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化学物質リスク研究事業 課題番号 H25-化学-一般-002 

研究成果概要

個体の成長期における毒性メカニズムに基づく新規 in vitro 

発達神経毒性評価法に関する研究 

研究代表者 国立医薬品食品衛生研究所 薬理部第二室 

諫田 泰成 

A. 研究目的 
発達期の中枢神経系は成体組織より化学

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懸念され

る。

すでに我々は平成 22～24 年度の化学物

質リスク事業「個体の成長期における神経系

および肝臓系細胞の機能解析による化学物

質の健康影響評価法に関する研究」において、

各発達段階における評価系を構築した。

そこで、本年度は、遅発性の神経毒性が

懸念されるバルプロ酸、および発生毒性が懸

念される内分泌かく乱物質トリブチルスズ

に加えて、有機リン系農薬クロルピリホスを

研究班共通の化学物質として使用し、当初の

計画に従って、我々が独自に構築した各発達

段階における in vitro 神経毒性評価を行った。 

＜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
成体より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るため、子どもの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、現行ガイドラインