent cells were differentially methylated, whereas prematurely

senescent ones (RIS and SVts8) were not (Fig 3 and Table 1). These results were in good agree-

ment with previous studies showing DNAmethylation changes in aged tissues and cells [16,

21, 24, 44]. There are several reasons why the DNAmethylation profile is strongly modified

during replicative senescence and not during premature senescence. Firstly, errors may accu-

mulate due to repeated cell division. Laird et al. evaluated the fidelity of transmission of the

DNAmethylation state in the CpG island of the FMR1 gene in normal human lymphocytes

using hairpin-bisulfite PCR [45]. Although the high fidelity of inheritance of the methylated

state of cytosine was estimated, the results clearly showed that errors in maintaining DNA

methylation occurred to some extent in every DNA replication. When culturing TIG-3 cells

from PDL 36 to PDL 85, the cells would be divided approximately 2^50 times. In contrast, as

RIS and senescent SVts8 cells were rapidly induced to a senescent state, prematurely senescent

Table 2. GO analysis of genes showing the relationship betweenmethylation and gene expression level in replicative senescence.

Rank Hypomethylation & up-regulated gene expression
(n = 351)

Hypermethylation & down-regulated gene expression
(n = 516)

GO term categories Enrichment
Score

GO term categories Enrichment
Score

1 Response to stimulus 3.20 Developmental process 7.08

2 Immune response 3.19 Organ development 5.14

3 Inflammatory response 2.73 Lung alveolus development 3.69

4 Response to hormone stimulus, Response to
corticosteroid stimulus

2.50 Embryonic development 3.64

5 Response to nutrient levels, Response to
extracellular stimulus

2.30 Cell cycle 3.16

6 Regulation of transport 1.69 Negative regulation of transcription 3.11

7 Developmental process 1.62 Epithelial tube morphogenesis 2.70

8 Cell death 1.37 Mesenchymal cell development 2.47

9 Actin cytoskeleton organization 1.26 Ear development 2.46

10 Negative/positive regulation of kinase activity 1.25 Positive regulation of transcription, DNA-dependent, positive
regulation of metabolic process

2.34

* More than 1.3 of enrichment scores gave less than 0.05 p-value.

doi:10.1371/journal.pone.0171431.t002
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cells would not have enough rounds of cell division to accumulate any errors. Secondly,

reduced activity of DNA methyltransferase 1 (DNMT1), which primarily maintains DNA

methylation patterns during replication, may increase the incidence of errors. The expression

profiles in this study exhibited a marked decrease in DNMT1 in replicatively senescent cells

(0.23-fold reduction, data not shown), whereas the expression levels of DNMT1 in RIS

(0.70-fold reduction, data not shown) and senescent SVts8 (0.80-fold reduction, data not

shown) were slightly reduced. This is consistent with the results reported by Kaneda et al., who
reported that DNAmethylation was not altered in RIS using methylated DNA immunoprecip-

itation (MeDIP) sequencing and bisulfite sequencing, and the Dnmt1 expression level was not

altered in RIS, or during 3 passages (passage 2 to 5) using mouse embryonic fibroblasts [16].

Thirdly, a marked decrease in Ten-eleven translocation 1 (TET1) expression could alter DNA

methylation patterns. Recent studies have suggested active DNA demethylation is mediated by

TET, the enzyme that converts 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC),

5-formylcytosine (5fc), and 5-carboxylcytosine (5caC) [46–49]. There are three TET proteins:

TET1, TET2 and TET3. The expression levels of TET1 and TET3 genes, but not TET2, report-
edly decrease along with aging, and TET3 expression is important for decreasing genomic

Fig 7. Distribution patterns of the distances between CpG sites and the nearest TSS.Distribution patterns for all 299,261 CpG probes on the
HumanMethylation450 BeadChip (A), 1,101 hypermethylated CpG sites for which the nearest gene was down-regulated upon replicative senescence
(B), 495 hypomethylated CpG sites for which the nearest gene was up-regulated upon replicative senescence (C), and 90 hypomethylated CpG sites
for which the nearest gene was up-regulated upon replicative senescence and related to immune response (D) are shown.

doi:10.1371/journal.pone.0171431.g007
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5hmC during aging in human T cells [50]. In replicatively senescent TIG-3 cells, the expression

levels of the TET1 gene were drastically decreased, although we have no expression data for the

TET3 gene due to a lack of TET3 probes in the expression array. A recent study showed that

Tet1/Tet2 double-knockout mouse embryonic fibroblasts (MEFs) had defects in maintaining

hypomethylation and resulted in hypermethylation of DNAmethylation canyons where devel-

opmental genes are associated [51]. Taken togather, methylation changes during senescence

would be required for many rounds of cell division and the decreased activities of DNA

methyltransferase and methylcytsine deoxygenase, such as DNMT1 and TET1, might produce

the altered methylation patterns within long-term culture.

We found that hypomethylation observed in the open sea was frequently associated with

the up-regulation of genes related to immune response. When the genes hosting hypomethy-

lated CpG sites were classified into six CpG subcategories using annotated GO terms, genes

related to “immune response” were enriched only in the genes hosting hypomethylated CpG

sites in the “open sea” (Fig 6A). Consistent with the results, the promoter types of genes cate-

gorized as “immune response” were mainly non-CGI promoters (Fig 7D). Nevertheless, the

probes in the HumanMethylation450 BeadChip covered much more CpG island promoter

genes than non-CpG island promoter genes (Fig 7A). In contrast, genes categorized into other

groups, namely “metabolic process”, “transport”, “cell adhesion”, “development”, “signal

Table 3. Targeted genesmediated in part by miRNAs, with miRNA expression regulated via methylation in the promoter regions.

Targeted gene symbol Gene expression (fold-change) miRNAs of regulating targeted gene

EIF4EBP2 3.0 hsa-miR-7-5p hsa-miR-193a-5p hsa-miR-335-5p

HECW2 4.2 hsa-miR-7-5p hsa-miR-25-3p hsa-miR-505-3p

CADM1 8.2 hsa-miR-7-5p hsa-miR-505-3p

CNNM2 2.9 hsa-miR-335-5p hsa-miR-505-3p

CPEB2 2.6 hsa-miR-7-5p hsa-miR-505-3p

CRY2 2.2 hsa-miR-7-5p hsa-miR-17-5p

DAAM1 2.5 hsa-miR-130b-3p hsa-miR-335-5p

DGKH 2.5 hsa-miR-130b-3p hsa-miR-505-3p

DOK6 2.2 hsa-miR-17-5p hsa-miR-335-5p

EGR2 2.8 hsa-miR-17-5p hsa-miR-25-3p

FAM134C 2.2 hsa-miR-17-5p hsa-miR-335-5p

GRIN2A 2.0 hsa-miR-7-5p hsa-miR-130b-3p

HPCAL4 7.6 hsa-miR-7-5p hsa-miR-335-5p

IL6ST 2.2 hsa-miR-130b-3p hsa-miR-505-3p

KLHL28 2.4 hsa-miR-7-5p hsa-miR-335-5p

MEF2D 2.7 hsa-miR-335-5p hsa-miR-505-3p

MYO1D 5.9 hsa-miR-193a-5p hsa-miR-335-5p

NR4A3 2.1 hsa-miR-7-5p hsa-miR-335-5p

OXR1 2.9 hsa-miR-7-5p hsa-miR-17-5p

PGM2L1 4.8 hsa-miR-17-5p hsa-miR-130b-3p

PIP4K2C 2.1 hsa-miR-25-3p hsa-miR-505-3p

PPARGC1B 2.6 hsa-miR-7-5p hsa-miR-505-3p

RAB11FIP5 2.8 hsa-miR-7-5p hsa-miR-17-5p

RNF141 2.4 hsa-miR-7-5p hsa-miR-335-5p

SEMA6D 5.9 hsa-miR-7-5p hsa-miR-193a-5p

ZDHHC8 5.2 hsa-miR-17-5p hsa-miR-335-5p

ZMAT3 3.4 hsa-miR-7-5p hsa-miR-130b-3p

doi:10.1371/journal.pone.0171431.t003
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transduction”, and “transcription”, exhibited hypermethylation rather than hypomethylation

in the CpG sites close to the TSS (S3 Table). Furthermore, integrated analyses showed that

“immune response” was ranked in GO terms of genes up-regulated and concomitantly hypo-

methylated in close proximity to their TSS (Table 2). These results suggest that hypomethyla-

tion in the open sea may increase the expression of the “immune response”-related genes

during replicative senescence. For example,MHC II has non-CGI promoters exhibiting hypo-

methylated CpG sites and its expression was up-regulated during replicative senescence. Sev-

eral studies also indicated the effects of DNAmethylation in the promoter regions on the

expression of inflammatory genes [52–54].

Currently we cannot explain the mechanism by which hypomethylation in the non-CpG

promoter increases the expression of a certain portion of the “immune response”-related

genes during replicative senescence. We speculate that TET2 may play a role in this regulation.

As mentioned above, TET proteins contribute to active DNA demethylation. In our data, the

expression levels of one of the TET2 probes showed a 2-fold increase in replicatively senescent

cells and senescent SVts8 cells, whereas no increase in TET2 expression was detected in the

RIS cells. Unlike TET1 and TET3, TET2 does not have a CXXC domain, which is required for

binding to the CpG site [55, 56]. These results suggest that collaboration between TET2 and its

associated factor(s) may be required for DNA binding and demethylation. In fact, TET2 was

reported to need a cofactor for binding to DNA [49]. During differentiation of helper T (Th)

cells, TET2 induced DNA demethylation at the loci of key cytokine genes in a lineage-specific

transcription factor-dependent manner and promoted signature cytokine expression in Th1

and Th17 cells [57]. Depending on the cofactor, TET2 may bind to non-CGI promoters in

senescence-associated genes, and increase gene expression. Further studies are needed to

investigate the effects of TET2 on hypomethylation at the specific CpG sites and its interacting

factor(s) during senescence.

Recently, senescence-associated miRNAs (SA-miRNAs) have been reported to regulate

genes associated with senescence [27–31]. We examined the effects of DNAmethylation in the

promoter regions of miRNAs on miRNA expression using human miRNA expression microar-

ray and further selected miRNAs that likely affected the predicted gene expression. As a result,

we identified seven miRNAs and 27 targeted genes (Table 3). These genes included eukaryotic

translation initiation factor 4E binding protein 2 (EIF4EBP2), which inhibits translation initia-

tion [58], and cryptochrome circadian clock 2 (CRY2), which is a key component in regulating

circadian rhythm [59]. Among the 27 genes, the IL-6 signal transducer (IL6ST) and zinc finger
matrin-type 3 (ZMAT3) are involved in immune response. IL6ST, which is supposed to be up-
regulated by decreased levels of has-miR-130b-3p and has-miR-505-3p, encodes glycoprotein

130 (gp130) [60]. The protein gp130 is a signal transducer shared by many cytokines including

IL-6, one of the SASP factors [61], IL-11, IL-27, and oncostatin-M [62–64]. In addition,

ZMAT3, a predicted gene regulated by has-miR-7-5p and has-miR-130b-3p, encodes a double-

stranded-RNA-binding zinc finger protein Wig-1 (for wild-type p53-induced gene 1). Wig-1, a

transcriptional target of p53, stabilizes p53 by binding to the 3’ UTR of p53 mRNA and protect-

ing it from deadenylation [65]. A high level of p53 triggers cell cycle arrest, senescence and

apoptosis, and efficiently inhibits tumor development [7, 66, 67]. In addition to the p53 tran-

scription factor, miRNAs with expression regulated by DNAmethylation via their promoter

regions may also contribute to ZMAT3 expression. MiR-34 is one of the SA-miRNAs and is

up-regulated by p53 [27, 28, 32, 33, 68, 69]. Although increased levels of miRNA-34 were

detected upon replicative senescence, the methylation changes ( cut-off was ±0.2) in the pro-

moter regions of miRNA-34 were not included in our data (data not shown).

In this study, we investigated the possibility of regulation by DNAmethylation during

senescence. We found that hypomethylation in the open sea may contribute to the up-
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regulation of genes related to immune response. Several miRNAs targeting genes associated

with a senescent state seem to regulate expression by DNAmethylation in the promoter

regions. However, we have to consider the possibility that DNAmethylation results from alter-

ation of gene expression. To investigate this possibility, we need to collect more data and

explore the mechanism of methylation and demethylation change. Moreover, in order to

reveal the whole mechanism of DNAmethylation, we also need to focus on the methylation

profile in hypomethylation and outside of the TSS and CpG islands.

Conclusion
Three types of senescent TIG-3 cells showed similar biological outcomes, but the regulatory

mechanisms were different. Replicatively senescent cells showed sequential DNAmethylation

changes, but prematurely senescent RIS and SVts8 cells did not. In replicative senescence,

hypomethylation with up-regulated gene expression often occurred in the open sea. Moreover,

hypomethylation was observed in non-CGI promoters of genes related to the immune

response. These results suggested that hypomethylation in the open sea regulates the expres-

sion of a certain portion of immune-related genes in replicative senescence. In addition, sev-

eral miRNAs that seemed to have expression levels regulated in part by DNAmethylation may

also contribute to the expression of senescence-associated genes.

Supporting information
S1 Fig. Confirmation of senescence. Senescent cells were subjected to senescence-associated

beta-galactosidase (SA- -Gal) staining, qRT-PCR and immunoblotting. SA- -Gal staining of

the control A), C), E), replicatively senescent B), RIS D), and senescent SVts8 cells F). The per-

centages of SA- -Gal-positive cells are shown at the bottom of each picture. Bar, 200 μm.

Objective, ×10. G) The expression levels of p16INK4A and p21Cip1/Waf1 obtained with SurePrint

G3 Human GE microarrays and qRT-PCR. H) Representative western blotting of p16INK4A

and p21Cip1/Waf1, Ras, and loading control (actin). Images of p16INK4A are shown separately

shown due to different exposure time.

(TIF)

S2 Fig. Integrated analysis of methylation and gene expression in replicative senescence.

Each plot represents the values obtained from a single gene using integrated analyses. DNA

methylation values and gene expression levels are plotted along the abscissa and the ordinate,

respectively. Red lines show the cut-off border. For methylation, for hypermethylation

is> = 0.2, for hypomethylation is =< −0.2. For gene expression, the cut-off for increased/
decreased expression was a ±2-fold change.
(TIF)

S1 Table. GO terms for up- or down-regulated genes in three types of senescent cells.

(XLSX)

S2 Table. GO terms for hypo- or hyper-methylated genes in replicatively senescent cells.

(XLSX)

S3 Table. The number of genes hosting differentially methylated CpG sites in the gene fea-

ture- and the CpG site- subcategories.

(XLSX)

S4 Table. Integrated analysis of gene expression and methylation changes in replicatively

senescent cells.

(ZIP)
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S5 Table. Hypo- or hyper-methylated miRNAs in the promoter regions of replicatively

senescent cells.

(XLSX)

S6 Table. miRNA expression regulated by DNAmethylation in the promoter region.

(XLSX)
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Abstract Congenital human cytomegalovirus (HCMV) in-
fection causes sensorineural hearing loss (SNHL) and other
neurological disorders, although the neuropathogenesis of
HCMV infection is not well understood. Here, we show that
the expression of SLITRK6, one of causative genes for hered-
itary SNHL, was robustly downregulated by HCMV infection
in cultured neural cells. We also show that HCMV-encoded
immediate-early 2 (IE2) proteins mediate this downregulation
and their carboxy-terminal region, especially amino acid res-
idue Gln548, has a critical role. These findings suggest that the
downregulation of SLITRK6 expression by IE2 may have a
role in HCMV-induced SNHL and other neurological
disorders.
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Introduction

Congenital human cytomegalovirus (HCMV) infection is the
most common congenital viral infection, affecting 0.2 to
2.5 % of all live-born neonates (Cheeran et al. 2009; Ornoy

and Diav-Citrin 2006). Approximately 10 % of neonates with
congenital HCMV infection are estimated to be symptomatic
at birth and often manifest severe damages in various organs
including the central nervous system (CNS) and the inner ear.
A recent large-scale screening in Japan demonstrated that ap-
proximately 30 % of congenitally HCMV-infected newborns
had some clinical manifestations at birth if abnormal findings
of brain MRI are included (Koyano et al. 2011). Although the
vast majority of neonates with congenital HCMVinfection are
thus asymptomatic at birth, approximately 10 % of these
asymptomatic children will develop delayed sequelae caused
by HCMV-induced nervous system damages, such as senso-
rineural hearing loss (SNHL), vestibular symptoms, and be-
havioral abnormalities (Bernard et al. 2015; Karltorp et al.
2014). Congenital HCMV infection is the leading cause of
nongenetic congenital SNHL; 22 to 65% of children that were
symptomatic at birth and 6 to 23 % of children that were
asymptomatic at birth develop SNHL (Fowler and Boppana
2006; Morton and Nance 2006).

Although HCMV infection and gene expression in the in-
ner ear as well as various parts of the CNS have been analyzed
in a limited number of congenitally infected children, the ex-
act nature of HCMV infection in the human nervous system
has not been well characterized. The mechanism of HCMV-
induced neuropathogenesis therefore remains largely un-
known. To get a new insight into HCMV-induced
neuropathogenesis, we have been analyzing the effect of
HCMV infection on the expression of cellular genes involved
in the development and function of the CNS and/or auditory
system. In this report, we demonstrate that the expression of
SLITRK6, an etiologic gene for a group of hereditary SNHL
(Morlet et al. 2014; Tekin et al. 2013), is robustly downregu-
lated by HCMV infection in cultured neural cells. Further, we
demonstrate that HCMV-encoded immediate-early 2 (IE2)
proteins are involved in this SLITRK6 downregulation.
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Materials and methods

Cells and viruses

The human glioblastoma-astrocytoma cell lines U373 MG and
Hs 683 were grown in Dulbecco’s modified Eagle’s medium
(DMEM; Nacalai Tesque, Kyoto, Japan) supplemented with
10 % fetal bovine serum (FBS; Biowest, France), penicillin
(200 U/mL), and streptomycin (200 μg/mL) at 37 °C in 5 %
CO2 atmosphere. The human neuroblastoma cell line SH-
SY5YwasgrowninDMEM/F-12(NacalaiTesque)supplement-
edwith 10%FBSand the antibiotics. The human foreskin fibro-
blast cell line hTERT-BJ1 (Clontech, PaloAlto, CA)was grown
inamediumconsistingofDMEM/medium199(Sigma-Aldrich,
St. Louis,MO) (4:1) supplementedwith 10%FBS, 1mM sodi-
umpyruvate (Nacalai Tesque), 2mMglutamine (ThermoFisher
Scientific; Madison,WI), and the antibiotics. The HCMV labo-
ratory strains Towne (ATCC VR-977) and AD169 (ATCCVR-
538) were propagated in cultured hTERT-BJ1 cells. Heat-
inactivated (HI) HCMV was prepared by heating HCMV-
containingculturemediaat63°Cfor60min.TheGibcoepisomal
human iPSC line (Thermo Fisher Scientific), an induced plurip-
otent stem cell (iPSC) line generated using cord blood-derived
CD34+ progenitors, was grown under feeder-free conditions in
completeEssential 8medium (ThermoFisher Scientific) on ves-
sels coated with vitronectin (Thermo Fisher Scientific). The
iPSCs were differentiated into neural stem/progenitor cells
(NSPCs) using PSC Neural Induction Medium (Thermo Fisher
Scientific) according tomanufacturer’s instructions.

Antibodies and reagents

Theantibodiesusedwereas follows: sheepanti-SLITRK6(R&D
Systems, Minneapolis, MN); mouse anti-CMV IE1/IE2 (8B1.2,
MerckMillipore, Bedford,MA); mouse anti-IE2 (5A8.2,Merck
Millipore); mouse anti-IE2 (12E2, Santa Cruz Biotechnology,
Santa Cruz, CA); mouse anti-IE1 (6E1, Santa Cruz
Biotechnology); mouse anti-CMV gB (2F12, Abcam,
Cambridge, MA); mouse anti-pp65 (3A12, Abcam); mouse
anti-nestin (10C2, Merck Millipore), horseradish peroxidase
(HRP)-conjugated mouse anti-β-actin (Wako Chemical, Osaka,
Japan); Alexa Fluor 488-conjugated goat anti-mouse immuno-
globulin G (IgG) (Thermo Fisher Scientific); HRP-conjugated
donkey anti-sheep IgG (R&D Systems); and HRP-conjugated
sheep anti-mouse IgG (GE Healthcare, Little Chalfont,
Buckinghamshire, UK). Cellstain-DAPI solution was obtained
fromDojindoMolecular Technologies (Kumamoto, Japan).

Plasmid constructs and the Flp-In/TREx expression
system

HCMV-encoded genes and deletion mutants were generated
by PCR with primers shown in Table 1. The PCR products

were cloned into the pcDNA5/FRT/TO vector (Thermo Fisher
Scientific) to construct pcDNA5/FRT/TO-IE1 72, pcDNA5/
FRT/TO-IE2 86, pcDNA5/FRT/TO-IE2 60, pcDNA5/FRT/
TO-IE2 40, and pcDNA5/FRT/TO-pp65. To construct
pcDNA5/FRT/FRT-IE2 (Q548R), site-directed mutagenesis
was performed using QuikChange II site-directed mutagene-
sis kit (Agilent Technologies, Santa Clara, CA) with the fol-
lowing primers: forward 5 ′-GGCCTACGCCGTCG
GCCGGTTTGAGCAGCCC-3 ′ , reverse 5 ′ -GGGC
TGCTCAAACCGGCCGACGGCGTAGGCC-3′ as de-
scribed previously (Petrik et al. 2006). To establish U373
MG cells expressing HCMV-encoded genes in a
tetracycline-inducible manner, pFRT/lacZeo (Thermo Fisher
Scientific) containing a Flp recombination target site and a
lacZ-Zeocin fusion gene and pcDNA6/TR (Thermo Fisher
Scientific) containing tetracycline repressor gene were se-
quentially transduced into U373 MG cells, and transfected
cells were selected with zeocin (InvivoGen, San Diego, CA)
and blasticidin (InvivoGen), respectively, as described previ-
ously (Nakamura et al. 2003). The resultant cells were co-
transfected with pOG44 (Thermo Fisher Scientific) express-
ing Flp recombinase combined with pcDNA5/FRT/TO-IE1,
pcDNA5/FRT/TO-IE2, pcDNA5/FRT/TO-pp65, or pcDNA5/
FRT/TO, and selected with 500 μg/mL of hygromycin B
(Wako Chemical) for 6 weeks. These cells were designated
as Flp-In/TREx U373 MG-IE1, Flp-In/TREx U373 MG-IE2,
Flp-In/TREx U373 MG-pp65, and Flp-In/TREx U373 MG-
pcDNA5/FRT/TO cells, respectively. To induce viral gene
expression, cells were treated with 3 μg/mL of doxycycline
(Takara Bio, Shiga, Japan).

Reverse transcription PCR, real-time quantitative
RT-PCR

Total RNA was extracted from cells using ReliaPrep RNA
Cell Miniprep System (Promega, Madison, WI). First-strand
complementary DNAs (cDNAs) were synthesized using a
PrimeScript II 1st strand cDNA Synthesis Kit (Takara Bio).
The resultant cDNAs were analyzed by either reverse tran-
scription (RT)-PCR or real-time quantitative RT-PCR (RT-
qPCR). RT-PCR was performed in a total volume of 50 μL
for 30 cycles using the GeneAmp PCR System 9700
thermocycler (Thermo Fisher Scientific), and then the PCR
products were analyzed by 1–2 % agarose gel electrophoresis.
RT-qPCR was performed with pre-designed TaqMan probe
and primer sets specific for human SLITRK6 (TaqMan Gene
Expression Assay, assay identification Hs00536106_s1;
Thermo Fisher Scientific) and human TATA box-binding pro-
tein (TBP) (assay identification Hs00427620_m1) in a
StepOne Plus System (Thermo Fisher Scientific). The relative
quantification of gene expression was calculated using the
ΔΔCt method and normalized to TBP messenger RNA
(mRNA).
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Immunoblot analysis

Cellular proteins extracted with a sodium dodecyl sulfate
(SDS) sample buffer (50 mM Tris-HCl, pH 6.8, 2 % SDS,
10 % glycero l , 6 % 2-mercaptoe thanol , 0 .1 %
bromophenol blue) were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Proteins were transferred to Immobilon-P transfer mem-
branes (Merck Millipore). Membranes were blocked with
5 % non-fat milk (Nacalai Tesque) and then incubated
with a primary antibody overnight at 4 °C in TBS-T
(20 mM Tris, pH 7.6, 137 mM NaCl, 0.1 % Tween-20).
Membranes were then incubated with a HRP-conjugated
secondary antibody, and antigen proteins were visualized
with ImmunoStar Zeta (Wako Chemicals) and detected by
the GE LAS4000 Phosphor Imager (GE Healthcare Life
Sciences).

Results

HCMV infection robustly downregulates SLITRK6
expression

A variety of cellular genes have been identified as the
causes of hereditary neurodevelopmental diseases
(Mitchell 2011), and we speculated that HCMV infection
may affect the expression of such genes to induce
neurodevelopmental diseases. Among those genes, we

focused on SLITRK6, since it has been recently demon-
strated as a causative gene of hereditary SNHL and myopia
in mice and humans (Katayama et al. 2009; Matsumoto
et al. 2011; Morlet et al. 2014; Tekin et al. 2013). RT-
PCR analysis showed that the SLITRK6 mRNA expression
was clearly and robustly downregulated in HCMV-infected
SH-SY5Y cells compared to mock-infected cells
(Fig. 1(a)). This downregulation of SLITRK6 mRNA ex-
pression was not observed following infection with heat-
inactivated HCMV, indicating that viable HCMV is re-
quired. The downregulation of SLITRK6 mRNA was also
detected in U373 MG cells (Fig. 1(d)) and Hs 683 cells
(data not shown) following HCMV infection. To confirm
the results and obtain more quantitative data, we performed
real-time quantitative RT-PCR (RT-qPCR) and the results
demonstrated that SLITRK6 mRNA expression in HCMV-
infected SH-SY5Y cells (Fig. 1(b)) and U373 MG cells
(Fig. 1(e)) was decreased 21–183-fold and 41–46-fold,
respectively, compared to those cells infected with heat-
inactivated HCMV. Immunoblot analysis showed that the
downregulation of SLITRK6 mRNA levels was reflected at
the protein level; the SLITRK6 protein expression was
apparently abolished in SH-SY5Y (Fig. 1(c)), U373 MG
cells (Fig. 1(f)), and Hs 683 cells (data not shown) follow-
ing HCMV infection.

We previously demonstrated that neural stem/progenitor
cells (NSPCs) derived from human induced pluripotent
s tem cel ls ( iPSCs) can be infected with HCMV
(Nakamura et al. 2013). Therefore, we examined whether

Table 1 Primers used for molecular cloning and RT-PCR analysis

Gene Forward primer Reverse primer

Cloning

IE1 72 CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTACTGGTCAGCCTTGCTTCTAG

IE2 86 CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTACTGAGACTTGTTCCTCAGG

pp65 CGCGGATCCAGCATGGAGTCGCGCGGTCGC CGCCTCGAGTCAACCTCGGTGCTTTTTGGGC

IE2 (1–550) CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTACTCAAACTGCCCCACGGCGTAG

IE2 (1–547) CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTACCCCACGGCGTAGGCCTTCGC

IE2 (1–543) CGCAAGCTTGCCGCCACCATGGAGTCCTCTGCCAAGAGAAAG CGCGGATCCTTAGGCCTTCGCGGCCGTCTCGTAG

IE2 60 CGCAAGCTTGCCGCCACCATGCTGCCCCTCATCAAACAGG CGCGGATCCTTACTGAGACTTGTTCCTCAGG

IE2 40 CGCAAGCTTGCCGCCACCATGAACCACCCTCCTCTTCCCGA CGCGGATCCTTACTGAGACTTGTTCCTCAGG

RT-PCR

SLITRK6 CAGCAGCTTGCAAATGGTTA GAGCCTCTGGATGAGAGCAC

IE1 ATGGAGTCCTCTGCCAAGAG ATTCTATGCCGCACCATGTCC

IE2 ATGGAGTCCTCTGCCAAGAG CTGAGACTTGTTCCTCAGGTCCTG

pp65 CGCAACCTGGTGCCCATGG CGTTTGGGTTGCGCAGCGGG

β-actin ACCATGGATGATGATATCGC TCATTGTAGAAGGTGTGGTG

TBP TTCGGAGAGTTCTGGGATTGTA TGGACTGTTCTTCACTCTTGGC

Underlined letters indicate restriction enzyme recognition sites
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the expression of SLITRK6 is downregulated by HCMV
infection also in NSPCs derived from human iPSCs. RT-
PCR (Fig. 2(a)), RT-qPCR (Fig. 2(b)), and immunoblot
analyses (Fig. 2(c)) showed that SLITRK6 was highly
expressed in iPSC-derived NSPCs compared to parental
iPSCs, suggesting that differentiation of iPSCs into
NSPCs induced SLITRK6 expression. In NSPCs derived
from human iPSCs, the expression of SLITRK6 was robust-
ly downregulated by HCMV infection (Fig. 2(d–f)). These
results indicated that the SLITRK6 downregulation by
HCMV is commonly observed in a variety of human neural
cell lines.

IE2 mediates the downregulation of SLITRK6 expression
by HCMV

To clarify the mechanism of the SLITRK6 downregulation
by HCMV, we explored which viral gene is responsible
for this downregulation. We initially examined whether
HCMV-encoded immediate-early proteins IE1 72 and
IE2 86 and viral tegument protein pp65 can affect
SLITRK6 expression. Using U373 MG cells, we
established cell lines in which these individual viral genes
were expressed in a tetracycline-inducible manner. The

cell lines were designated Flp-In/TREx U373 MG-IE1
72, Flp-In/TREx U373 MG-IE2 86, and Flp-In/TREx
U373 MG-pp65, respectively. Flp-In/TREx U373 MG-
pcDNA5/FRT/TO was used as a negative control. When
these cells were treated with doxycycline (Dox) for 2 or
4 days, the synthesis of IE1 72, IE2 86, and pp65 proteins
was induced (Fig. 3(B)). RT-PCR assay at 2 or 4 days
after the addition of Dox demonstrated the downregula-
tion of SLITRK6 mRNA expression by IE2 86 (Fig. 3(A-
b)) but not by IE1 72 (Fig. 3(A-a)) and pp65 (Fig. 3(A-
c)). As expected, the control Flp-In/TREx U373 MG-
pcDNA5/FRT/TO cells showed similar levels of
SLITRK6 mRNA with or without Dox treatment
(Fig. 3(A-d)). In accordance with these mRNA data,
SLITRK6 protein levels were clearly reduced by Dox
treatment in Flp-In/TREx U373 MG-IE2 86 cells
(Fig. 3(B), lanes 5–8). In contrast, SLITRK6 protein
levels were not significantly reduced in Flp-In/TREx
U373 MG-IE1 72 (Fig. 3(B), lanes 1–4), Flp-In/TREx
U373 MG-pp65 (Fig. 3(B), lanes 13–16), or Flp-In/
TREx U373 MG-pcDNA5/FRT/TO cells (Fig. 3(B), lanes
9–12) following treatment with Dox. These results clearly
indicate that IE2 86 is involved in the HCMV-induced
downregulation of SLITRK6 expression.
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Fig. 1 HCMV infection robustly downregulates SLITRK6 expression in
neural cell lines. RT-PCR analysis of SLITRK6 mRNA expression in the
HCMV-infected cell lines SH-SY5Y (a) and U373 MG (d). Total RNAs
isolated from cells infected with Towne HCMV (+), heat-inactivated
Towne HCMV (HI), or mock-infected (M, culture media from HCMV-
uninfected hTERT-BJ1 cells) at indicated days post-infection (dpi) were
subjected to RT-PCR assays with SLITRK6-specific primers. RT-PCR
assays with IE1- and IE2-specific primers were also performed. β-actin
was used as an internal control. RT-qPCR analysis of SLITRK6 mRNA
expression in the HCMV-infected cell lines SH-SY5Y (b) and U373MG

(e). RT-qPCR data was analyzed by the 2-ΔΔCt method. The mRNA
expression was normalized to that of TBP. The fold induction was calcu-
lated as the ratio of mRNA levels. Immunoblot analysis of SLITRK6
protein expression in the HCMV-infected cell lines SH-SY5Y (c) and
U373 MG (f). Whole-cell lysates of cells infected with Towne HCMV
(+), heat-inactivated Towne HCMV (HI), or mock-infected (M) were
extracted at indicated dpi and separated by SDS-PAGE and analyzed by
immunoblotting with antibodies against SLITRK6, IE1, or IE2. Equal
protein loading was established with anti-β-actin antibody
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Carboxy-terminal region of IE2 86 is required
for the downregulation of SLITRK6 expression by HCMV

To address which region of IE2 86 is required for the
SLITRK6 downregulation, we compared the wild-type
IE2 86 (designated as IE2 (1–579)) and its several deletion
mutants (Fig. 4(C)) in terms of the ability of the SLITRK6
downregulation. The deletion mutants IE2 (1–550), IE2
(1–547), and IE2 (1–543) were expressed in Flp-In/TREx
U373 MG cells in a Dox-inducible manner as described
above. RT-PCR analysis confirmed that IE2 (1–550) sup-
pressed the SLITRK6 mRNA level markedly (Fig. 4(A-a)),
whereas IE2 (1–547) (Fig. 4(A-b)) and IE2 (1–543)
(Fig. 4(A-c)) had little or no effect. Immunoblot analyses
demonstrated that individual deletion mutants were
expressed at comparable levels, and immunofluorescence
analysis showed that these deletion mutants localize in the
nucleus. Immunoblot analyses demonstrate that the expres-
sion levels of the SLITRK6 protein was reduced by IE2 (1–
550) (Fig. 4(A-g)), but not by IE2 (1–547) (Fig. 4(A-h)) or
IE2 (1–543) (Fig. 4(A-i)). Collectively, these results

indicate that the carboxy-terminal region (548 to 550 a.a.)
of IE2 86 is critically important for the downregulation of
SLITRK6. Since these data suggested that the amino acid
residues 548 to 550 of IE2 86 is involved in the downreg-
ulation of SLITRK6 expression, IE2 (Q548R), in which the
glutamine residue at a.a. 548 was mutated to arginine, was
expressed in U373 MG cells and SLITRK6 expression was
analyzed. Remarkably, the downregulation of SLITRK6
was not seen with IE2 (Q548R) both by RT-PCR
(Fig. 4(A-d)) and by immunoblotting (Fig. 4(A-j)). These
results clearly show that glutamine residue at a.a. 548 has a
critical role in the downregulation of SLITRK6 expression.

Internal methionine codons in the exon 5 of IE2 86
generates the IE2 isoforms IE2 60 and IE2 40 (Plachter
et al. 1993; Puchtler and Stamminger 1991; Stenberg et al.
1989). To test whether these isoforms can induce the
SLITRK6 downregulation, we established the Flp-In/
TREx U373 MG-IE2 60 and Flp-In/TREx U373 MG-
IE2 40 cells in which the individual isoforms are synthe-
sized in a Dox-dependent manner. Both IE2 60 and IE2
40 proteins were detected in the nucleus in these cells by
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Fig. 2 SLITRK6 expression in iPSCs and iPSC-derived NSPCs. (a)
Total RNAs extracted from iPSCs and iPSC-derived NSPCs were
analyzed by RT-PCR for the expression of SLITRK6 and β-actin. (b)
SLITRK6 mRNA expression in iPSCs and NSPCs was analyzed by
RT-qPCR. RT-qPCR data was analyzed by the 2-ΔΔCt method. The
mRNA expression was normalized to that of TBP. The fold induction
was calculated as the ratio of mRNA levels. (c) Whole-cell lysates of
iPSCs and NSPCs were analyzed by immunoblotting with antibodies
against SLITRK6 or nestin. Equal protein loading was established with
anti-β-actin antibody. (d) RT-PCR analysis of SLITRK6 mRNA
expression in the HCMV-infected NSPCs. Total RNAs isolated from

NSPCs infected with AD169 HCMV (+) or heat-inactivated AD169
HCMV (HI) at indicated days post-infection (dpi) were subjected to
RT-PCR assays for the expression of SLITRK6, IE1, and IE2. β-actin
was used as an internal control. (e) RT-qPCR analysis of SLITRK6
mRNA expression in the HCMV-infected NSPCs. (f) Immunoblot
analysis of SLITRK6 protein expression in the HCMV-infected NSPCs.
Whole-cell lysates of cells infected with AD169 HCMV (+) or
heat-inactivated AD169 HCMV (HI) were extracted at indicated dpi
and separated by SDS-PAGE and analyzed by immunoblotting with
antibodies against SLITRK6 and IE1/ IE2. Equal protein loading was
established with anti-β-actin antibody
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immunofluorescence analysis (Fig. 4(B)). Both IE2 60
(Fig. 4(A-e)) and IE2 40 (Fig. 4(A-f)) clearly downregulated
SLITRK6 mRNA expression by RT-PCR assays. Immunoblot
analyses also showed that IE2 60 (Fig. 4(A-k)) and IE2 40
(Fig. 4(A-l)) downregulate SLITRK6 protein expression.

Discussion

In this study, we demonstrate that HCMV infection ro-
bustly downregulates the expression of SLITRK6 in cul-
tured neural cells such as SH-SY5Y, U373 MG, Hs 683,
and NSPCs derived from iPSCs. HCMV-encoded IE2 86,
IE2 60, and IE2 40 were shown responsible for this down-
regulation. Analyses of IE2 86 mutants showed that the
carboxy-terminal region, especially Gln548, has a critical
role in the SLITRK6 downregulation. The Gln548 residue
of IE2 has been shown to have a critical role in its asso-
ciation with p150, a component of chromatin assembly
factor 1 (Lee et al. 2011). It is therefore speculated that
similar association of IE2 with other cellular proteins via

Gln548 may be involved in the IE2-mediated SLITRK6
downregulation.

Human SLITRK6 encodes a type I transmembrane protein
highly expressed in the brain of first-trimester human fetuses
(Iruretagoyena et al. 2014). Homozygous nonsense mutations
of SLITRK6 were identified in Amish, Turkish, and Greek
cases of familial myopia and SNHL (Tekin et al. 2013) and
in nine cases of progressive auditory neuropathy in an endog-
amous Amish community (Morlet et al. 2014). Inmice, Slitrk6
expression is detected in the thalamus, lateral geniculate nu-
cleus, and developing cochlear organs (Aruga 2003; Aruga
and Mikoshiba 2003; Beaubien and Cloutier 2009;
Katayama et al. 2009), and Slitrk6 knock-out mice showed
SNHL (Matsumoto et al. 2011). In Slitrk6 knock-out mice,
cell death in the spiral and vestibular ganglia was observed
and innervation and survival of inner ear sensory neurons
were disturbed (Katayama et al. 2009). Slitrk6 is thus consid-
ered to play critical roles in auditory and vestibular functions,
and suppression of its expression in the developing nervous
system is expected to cause serious defects in the auditory and
nervous systems.
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MG-IE2 86 (b), Flp-In/TREx U373 MG-pp65 (c), and Flp-In/TREx
U373 MG-pcDNA5/FRT/TO cells (d) were subjected to RT-PCR
analysis. RNAs isolated from the cells harvested at the indicated time
points were subjected to RT-PCR assays. TATA-binding protein (TBP)
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The exact mechanism of HCMV neuropathogenesis in-
cluding SNHL is not known. Although histological studies
of patients with congenital HCMV infection have detected
viral proteins in various parts of the nervous system, including
the inner ear (Davis et al. 1981; Gabrielli et al. 2012, 2013;
Stagno et al. 1977; Teissier et al. 2011), the exact nature and
outcome of HCMV infection in the neural tissues remain
largely unknown. The results obtained in this study imply that
the downregulation of SLITRK6 expression by HCMV-
encoded IE2 may have some role in neurological dysfunc-
tions, especially SNHL, induced by congenital HCMV infec-
tion. Abortive HCMV infection of neural cells at their critical
period of development may result in the expression of a lim-
ited number of HCMV genes including IE2 and eventually
induce a serious dysfunction of the auditory system through
downregulation of SLITRK6. It should be noted that children
with homozygous SLITRK6mutation, Slitrk6 knock-out mice,

and children with congenital HCMVinfection exhibit not only
SNHL but also other neurological problems in common, such
as vestibular symptoms and behavioral problems, implying
that the SLITRK6 downregulation plays an important role in
these conditions. Further investigation into the effect of the
HCMV-induced downregulation of SLITRK6 expression on
the development of the nervous system may give a new in-
sight into the neuropathogenesis of congenital HCMV
infection.
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notyping of one of her molar tissue revealed that it was bi-
parental but not androgenetic in origin. Despite the fact that 
the RHM is biparental, maternally methylated DMRs of  PEG3 , 
 SNRPN  and  PEG10  showed complete loss of DNA methyla-
tion. A paternally methylated DMR of  H19  retained normal 
methylation.  Conclusions:  This is the first Japanese case of 
RHM with a novel homozygous nonsense  NLRP7  mutation 
and a specific loss of maternal DNA methylation of DMRs. 
Notably, the mutation was identified in an isolated case of 
an ethnic background that has not previously been studied 
in this context. Our data underscore the involvement of 
 NLRP7  in RHM pathophysiology and confirm that DNA meth-
ylation of specific regions is critical.  © 2015 S. Karger AG, Basel 
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 Abstract 

  Aim:  This study aimed to clarify the genetic and epigenetic 
features of recurrent hydatidiform mole (RHM) in Japanese 
patients.  Methods:  Four Japanese isolated RHM cases were 
analyzed using whole-exome sequencing. Villi from RHMs 
were collected by laser microdissection for genotyping and 
DNA methylation assay of differentially methylated regions 
(DMRs). Single nucleotide polymorphisms of  PEG3  and  H19  
DMRs were used to confirm the parental origin of the vari-
ants.  Results:  A novel homozygous nonsense mutation in 
 NLRP7  (c.584G>A; p.W195X) was identified in 1 patient. Ge-
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 Introduction 

 Complete hydatidiform mole (CHM) is an abnormal 
pregnancy that typically arises from an androgenote (dip-
loid conception without maternal chromosomes) and pre-
dominantly gives rise to the development of only tropho-
blastic tissues  [1, 2] . Recent studies of rare familial cases 
with recurrent molar pregnancies have shown that muta-
tions of  NLRP7  and  KHDC3L   (C6orf221)  are associated 
with recurrent hydatidiform moles (RHMs)  [3, 4] . Howev-
er, more than 20% of RHM cases have no mutations in these 
genes  [5] , and the mechanism underlying the occurrence 
of molar pregnancy associated with  NLRP7  and   KHDC3L  
 (C6orf221)  mutation remains unknown. To clarify the ge-
netic etiology of RHMs, further comprehensive genetic 
screening in various ethnic backgrounds is important.

  In Japan, the incidence of CHM has become as low as 
that in western countries. The incidence of CHM per 
1,000 live births was 0.49 in 2,000, with a recurrence rate 
of 1.3%  [6, 7] . Nonetheless, a genetic and epigenetic anal-
ysis of RHM in Japan has not been performed previously.

  CHM conceptions exhibit abnormal genomic im-
printing. Although some villi of RHM possess normal bi-
parental alleles, they exhibit loss of maternal DNA meth-
ylation of differentially methylated regions (DMRs) with-
in imprinted loci, and thus have aberrant genomic 
imprinting  [8, 9] . Because the histopathological findings 
of diploid biparental RHM are identical to those of dip-
loid androgenetic CHM, diploid biparental RHM cannot 
be distinguished from typical CHM without a genetic and 
epigenetic diagnosis. To clarify the molecular mecha-
nisms of RHM, we performed comprehensive genetic and 
epigenetic analyses of isolated Japanese RHM cases and 
in doing so, we identified a novel nonsense  NLRP7  muta-
tion. The RHM tissue contained biparental alleles and 
showed a loss of maternal DNA methylation of imprinted 
genes. This evidence strongly supports the role for  NLRP7  
in maternal DNA methylation of imprinted genes and the 
involvement of  NLRP7  in RHM.

  Materials and Methods 

 Study Participants and Samples 
 Patients with RHM (n = 5) and CHM (n = 9) were included in 

this study. The profiles of the 5 RHM patients are shown in  table 1 . 
Each sample was histopathologically diagnosed as CHM or partial 
hydatidiform mole and previously genetically diagnosed as an an-
drogenote or a triploid, with the exception of Patients 1, 2, 4 and 5 
 [10] . All the villi of the 9 CHM conceptions were androgenote. 
None of the CHM patients had a family history of the condition. 
Genomic DNA was extracted from peripheral blood cells and mo-

lar tissues. This study was approved by the Institutional Review 
Board Committee at the National Center for Child Health and De-
velopment, Tokyo, Japan (approval number 234), and written in-
formed consent was obtained from all patients.

  Whole-Exome Sequencing 
 The whole-exome library was prepared from the peripheral 

blood cells of 4 RHM patients (Patients 1–4 in  table 1 ) by using 
Agilent SureSelect Human All Exon V3 capture reagent (Agilent 
Technologies, Inc., Santa Clara, Calif., USA), and sequenced us-
ing the Illumina HiSeq1000 platform. Data analysis procedures 
are described in the online supplementary materials and meth-
ods (for all online suppl. material, see www.karger.com/
doi/10.1159/000441780).

  NLRP7 Mutation Analysis 
 The mutations were confirmed by direct sequencing  [11] . Ten 

coding exons and 1 non-coding exon of  NLRP7  were amplified using 
primers and PCR conditions that were previously described  [12] .

  Genotyping of Molar Tissue 
 The molar tissue of Patient 1 was genotyped. The villi were se-

lectively laser microdissected using an LMD7000 (Leica Microsys-
tems GmbH, Wetzlar, Germany), and genomic DNA was extract-
ed using the QIAamp DNA FFPE Tissue Kit (Qiagen, Hilden, 
 Germany). The refSNP(rs) numbers of the 8 genotyped loci are 
shown in online supplementary table S1.

  DNA Methylation Assay 
 The villi of a CHM from a patient with RHM (Patient 1), an 

androgenetic CHM and normal placenta were examined for  PEG3 , 
 SNRPN ,  PEG10  and  H19  gene methylation by bisulfite sequencing 
 [13] . Bisulfite conversion was performed using the EpiTect Bisul-
fite kit (Qiagen, Hilden, Germany) with primers listed in online 
supplementary table S2.

  Results 

 RHM is most likely caused by genetic factors, and 2 
candidate genes have been previously reported  [3, 4] . To 
search for additional mutations in genes that have not 

Table 1.  Profiles of 5 patients with RHM

Patient ID Pathological diagnosis Genetic diagnosis Familial history

1 5 CHM This study No
2 2 CHM No samples No
3 PHM, NP, SA, CHM Triploid1 No
4 CHM, PHM No samples No
5 SA, PHM, NP, PHM No samples No

 PHM = Partial hydatidiform mole; NP = normal pregnancy; SA = spon-
taneous abortion.

1 Genetic diagnosis of the first molar pregnancy (PHM).
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been previously associated with RHM, we performed 
whole-exome sequencing using peripheral blood cells 
from 4 RHM patients (Patients 1–4 in  table 1 ). Quality 
filtering in the patients resulted in a set of 176,663 single 
nucleotide variations (SNVs) in coding regions. We ex-
cluded all non-coding SNVs and SNVs with more than 
5% frequency in the 1000 Genomes database (http://
www.1000genomes.org/, May 5, 2013) or the Human 
 Genetic Variation Browser (http://www.genome.med. 
kyoto-u.ac.jp/SnpDB/). The remaining 10 SNVs ( table 2 ) 
contained no particular potential pathogenic genes in-
volved in the reproduction process except for an  NLRP7  
mutation, as described later.

  Next, we focused on  NLRP7 ,  NLRP2 ,  ZFP57  and 
  KHDC3L   (C6orf221) , which were previously reported as 
candidate genes for RHM or were associated with DNA 
methylation defects  [3, 4, 14, 15] . Based on the minor al-
lele frequency information of the 1000 Genomes database 
and other reports  [3, 5, 9, 12, 16] , the homozygous non-
sense mutation of  NLRP7  (c.584G>A; p.W195X) identi-
fied in Patient 1 is considered a mutation, which was not 
previously reported ( table  3 ). Other SNVs found in 
 ZFP57 ,  NLRP7  and  NLRP2  are common variants. Sanger 
sequencing of genomic DNA from 5 RHM patients (Pa-
tients 1–5 in  table 1 ), 9 patients with typical androgenetic 
CHM and 86 controls confirmed that the  NLRP7  muta-

Table 2.  SNVs detected by whole-exome sequencing

Chromosome1 Position Gene Location SNV Protein 
alteration

RefSNP Allele 
frequency 
in HGVB

Patient 
1

Patient 
2

Patient 
3

Patient 
4

1 52828383 CC2D1B1 Exon 3 c.G105A p.M35I rs183845075 0.02 G/G G/G G/G A/A
3 10452493 ATP2B21 Exon 3 c.C206T p.P69L N/A N/A T/T C/C C/C C/C
3 16254129 GALNT151 Exon 6 c.C1251A p.H417Q rs185944497 0.008 A/A C/C C/C C/C
9 140007466 DPP71 Exon 7 c.C809T p.A270V rs181036640 0.013 T/T C/C C/C C/C

11 69063476 MYEOV1 Exon 3 c.C559T p.R187W rs116926312 0.044 C/C C/C C/C T/T
13 41835028 MTRF11 Exon 2 c.T16C p.C6R N/A 0.009 T/T C/C T/T T/T
16 30735148 SRCAP1 Exon 25 c.C4403T p.S1468L rs75035256 0.019 T/T C/T C/C C/C
17 27030713 PROCA11 Exon 4 c.G874A p.E292K rs3744637 0.043 C/C C/C C/C A/A
19 55451603 NLRP7 Exon 4 c.G584A p.W195X N/A N/A A/A G/G G/G G/G
21 38439597 PIGP1 Exon 4 c.G239A p.S80N rs114319840 0.004 A/A G/G G/G G/G

 HGVB = Human Genetic Variation Browser; N/A = not available.
1 Except for NLRP7, the 10 SNVs detected have no particular reported/predicted pathogenic features in the reproduction system.

Table 3.  Summary of the SNVs found in ZFP57, NLRP7 and NLRP2 in 4 patients with RHM by whole-exome sequencing

Chromosome Position Gene Location SNV Protein RefSNP Patient 1 Patient 2 Patient 3 Patient 4

6 29644668 ZFP57 Exon 14 c.G113>A p.R38Q rs142917604 G/G G/G G/A A/A
19 55441902 NLRP7 Exon 9 c.A2775>G p.A925A rs269950 G/G G/G G/G A/G
19 55441995 NLRP7 Exon 9 c.T2682>C p.Y894Y rs269951 G/G G/G G/G A/G
19 55451050 NLRP7 Exon 4 c.G1137>A p.K379K rs10418277 A/A G/G G/G G/G
19 55451232 NLRP7 Exon 4 c.G955>A p.V319I rs775882 A/A G/G G/G G/G
19 55451603 NLRP7 Exon 4 c.G584>A p.W195X N/A A/A G/G G/G G/G
19 55451797 NLRP7 Exon 4 c.G390>A p.Q130Q rs775883 A/A G/G G/G G/G
19 55485899 NLRP2 Exon 4 c.G312>A p.K104K rs2217659 G/G A/A G/G A/A
19 55494881 NLRP2 Exon 7 c.C1815>G p.L605L rs11672113 G/G C/C G/G C/C
19 55512137 NLRP2 Exon 14 c.C3060>A p.I1020I rs12768 A/A C/A A/A A/A
19 55512232 NLRP2 Exon 14 c.C3155>A p.A1052E rs1043673 C/C C/C A/A C/C

 N/A = Not available.
1 A novel homozygous nonsense mutation of NLRP7 (c.584G>A; p.W195X) was found in Patient 1. Other SNVs are all commonly 

known SNPs with RefSNP(rs) numbers.
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tion (c.584G>A; p.W195X) was observed only in 1 RHM 
(Patient 1; online suppl. table S3, fig. S1).

  Previous reports have shown that the origin of a subset 
of RHM is not androgenic but biparental  [12–14] . To pre-
cisely confirm the genotype of the villi of RHM Patient 1, 
the villi were selectively collected by laser microdissection, 
and a small amount of genomic DNA was obtained. Since 
the extracted DNA was fragmented and of low quality, 
analysis of polymorphic DNA markers was inconclusive. 
We then performed a comprehensive SNP analysis of the 
biological parents to confirm the origin of the villi of RHM 
Patient 1. Eight loci in which each parent (Patient 1 and her 
husband) possesses the opposite major or minor homozy-
gous allele were genotyped, and all showed heterozygous 
genotypes in the villi (online suppl. table S1). These results 
clearly show that the villi of RHM Patient 1 contain both 
parental alleles and thus it is not androgenic, but biparental.

  To clarify epigenetic abnormalities in the villi of Pa-
tient 1 RHM, DNA methylation analysis of DMRs of im-
printed genes was performed using bisulfite sequencing 

( fig.  1 ). Three maternally methylated DMRs in  PEG3 , 
  SNRPN  and  PEG10  and a paternally methylated DMR in 
 H19  were analyzed. SNPs of  PEG3  and  H19  were used to 
distinguish between paternal and maternal alleles, en-
abling specific estimations of allele-specific DNA meth-
ylation defects of DMRs. The villi of RHM Patient 1 
showed a loss of methylation in all the analyzed maternal 
DMRs and retained completely normal methylation in 
the paternal DMR.

  Discussion 

 It is currently not possible to distinguish diploid bipa-
rental RHM from typical diploid androgenetic CHM with 
conventional pathological criteria. In fact, the RHM of Pa-
tient 1 and control CHM are histopathologically identical 
and were both p57KIP2-negative upon immunohisto-
chemical analysis (online suppl. fig. S2). Though striking 
features of RHM are being revealed with genetic and epi-

Maternally
methylated

DMRs

Paternally
methylated

DMRs

PEG3

SNRPN

PEG10

H19

Paternal

Maternal

Paternal

MaternalT

TG

G

G

G

Control CHM (androgenote) RHM (Patient 1)

A G

A

A

  Fig. 1.  DNA methylation assay of DMRs. Bisulfite sequencing 
was performed for 3 maternal DMRs ( PEG3 ,  SNRPN  and  PEG10 ) 
and 1 paternal DMR  (H19) . Each line indicates a single clone, and 
each circle denotes a CpG; filled and open circles represent meth-
ylated and unmethylated cytosine residues, respectively. Allele-
specific methylation was definitively diagnosed by SNPs in  PEG3  

and  H19  DMRs. All maternally methylated DMRs ( PEG3 , 
  SNRPN  and  PEG10 ) showed loss of DNA methylation in the vil-
li of RHM (Patient 1). In contrast, paternal methylation of the 
 H19  DMR was maintained normally, even in the villi of RHM. 
Methylation defects were observed only in maternally methylat-
ed DMRs. 
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genetic analyses  [3, 8, 17–19] , there is no clear mechanistic 
understanding as to why certain candidate genes are as-
sociated with the condition. Furthermore, no candidate 
genes have been identified in approximately 20% of all 
cases  [5] . Thus, there is a clear need to explore genetic mu-
tations and epigenetic aberrations in different genetic 
backgrounds. Additionally, whole-exome sequencing is a 
potentially promising approach to identifying unknown 
genetic factors  [20] ; however, to our knowledge, this is the 
first report of whole-exome sequencing in RHM patients.

  To clarify the features of these Japanese isolated RHM 
cases, we performed comprehensive genetic and epigen-
etic analyses. We successfully detected a novel pathogen-
ic homozygous nonsense  NLRP7  mutation (c.584G>A; 
p.W195X). Since we could not obtain genomic DNA to 
confirm the mutation in the parents of Patient 1, the pa-
rental origin of the mutation is unknown. The approxi-
mate 1-Mb region around the  NLRP7  mutation 
(c.584G>A) shows copy neutral loss of heterozygosity 
(data not shown). Although the parents of the Patient 1 
do not appear to be consanguineous, we speculate that the 
 NLRP7  region of Patient 1 most likely has alleles identical 
by descent.

  The examination of DNA methylation abnormalities is 
indispensable for a definitive diagnosis of epigenetic muta-
tions specifically observed in diploid biparental RHMs. In 
this study, the parental origin of the  PEG3  and  H19  DMRs 
were definitively confirmed by SNP analysis. The villi of 
RHM Patient 1 clearly showed complete loss of DNA meth-
ylation of maternally methylated DMRs ( PEG3 ,  SNRPN  
and  PEG10 ) but retained methylation of a paternally meth-
ylated DMR  (H19) . Although the villi of the RHM were ge-
netically normal, they showed abnormal DNA methylation 
and their DNA methylation profile was quite similar to that 
in a typical androgenetic CHM. This is in contrast to previ-
ous studies, in which patterns including hypermethylation 
of  H19  DMR  [21]  and retention of methylation at  PEG10  
DMR were observed  [12] . These differences are likely due 
to the multifactorial nature in which the DNA methylation 
machinery is regulated; this would account for the variable 
methylation changes within DMRs, as we previously re-
ported in our study of  Dnmt3L  knockout mice  [22] .

  RHM patients with  NLRP7  mutations are most likely 
to have failed in the establishment of methylation of ma-
ternal DMRs during oogenesis. The p.W195X mutation 
in Patient 1 is located upstream of the known nonsense 
mutations in RHM patients  [5] . It is, therefore, expected 
that RHM from Patient 1 would exhibit the typical phe-
notype, and indeed this patient had 5 molar pregnancies. 
Some reported missense mutations could be hypomorph-

ic and show stochastic effects on the methylation of DMRs 
 [9, 12] . If DMR methylation defects are partial, they may 
cause ordinary abortion or may be sufficiently mild so as 
to allow normal pregnancy rather than cause molar preg-
nancy  [21] . In fact, patients with  NLRP7  missense muta-
tions have a mixed reproductive history of molar preg-
nancy and abortion or normal pregnancy  [23] . Thus, 
some unexplained cases of infertility might be attributed 
to such stochastic epigenetic aberrations.

  The NLR family proteins have roles in inflammation 
and apoptosis  [24] .  NLRP7  is involved in the secretion of 
IL-1β  [25–27] , but there is no direct evidence that pertur-
bations to the NLRP7-IL-1β axis cause loss of DNA meth-
ylation and molar pregnancy. Since  NLRP7  is present in 
oocytes  [16]  and preimplantation embryos  [28] , it could 
be involved in the hypomethylation of DMRs observed in 
the villi of RHMs. However, because  NLRP7  has no or-
tholog in mice  [24] , evaluation of its function in oogen-
esis and early embryogenesis is challenging. Therefore, 
identification of genetic and/or epigenetic mutations in 
isolated cases and in different genetic backgrounds re-
mains an important aspect of studies designed to unravel 
the mechanisms underlying RHM pathogenesis.

  In conclusion, we have, for the first time, identified a 
novel nonsense homozygous mutation of  NLRP7  in a 
 Japanese RHM patient. Our study is the first to report an 
isolated RHM case in a previously unreported ethnic 
background. This comprehensive genetic and epigenetic 
analysis approach can facilitate the definitive molecular 
diagnosis of diploid biparental RHM in isolated cases and 
can be performed using fragmented DNA extracted from 
formaldehyde-fixed and paraffin-embedded tissue sam-
ples.  NLRP7  mutations cause abnormal DNA methyla-
tion in DMRs  [21] . However, the mechanisms underlying 
region-specific DNA methylation remain unknown. Fur-
ther analysis of RHM will shed light on the unknown eti-
ology of infertility and the mechanisms that control re-
gion-specific DNA methylation.
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Augmenting effects of gestational arsenite
exposure of C3H mice on the hepatic tumors of
the F2 male offspring via the F1 male offspring
Keiko Noharaa*, Kazuyuki Okamuraa, Takehiro Suzukia, Hikari Muraia,
Takaaki Itob, Keiko Shinjoc, Shota Takumid, Takehiro Michikawaa,
Yutaka Kondoc and Kenichiro Hatae

ABSTRACT: Gestational exposure can affect the F2 generation through exposure of F1 germline cells. Previous studies reported
that arsenite exposure of only F0 females during their pregnancy increases hepatic tumors in the F1 males in C3H mice, whose
males are predisposed spontaneously to develop hepatic tumors later in life. The present study addressed the effects of gesta-
tional arsenite exposure on tumorigenesis of the F2 males in C3H mice. Expression analysis of several genes in the normal livers
at 53 and 80weeks of age clearly showed significant changes in the F2 males obtained by crossing gestational arsenite-exposed
F1 (arsenite-F1) males and females compared to the control F2 males. Some of the changes were shown to occur in a late-onset
manner. Then the tumor incidence was assessed at 75–82 weeks of age in the F2 males obtained by reciprocal crossing between
the control and arsenite-F1 males and females. The results demonstrated that the F2 males born to arsenite-F1 males developed
tumors at a significantly higher rate than the F2 males born to the control F1 males, irrespective of exposure of F1 females. Gene
expressions of hepatocellular carcinoma markers β-catenin (CTNNB1) and interleukin-1 receptor antagonist in the tumors were
significantly upregulated in the F2 males born to arsenite-F1 males compared to those born to the control F1 males. These results
show that arsenite exposure of only F0 pregnant mice causes late-onset changes and augments tumors in the livers of the F2
males by affecting the F1 male offspring. Copyright © 2015 John Wiley & Sons, Ltd.

Keywords: arsenic; gestational exposure; hepatic tumor; transgenerational; gene expression

Introduction
Gestation is known to be vulnerable to a variety of environmental
conditions, including chemical exposure and nutritional imbal-
ances, and the adverse effects of environmental conditions in this
period can lead to a number of adult-onset diseases in the F1 off-
spring and in subsequentmultiple generations (Aiken andOzanne,
2014; Guerrero-Bosagna and Skinner, 2012; Perera and Herbstman,
2011). A possible causative route of the effects on the F2 and sub-
sequent generations by gestational chemical exposure is through
direct exposure of germline cells in the F1 fetuses and the respon-
sible germ cells can be those of male, female, or both (Aiken and
Ozanne, 2014; Guerrero-Bosagna and Skinner, 2012; Perera and
Herbstman, 2011).

Naturally occurring inorganic arsenic, which is known as a hu-
man carcinogen, is causing serious health problems, including can-
cer, in many areas in the world (Hughes et al., 2011). Although
animal models are pivotal to elucidate the mechanism of arsenic
toxicity, it has been difficult to verify the carcinogenicity of arsenic
in rodents (Rossman et al., 2002). Pioneering studies by Waalkes
and colleagues showed that exposure of pregnant C3H mice (F0)
from gestational day (GD) 8–18 to inorganic arsenite results in an
increase in tumors in the liver and adrenal gland of their F1 male
offspring at 74weeks of age (Waalkes et al., 2003). As male C3H
mice are predisposed to spontaneously develop hepatic tumors
in adulthood (Köhle et al., 2008; Maronpot et al., 1995), the finding
by Waalkes and colleagues supports the notion that arsenic acts in
combination with other tumor promoting factors or dispositions

(Klein et al., 2007). The results obtained byWaalkes et al. (2003) also
indicate that gestation is a vulnerable period for arsenic carcinoge-
nicity. Epidemiological studies have reported that gestational
exposure to arsenite is associated with increased cancers in adult-
hood (Smith et al., 2006; Yuan et al., 2010). These findings on the
sensitivity of gestational period against arsenic imply the possibil-
ity that gestational arsenic exposure may also affect F1 germline
cells and have an impact on late-onset tumorigenesis in the F2
and subsequent generations, while those issues have not been
addressed.

*Correspondence to: Keiko Nohara, Center for Environmental Health Sciences,
National Institute for Environmental Studies, Tsukuba 305-8506, Japan.
E-mail: keikon@nies.go.jp

aCenter for Environmental Health Sciences, National Institute for Environmental
Studies, Tsukuba, Japan

bDepartment of Pathology and Experimental Medicine, Kumamoto University
Graduate School of Medical Sciences, Kumamoto, Japan

cDepartment of Epigenomics, Nagoya City University Graduate School of Medical
Sciences, Nagoya, Japan

dDepartment of Public Health and Environmental Medicine, The Jikei University
School of Medicine, Tokyo, Japan

eDepartment of Maternal-Fetal Biology, National Research Institute for Child Health
and Development, Tokyo, Japan

J. Appl. Toxicol. 2016; 36: 105–112 Copyright © 2015 John Wiley & Sons, Ltd.

Research article

Received: 22 January 2015, Revised: 13 February 2015, Accepted: 17 February 2015 Published online in Wiley Online Library: 30 March 2015

(wileyonlinelibrary.com) DOI 10.1002/jat.3149

105



We previously investigated the causal factors of hepatic tumor
augmentation in the F1 male offspring by gestational arsenite
exposure in the experimental model reported by Waalkes et al.
(2003) Nohara et al., 2012). The results showed several characteris-
tic changes, such as late-onset gene expression changes in the
normal livers and an increase in hepatic tumors, particularly those
having a C to A somatic mutation at codon 61 in oncogene Ha-ras,
in the F1 offspring by gestational arsenite exposure (Nohara et al.,
2012). In the present study, we addressed the effects of gestational
arsenite exposure on the F2 males of C3H mice by investigating
gene expression changes in the normal livers, the hepatic tumor
incidence, and the incidence of Ha-ras mutation at codon 61 in
the tumors. In the assessment of tumor incidence, we performed
a reciprocal crossing experiment between the control and
arsenite-F1 males and females to clarify the F1 sex responsible for
the tumor augmentation in the F2 males. We also measured gene
expression of several human hepatocellular carcinoma markers in
the tumors of the F2 males for confirmation of the tumor augment-
ing effects of gestational arsenite exposure.

The results of the present study made the novel findings on the
tumor augmenting effects of gestational arsenite exposure on the
F2 generation.

Materials and methods

Design of Animal Experiments

Pregnant C3H/HeN mice (F0) were purchased from CLEA Japan
(Tokyo, Japan) and given free access to a standard diet (CA-1; CLEA
Japan) and tap water (control mice) or tap water containing
85ppm sodium arsenite (Sigma, St. Louis, MO, USA) from day 8
to 18 of gestation as described previously (Nohara et al., 2012).
Throughout the experiments, arsenite was only given to F0 preg-
nant mice and not to F1 or F2 mice. To assess the tumor incidence
and the F1 sex responsible for the F2 tumor augmentation, we did a
reciprocal crossing experiment among the control F1 males and fe-
males and arsenite-F1 males and females, which originated from
22 control F0 females and 29 arsenite-F0 females. Male and female
mice were mated at 10weeks of age. The resulting F2 males were
reared until 75–82 weeks (17.5–19months) of age and used for the
assessment. Hepatic tumors were examined macroscopically
(Nohara et al., 2012) and some were subjected to histological anal-
ysis as described below.

The animals were handled in accordance with the National Insti-
tute for Environmental Studies guidelines for animal experiments.

Histological Analysis

Sections prepared from paraffin-embedded liver tissues were
stained with hematoxylin and eosin as previously described
(Nohara et al., 2012). The histology of the liver neoplasms was
classified as hepatocellular adenoma or hepatocellular carcinoma.
Briefly, hepatocellular adenoma is characterized by a well-
circumscribed lesion composed of well-differentiated hepatocytes,
and hepatocellular carcinoma is characterized by an abnormal
growth pattern and both cytological and nuclear atypia (Harada
et al., 1999).

cDNA Preparation and Real-Time Polymerase Chain Reaction

Total RNA of individual livers was preparedwith an RNeasyMini Kit
(Qiagen, Valencia, CA, USA). After checking the quality of the RNA
by electrophoresis, reverse transcription reactions were performed
with an AMV Reverse Transcriptase XL (TaKaRa Bio, Shiga, Japan)
using 100ng of total RNA. Quantitative real-time polymerase chain
reaction (PCR) analysis was performed on a LightCycler 480 instru-
ment, version 1.5 (Roche Diagnostics, Basel, Switzerland) as
described previously (Nohara et al., 2006). The primer sequences
and annealing temperatures used for real-time PCR are shown in
Table 1.

Ha-ras Mutation

Ha-rasmutations at codon 61 were analyzed by the pyrosequenc-
ingmethod (Ogino et al., 2005). The DNA region containing the se-
quence coding codon 61 in the Ha-ras gene was amplified by PCR
using the biotinylated primers (5′-cggaaacaggtggtcattgat-3′ and
biotin-5′-tgatggcaaatacacagaggaag-3′) and a PyroMark PCR kit
(Qiagen). Amplification was achieved by heating at 95 °C for
5min, cycling at 95 °C for 30 s, 55 °C for 30 s and 72 °C for 45 s,
and was followed by extension at 72 °C for 10min after the final cy-
cle. The biotinylated PCR product was captured on streptavidin-
coated beads (GE Healthcare Bio-Science, Little Chalfont, UK),
denatured and washed. The sequence primer for codon 61
(5′-ggacatcttagacacagca-3′) was annealed to the biotinylated PCR
product and pyrosequencing analysis was performed by using a

Table 1. Primers for real-time polymerase chain reaction analysis

Gene Forward primer Reverse primer Annealing temp. (°C)

5′-3′ 5′-3′

Creld2 gcagacagcagaaggcaaa tgcccgtcacaaatcctc 60
Slc25a30 gaacgcccagaagatgaaac ctgttctgtgcttgcattcg 60
Ell3 ccagaaacgcctggacaa cttgaggctagaggcagagc 64
Fabp4 cagcctttctcacctggaag ttgtggcaaagcccactc 60
Gpat-1 agcaagtcctgcgctatcat ctcgtgtgggtgattgtgac 64
Afp cccaaccttcctgtctcagt tggctctcctcgatgtgttt 64
Il-1rn tgcacaacactagaggctga agtgatcaggcagttggtga 64
Ctnnb1 ccctgagacgctagatgagg tgtcagctcaggaattgcac 64
Cpb agactgttccaaaaacagtgga gatgctctttcctcctgtgc 64
rRNA tgcgaatggctcattaaatcagtt ccgtcggcatgtattagctctag 64
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PyroMark Q96 ID system (Qiagen) and PyroMark Q96 ID Software
2.5 (Qiagen) according to the manufacturer’s instructions.

Western Blotting

Tissues were homogenized in ice-cold lysis buffer (1% Triton
X-100, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxycholic
acid, 1mM EDTA, 1mM EGTA, 2.5mM sodium pyrophosphate,
1mM β-glycerophosphate, 1mM sodium orthovanadate, 1mM

phenylmethylsulfonyl fluoride, 50mM Tris–HCl [pH7.5] and
150mM NaCl) with a pellet mixer and then with a Bioruptor
UCD-200TM (Cosmo Bio, Tokyo, Japan). The supernatant was
boiled with the same volume of × 2 SDS sample buffer (100mM

Tris–HCl [pH6.8], 4% SDS, 20% glycerol, 200mM DTT, 0.002%
bromophenol blue), and subjected to SDS-polyacrylamide gel
electrophoresis. The first antibodies used were anti-p44/42
MAPK (Cell Signaling Technology, Danvers, MA, USA; 9102), anti-
phospho-p44/42 MAPK (Cell Signaling Technology; 9101) and
anti-β-actin (Sigma; A5441). The second antibodies were horserad-
ish peroxidase-conjugated anti-rabbit IgG (Sigma) and antimouse
IgG (Sigma). The membranes were developed using the ECL Prime
Western Blotting Detection System (GE Healthcare) and the im-
ages were captured using a VersaDoc imaging system (Bio Rad,
Hercules, CA, USA).

Statistical Analysis

The difference in the tumor incidence between the two groups
was analyzed by a chi-squared test. The difference in gene expres-
sion between the two groups was analyzed by Student’s t-test.

Those analyses were conducted with Stata11 (Stata Corporation,
College Station, TX, USA).

Results

Late-Onset Gene Expression Changes Detected in the Normal
Liver of the F2 Generation

Analyses of mouse livers with Affymetrix GeneChips in our previ-
ous study showed that expression of two genes, Creld2 and
Slc25a30, was upregulated more than twofold and expression of
another two genes, Fabp4 and Ell3, was downregulated more than
twofold in the normal livers of arsenite-F1 males in comparison
with those of the control males at 74weeks of age (Nohara et al.,
2012). The expression changes of these genes were found to occur
in an adult-onset manner (Nohara et al., 2012). To examine
whether arsenite exposure of F0 pregnant mice has any effect on
the F2 offspring, we measured the expression of these four genes
in the normal livers of the control F2 males and the F2 males
obtained by crossing arsenite-F1 males and females (arsenite-F2)
at 53weeks and 80weeks of age.
The results of the measurements showed significant downregu-

lation of Creld2 from 53weeks of age and late-onset downregula-
tion of Slc25a30 at 80weeks of age in arsenite-F2 males in
comparison with the control F2 males. On the other hand, those
genes were upregulated in arsenite-F1 males in comparison with
the control F1 males at 49 and/or 74weeks of age. Thus, direction
of the changes by gestational arsenite exposure in the arsenite-F1
and arsenite-F2 males was the opposite (Fig. 1). Expression of Ell3
was significantly upregulated in arsenite-F2 males in comparison

Figure 1. The changes in hepatic gene expression in the arsenite-F1 males and arsenite-F2 males in comparison with their control males. The expressions of
five genes in the livers of the control F2 males and arsenite-F2 males weremeasured by real-time polymerase chain reaction at 53weeks of age (n = 4 in each
group) and 80weeks of age (n = 6 in each group) and normalized to expression of Cpb. For the gene expressions in the F1 generation, data obtained at
49weeks of age (n = 4 in each group) and 74weeks of age (n = 8 in each group) in our previous study (Nohara et al., 2012) were used. The graphs show
the ratios of the expression in the arsenite-exposed group normalized to the expression in the control group. The error bar shows the standard error. *Sig-
nificant difference (P < 0.05) between the offspring of the control females and the offspring of the arsenite-exposed females.
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with the control F2 males also in a late-onset manner. The effect of
gestational arsenite exposure on Ell3 expression in the F2 males
was again the opposite of its effect in the F1 males. Downregula-
tion of Fabp4, which was detected in the arsenite-F1 males, was
not detected in the F2 generation (Fig. 1).

In our previous study, we also observed downregulation of a
lipid metabolism-related gene Gpat-1 at 74weeks of age in the
normal livers of arsenite-F1 males in comparison with the control
males (Nohara et al., 2012). This gene was downregulated in
arsenite-F2 males in comparison with the control F2 males at
53weeks of age (Fig. 1).

These changes in gene expression clearly showed significant
effects of gestational arsenite exposure on the F2 males, and the
effects on the F1 and the F2 were varied.

Increased Hepatic Tumors in the F2 Males Born to the
Arsenite-F1 Males

We performed the reciprocal crossing experiment with the control
and arsenite-F1 males and females as shown in Fig. 2 to assess the
effects of gestational arsenite exposure on tumorigenesis in the F2
males and determine the F1 sex responsible for the F2 tumor
augmentation.

The tumor incidences in each F2 group were 33.8% in CC, 34.3%
in CA, 49.2% in AC and 43.6% in AA (Fig. 2A). Comparison of the tu-
mor incidence between the F2 male offspring of arsenite-F1 males
(AC and AA) and the control F1 males (CC and CA) showed a signif-
icantly higher tumor incidence in the F2 offspring of arsenite-F1
males (45.9% in AC and AA vs 34.1% in CC and CA) (Fig. 2B). On
the other hand, the tumor incidence of the F2 male offspring of
arsenite-F1 females (39.9% in CA and AA) and the control F1
females (41.1% in CC and AC) were not different (Fig. 2B). These
results showed that the tumor-augmenting effect of gestational
arsenite exposure is transmitted to the F2 males via the F1 male
offspring, but not via the F1 female offspring.

Pathological examination of tumor tissues from the control F2
and arsenite-F2 males (10 samples from each group) showed that
hepatocellular adenoma was the predominant histological tumor
type (Fig. 3). This finding was consistent with the observation of
the hepatic tumors of the control mice and arsenite-F1 mice in
our previous study (Nohara et al., 2012).

Ha-ras Mutation in the Tumors of the F2 Generation

Our previous study showed that gestational arsenite exposure par-
ticularly increased the percentage of hepatic tumors containing

Figure 2. Increase in the tumor incidence in the F2 male offspring born to arsenite-F1 males but not to arsenite-F1 females. (A) The F2 males were obtained
by reciprocally crossing the control and arsenite-F1males and females as shown in the figure. The F2miceweremacroscopically examined for hepatic tumors
at 75–82 weeks of age I n an age-matched manner. Small lesions (≤1mm in diameter) were omitted. The number in parenthesis is that of mice bearing he-
patic tumors/the number of mice investigated. (B) The difference between the tumor incidences in the two groups was analyzed by chi-squared test. GD,
gestational day.
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the Ha-ras C61A somatic mutation in the F1 males (Nohara et al.,
2012). Ha-ras mutation is thought to be involved in carcinogene-
sis by activating several signaling pathways, including the
RAF/MEK/ERK cascade (Pylayeva-Gupta et al., 2011). The investi-
gation in the present study confirmed that the Ha-ras mutations
increase the activating phosphorylated forms of ERKs, ERK1
(p44 MAPK) and ERK2 (p42 MAPK) in the tumor tissues harboring
codon 61 Ha-ras mutations in both the control F2 males and
arsenite-F2 males (Fig. 4A). p44/p42 MAPK was shown to be
hypophosphorylated in the non-tumor tissues of tumor-bearing
livers, which do not contain mutated Ha-ras (Fig. 4B).

On the other hand, Ha-ras C61Amutation or the total Ha-rasmu-
tations in codon 61 in the tumor tissues was shown not to be in-
creased in the F2 males born to arsenite-F1 males (AC and AA) in
comparison with the F2 males born to the control males (CC and
CA) (Table 2). Thus, the existence of Ha-ras mutations seems not
to be the major causation of the increased hepatic tumor inci-
dence in the F2 males born to arsenite-F1 males.

Upregulation of Cancer Related Genes in the Tumor Tissues of
F2 Males Born to the Arsenite-F1 Males

In an effort to establish early diagnostic markers for detecting hu-
man hepatocellular carcinoma, increases in several serumproteins,
including α-fetoprotein, β-catenin (CTNNB1) and interleukin-1 re-
ceptor antagonist (IL1-RN), were shown to be closely associated
with hepatocellular carcinoma (Sun et al., 2008). The expression
of those genes was shown to be higher in the tumor tissues com-
pared to the normal tissues or the non-tumor tissues of tumor-
bearing livers, while the expression of Afp is varied widely among
samples (Fig. 5). The expressions of Ctnnb1 and Il1rn genes were
significantly higher in the F2 males born to arsenite-F1 males (AC
and AA) than those born to the control males (CC and CA) (Fig. 5).

Interestingly, when the gene expression was assessed separately
in tumor tissues with and without Ha-rasmutation, the expression
of Il-1rn seemed to be upregulated by Ha-ras mutation (Fig. 5).

Figure 3. Histological analysis of the hepatic tumors of the control and arsenite-F2 males. (A) Representative sections of hepatocellular adenoma and he-
patocellular carcinoma of the control F2 males and arsenite-F2 males. (B) Occurrence of hepatocellular adenoma and hepatocellular carcinoma.

Figure 4. p44/42 MAP kinases activation as a result of Ha-ras mutation in
the hepatic tumors of C3Hmales. Western blots of hepatic tumor tissues (A)
and non-tumor tissues in the tumor-bearing livers (B) of the control F2 and
arsenite-F2 males were prepared as described in theMaterials andmethods
section. Labels in (B) are R1, normal tissue and R2, tumor tissuewith a Ha-ras
mutation.
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Discussion
The earliest studies carried out primarily in the middle 1900s
reported that maternal exposure or germ cell exposure to
radiation and some carcinogenic chemicals transgenerationally
affect the susceptibility of the progeny to cancer (Tomatis,
1994). The transgenerational effects of radiation, chemicals and
nutritional imbalances on cancers and other disorders have been
reported to be transmitted paternally, maternally, or both pater-
nally and maternally (Aiken and Ozanne, 2014; Anway et al.,
2005; Barber et al., 2002; Mohamed et al., 2010; Tomatis, 1994).
The individual molecular mechanisms of the transmission are
yet to be clarified.

The present study showed that gestational arsenite exposure of
pregnant C3H mice from GD8 to GD18 increases the incidence of
hepatic tumors in the F2 males born to arsenite-F1 males (AC and
AA in Fig. 2) compared to the F2 males born to the control males
(CC and CA in Fig. 2), irrespective of exposure of the F1 females.
These results showed that tumor augmenting effects by gesta-
tional arsenite exposure is transmitted to the F2 males through
the F1 males. We also detected significant late-onset changes in
gene expression in the normal livers of arsenite-F2 (AA F2) males
compared to those of the control F2 males (Fig. 1), indicating that
transient gestational arsenite exposure of pregnant females causes
a significant impact on the F2 generation. Furthermore, the cancer-
related genes Ctnnb1 and Il1rn were shown to be upregulated
in the hepatic tumors of the F2 males born to arsenite-F1 males
(AC and AA) compared to those born to the control males
(CC and CA) (Fig. 5). These results show the augmenting effects
of gestational arsenite exposure on the hepatic tumors of the F2
male offspring.

The F1 male fetuses in the present study were exposed from
GD8 to GD18, when the primordial germ cells appear and differen-
tiate into the sperm precursor cells (Sasaki and Matsui, 2008). The
epigenetic profile of the primordial germ cells undergoes dynamic
alterations, including imprint erasure, during the development
stage, and disruption of the epigenetic profile during this stage
has been implicated in transgenerational effects of F0 gestational
exposure (Aiken and Ozanne, 2014; Guerrero-Bosagna and
Skinner, 2012; Perera and Herbstman, 2011). A previous study
(Devesa et al., 2006) reported the concentrations of inorganic arse-
nic and methylated arsenic at GD18 in the fetus organs, including

Table 2. Spectra of Ha-ras codon 61 mutations in the hepatic
tumors of the F2 males

Ha-ras codon 61 type (%)

F2 group (n) CAA wild-type AAA CTA CGA

CC (29) 31 41 7 7
CA (33) 61 18 3 3
AC (34) 38 35 3 3
AA (49) 39 45 6 6

The hepatic tumor tissues were obtained in the reciprocal
crossing experiment (Fig. 2) and analyzed for mutations in
Ha-ras codon 61 by a pyrosequencing method.

Figure 5. Expression of cancer-related genes in the hepatic tissues in the F2 mice. The expressions of Afp, Ctnnb and Il-1rnweremeasured by real-time PCR
for the normal livers (n = 6), non-tumor tissues from tumor-bearing livers (n = 6) and tumor tissues (n = 9–11) from the F2 males and normalized to the
expression of rRNA. The difference in the gene expressions in the tumor tissues between the F2 males born to the control F1 males (CC and CA) and those
born to arsenite-F1 males (CA and AA) was analyzed by Student’s t-test. **P < 0.01.
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the liver and blood in the same gestational arsenite exposure
model of C3H mice we used. The study showed that fetus organs
are directly exposed upon gestational arsenite exposure. As arse-
nic has been reported to induce epigenetic changes, particularly
DNA methylation changes (Reichard and Puga, 2010; Ren et al.,
2011; Suzuki et al., 2013), the gestational arsenite exposure may al-
ter the phenotype of the F2 generation by affecting the epigenetic
profile of genes, possibly including imprinted genes, in the F1 male
germ cells.

Arsenic has been thought to be a weak mutagen or not a muta-
gen based on the results of assays using bacteria and mammalian
cells in vitro (reviewed by Rossman, 2003). Our recent study using
gpt delta transgenic mice clarified that arsenite exposure greatly
increases the incidence of G:C to T:A transversion in vivo (Takumi
et al., 2014). Thus, mutation in the proliferating and differentiating
primordial germ cells might be another possible causation of the
F2 effect by arsenite exposure of F0 pregnant mice.
In the present study, we found that gestational arsenite expo-

sure significantly affects hepatic expression of Creld2, Slc25a30
and Ell3 even in the F2 generation, but the effect of the exposure
was the opposite of its effect on the F1 generation (Fig. 1). The dif-
ference seems to be attributable to the fact that exposure of the F1
and F2 mice occurred in a different manner, e.g., the fetal liver is di-
rectly exposed in the F1 and F2 is exposed at the germ cell stage.
On the other hand, Gpat-1 was significantly downregulated in
the liver of the F2 generation, as was also observed in the F1 gen-
eration (Nohara et al., 2012) (Fig. 1). Gpat-1 is one of the target
genes of sterol regulatory element-binding protein 1, a member
of the central transcription factors that control intracellular choles-
terol and fatty acid levels (Raghow et al., 2008; Wendel et al., 2010).
Lipid accumulation in the liver has been implicated in hepatic
carcinogenesis through an increase in oxidative stress (Ziech
et al., 2011). The change in Gpat-1 expression in the liver of the
F1 and F2 mice may indicate involvement of lipid metabolism
changes in the increase in hepatic tumors.

We previously found a higher proportion of C61A Ha-ras muta-
tion in the hepatic tumors of arsenite-F1males (Nohara et al., 2012).
In the present study, we confirmed that Ha-rasmutation increases
activated forms of ERKs in the hepatic tumors of C3H mice (Fig. 4).
However, the percentage of Ha-ras mutation in the tumors was not
increased in the F2males born to arsenite-F1 males (Table 2), which
indicated that the tumor increase in the exposed F2 males could
not be attributed to the increase in Ha-ras codon 61 mutation 1.

In summary, we demonstrated the novel finding that gesta-
tional arsenite exposure of F0 pregnant mice increases hepatic tu-
mor incidence in the F2 male offspring through the impact on the
F1 males. Further studies will be required to identify the factors
that cause tumor augmentation in the liver of the F2 generation
by arsenite exposure of F0 pregnant mice and to explore changes
in the F1 male germ cells that induce such tumor-augmenting
factors in the liver of the F2 generation.
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H29
H30

H31

H34

HESI
NeuTox

in vitro

JaCVAM

1. in vitro

2.

EST 2001 ECVAM 

Embryo Stem cell Testin vitro

ES
ES
3T3

IC50-3T3 IC50-
ES ID50-ES

OECD 

Embryo Stem cell Test
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EST

TOXICOLOGICAL SCIENCES 124(2), 460–471 (2011)

ILSI Health and 
Environmental Sciences 
Institute

Activities and 
Accomplishments

HESI Translation Biomarkers of 
Neurotoxicity (NeuTox) Committee

2015-2016

ILSI Health and 
Environmental Sciences 
Institute

9

HESI Subcommittee:
Pilot Study Protocol

Main objective: identify circulating biomarkers that predict 
central & peripheral neurotoxicity resulting from exposure to 
a known and well-characterized neurotoxic agent by 
correlating them with behavioral, imaging, morphometric 
and neuropathological endpoints.
• US FDA NCTR contributing rats, lab space and imaging –

timeline Sept – Nov 2015.
• Prototypical compound trimethyltin (TMT). 
• Time-course assessments of blood, CSF, CNS, urine and 

imaging (MRI, MRS) compared to traditional assessment 
(i.e. functional (behavioral), and histopathology) 

• Dosing at 8 mg/kg
• Sample collection, behavioral analyses and MRI/MRS 

imaging at 2, 6, 10, 14, 21 days
ILSI Health and 
Environmental Sciences 
Institute

10

Additional accomplishments

• Subteam formed to explore possible
project to identify seizuregenic
compounds using microelectrode array
(MEA).

• Session planned at the 2015 Safety
Pharmacology Society Annual Meeting
in September.

Increases in Autism Spectrum Disorders 
in USA

(Data from CDC)
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Developmental Neurotoxicity Testing
for 2,863 Chemicals

Produced Above 1 million pounds/year

21.4%

0.4%

78.2%

No Data
On Developmental
Toxicity

12 Tested for 
Neurodevelopmental
Toxicity
According to EPA
Guidelines

Some Data
On Developmental
Toxicity

Environmental Health Perspectives, 
117:17 (2009)

Current Status of DNT Testing

• Large numbers of chemicals identified for testing 
(e.g., pesticide) with no risk-based criteria for setting
testing priorities

• Different regulatory authorities/different testing 
requirements with no scientific basis for flexible
testing approach

• Current guideline testing is expensive, time 
consuming and requires large numbers of animals

Research Challenge
• Develop alternative testing approaches that are

fast and efficient
– Use in vitro cell culture or in silico models
– Use alternative species (non-mammalian)

• Provide data for prioritization of chemicals for
further testing (targeted?)

• Such an approach will:
– Reduce costs and animal use
– Facilitate screening of large numbers of chemicals (high-

throughput)

Research Approach - In Vitro 

• In vitro tests based on key events of CNS
development
– proliferation, differentiation, growth, synaptogenesis, 

myelination, apoptosis

• Endpoints amenable to high throughput testing
– cell-based endpoints, biomarkers, molecular signaling

• Show predictive ability based on “training set” of
developmental neurotoxicants

Key events of DNT at the cellular level
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iPS

1. Time, Cost-consuming
2. High Throughput screening
3. Species difference

in vitro test method using human iPS cells

0 4 10Day

KSR

Ectodermal

N2

Neural 
Progenitor cells

LDN193189
SB431542

DNT 
compounds

From EPA database

Effect of TBT on neural differentiation

0

1

2

3

4

5

6

7

Pax6

0

0.2

0.4

0.6

0.8

1

1.2

Nanog

Effect of chlorpyrifos on neural 
differentiation
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TBT
Mfn1, 2

Drp1, Fis1

Yamada et al., Metallomics, 2015

iPS

Yamada et al., in preparation

Yamada et al., in preparation

iPS
Mfn1

Summary

v
Pax6+

Chlorpyrifos
Tributyltin

Neural progenitor 
cells

iPS cells Neuron

1. Capability of neural differentiation of human iPS cells can
be used for assessment of chemicals with DNT.

2. This approach will reduce animal use and costs, facilitate 
screening of large numbers of chemicals and might provide
data for prioritization of chemicals for further testing.

Oct4+
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28

1 2016 9 2

AOP

AOP

• 18

• 1 tube 80

•

100 μm

MAP2 drebrin MAP2/drebrin
21 MAP2 drebrin

SKY Neuron

SKY Neuron
1. mestro PEI PLL
2. 1 5 μl plating medium

1 hr
3. 3
4. 1 ml 50 ml 1 ml

plating medium 2 5sec/1
5. 2 ml plating medium 2~3sec/1
6. 2 ml plating medium final vol. 6ml
7.
8. 15 ml 180 x g, 5min, 
9. Sup 3~4
10. 
11. 5 μl
12. 
13. 37 , CO2 incubate, 1 hr.
14. 500 μl Plating medium
16. Incubate, 37 , 4days
17. Day4: Ara C culture medium
19. Incubate, 37
20. Day7 3-4 7
21. 

715 x g, 2 )

50%
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Maestro system 1

Hippocampus neurons are
cultured in 48 well MEA plates

Spontaneous and stimulated activity

McConnell et al., NeuroToxicology, 2012

Activity map

Continuous Plots

Spike Plots

Maestro system 2

Mack et al., NeuroToxicology, 2014

DIV
-3 -1
Day 0

4
7

10
14
17
21
24
28

PLL or PEI
Laminin
AraC 0.5 or 1 μM Maestro ?
Maestro
Maestro
Maestro
Maestro
Maestro
Maestro
Maestro

PLL PEI

maestro
AraC

Shafer’s lab
+Axion protocol
Cortical neuron Hippocampus Hippocampus

0.05% PEI
50 μg/ml laminin

0.05% PEI
50 μg/ml laminin

50 μg/ml PLL
50 μg/ml laminin

150,000 cells/25 μl 25,000 cells/5 μl 50,000 cells/5 μl

AraC 5 μM 0.5 μM 1 μM

APV

7 3-4 7

Acute Day 12 to 22 Acute Chronic

100 μS 200 μS

1

Mean firing rate
Active electrode

< 5 spikes/min
MFR on AE

Mean firing rate
Active electrode < 5 spikes/min
MFR on AE
Spike counts at stimulation

PLL
PEI

2.5x104 cells

AraC 1 μM

APV

1/3

7

100 μS

1 1

1 1

PEI

PLL

>
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Day 21

PL
L

PE
I

PEI

2.5x104 cells
5.0x104 cells

AraC 0.5 μM

APV

1/3

7

100 μS

1 1

1 1

2.5 x 104 cells

5.0 x 104 cells
>

AraC

PEI

2.5x104 cells

AraC 0.5 μM
1 μM

APV

3-4

100 μS

1 1

1 1

0.5 μM AraC

1 μM AraC

>

APV

PEI

2.5x104 cells

AraC 0.5 μM

APV

3-4

100 μS

1 1

1 1

APV-

APV+

>

PEI

2.5x104 cells

AraC 0.5 μM

APV

3-4

100 μS

1 1

1 1

>

PLL

2.5 x 104 cells

AraC 1 μM

APV

1/3

7

100 μS
200 μS

REH1004

REH1006

100 μS

200 μS

=
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1

PLL

2.5 x 104 cells

AraC 1 μM

APV

3-4

100 μS

>

Shafer’s lab
+Axion protocol
Cortical neuron Hippocampus Hippocampus

0.05% PEI
50 μg/ml laminin

0.05% PEI
50 μg/ml laminin

50 μg/ml PLL
50 μg/ml laminin

150,000 cells/25 μl 25,000 cells/5 μl 50,000 cells/5 μl

AraC 5 μM 0.5 μM 1 μM

APV

7 1/2 3-4 1/2 7 1/2

Acute Day14 Acute Chronic

100 μS 200 μS

1 Day14

Mean firing rate
Active electrode

< 5 spikes/min
MFR on AE

Mean firing rate
Active electrode < 5 spikes/min
MFR on AE
Spike counts at stimulation

?
22-23, HESI NeuTox 24, Shafer

maestro

25

EPA Dr. Timothy J. Shafer

9/30 EPA

HESI NueTox
Neurotoxicants/

Dev. Neurotoxicants
Flame 

Retardants
Polycyclic Aromatic 

Hydrocarbons Unknowns

1-methyl-4-phenylpyridinium iodide 2- ethylhexyl diphenyl phosphate (EHDP) 4-H-Cyclopenta(d,e,f)phenanthrene 1-ethyl-3-methylimidazolium diethylphosphate
2-Methoxyethanol 2,2',4,4',5,5'-Hexabromodiphenyl ether Acenaphthene Berberine chloride
3,3'-Iminodipropionitrile 2,2',4,4',5-Pentabromodiphenyl ether Acenaphthylene Carbamic acid, butyl-, 3-iodo-2-propynyl ester
5-Fluorouracil 2,2'4,4'-Tetrabromodiphenyl ether Anthracene Manganese, tricarbonyl[(1,2,3,4,5-.eta.)-
6-Hydroxydopamine hydrochloride 2,3,7,8-Tetrachlorodibenzo-p-dioxin Benz(a)anthracene 1-methyl-2,4-cyclopentadien-1-yl]-
6-Propyl-2-thiouracil 3,3’,5,5’-Tetrabromobisphenol A Benzo(a)pyrene
Acetic acid, manganese(2+) salt Isodecyl diphenyl phosphate Benzo(b)fluoranthene
Acrylamide Phenol, isopropylated, phosphate (3:1) Benzo(e)pyrene
Aldicarb tert-Butylphenyl diphenyl phosphate Benzo(k)fluoranthene
Bis(tributyltin)oxide Tricresyl phosphate Benzo[g,h,i]perylene
Bisphenol A Triphenyl phosphate Chrysene
Captan Tris(2-chloroethyl) phosphate Dibenz(a,h)anthracene
Carbaryl Bis(2-ethylhexyl) 3,4,5,6- tetrabromophthalate (TBPH) Dibenz[a,c]anthracene
Chlorpyrifos (Dursban) 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB) Fluorene
Colchicine tris(2-Chloroisopropyl)phosphate, TCPP Naphthalene
Deltamethrin Firemaster-550 Phenanthrene
Di(2-ethylhexyl) phthalate Pyrene
Diazepam
DDT
Dieldrin
Diethylstilbestrol
Heptachlor
Hexachlorophene
Hydroxyurea
Lindane
Methyl mercuric (II) chloride
n-Hexane 
Parathion
Permethrin
Phenobarbital sodium salt 
Rotenone
Tebuconazole
Tetraethylthiuram disulfide
Thalidomide
Toluene
Valinomycin
Valproic acid sodium salt

Negative Controls

Acetaminophen
Acetylsalicylic acid
D-Glucitol
L-Ascorbic acid
Saccharin Sodium Salt hydrate

Other NTP Compounds
Bisphenol A 
Bisphenol AF 
Bisphenol S 

Neurotoxicants/Dev. Neurotoxicants in HESI NeuTox

1-methyl-4-phenylpyridinium iodide
2-Methoxyethanol
3,3'-Iminodipropionitrile
5-Fluorouracil
6-Hydroxydopamine hydrochloride
6-Propyl-2-thiouracil
Acetic acid, manganese(2+) salt
Acrylamide
Aldicarb
Bis(tributyltin)oxide
Bisphenol A
Captan
Carbaryl
Chlorpyrifos (Dursban)
Colchicine
Deltamethrin
Di(2-ethylhexyl) phthalate
Diazepam
DDT

Dieldrin
Diethylstilbestrol
Heptachlor
Hexachlorophene
Hydroxyurea
Lindane
Methyl mercuric (II) chloride
n-Hexane 
Parathion
Permethrin
Phenobarbital sodium salt 
Rotenone
Tebuconazole
Tetraethylthiuram disulfide
Thalidomide
Toluene
Valinomycin
Valproic acid sodium salt

Shafer’s lab

McConnell et al., NeuroToxicology, 201250 μM
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Cotterill et al., J Biomol Screen, 2016
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SCIENCE COUNCIL OF JAPAN

•

•

Skutella & Nitsch, 2001

•
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2016 Autumn

Contents lists available at ScienceDirect

Neuroscience and Biobehavioral Reviews

journa l homepage: www.e lsev ier .com/ locate /neubiorev

Review article

Autism spectrum disorder and attention-deficit/hyperactivity

disorder in early childhood: A review of unique and shared

characteristics and developmental antecedents

Janne C. Vissera,∗, Nanda N.J. Rommelsea,b, Corina U. Grevena,c,d, Jan K. Buitelaara,c

a Karakter Child and Adolescent Psychiatry University Center, Nijmegen, The Netherlands
b Radboud University Medical Center, Donders Institute for Brain, Cognition and Behavior, Department of Psychiatry, Nijmegen, The Netherlands
c Radboud University Medical Center, Donders Institute for Brain, Cognition and Behavior, Department of Cognitive Neuroscience, Nijmegen, The

Netherlands
d King’s College London, Medical Research Council Social, Genetic & Developmental Psychiatry Centre, Institute of Psychiatry, Psychology & Neuroscience,

London, UK

Table 1
Summary of findings on temperament in children with (traits of) ASD or ADHD.

Temperament dimension 6–11 months 1–2 years 2–3 years 3–4 years 4–5 years

ASD ADHD ASD ADHD ASD ADHD ASD ADHD ASD ADHD

Approach/surgency

Composite score ↑2,3*b ↓2 ↓2,3*ns12 ↓3* ↑9 ↑9

Activity ↓1,3*,5 ↑7,8 ↓3* ↑8 ↑1,4 ↑8 ↑6 ↓12e ↑6↓12e

Perceptual sensitivity ↑2 ns7 ↑2 ns7 ns7

High intensity pleasure ↓2 ↑10 ↑10

Positive affect ↓2 ↓4

Positive anticipation/ non-shyness a ↓4c ↓6

Impulsivity ↓12e ↑10 ↓12e ↑10

Negative affect

Composite score ns3* ns3* ns3*↑12 ns3* ↑9,11 ↑9

Sadness/shyness a fear ↑1 ns7 ns7 ↑1,2,4 ns12 ↑8 ns7 ↑12 ↑12 ↑12

Anger ↑7 ↑8 ↑4 ↑8

Distress/discomfort reactions ↑13 ↑5 ↑12

Effortful control

Composite score ↓2 ↓2 ns12 ns12 ↓9,10 ↓9,10

Persistence/non-distractibility Vigilance/interest (ADHD) ↑1 ns3* ↓7d,8 ns3* ↓8 ↑1 ns3* ↓8

Cuddliness ↓2 ↓2

Low intensity pleasure ↓2

Attention shifting ↓8 ↓5 ↓8 ↓4,5 ↓12 ↓12

Control of attention ↓4 ↓8

Inhibitory control ↓5 ↓8,14 ↓12e ↓13 ↓12e

Fig. 1. Temperament traits in ASD and ADHD: ASD and ADHD share high levels of negative affect, but the underlying motivational and behavioral tendencies seem to differ,

i.e. withdrawal vs approach in ASD vs ADHD, respectively. ASD and ADHD also share difficulties with control and shifting, but partly opposite behaviors seem to be involved,

i.e. high persistence and low distractibility in ASD and poor sustained attention and high distractibility in ADHD.
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Figure 4. The Cerebellum and Forebrain Are Bidirectionally Linked in an Orderly Mapping
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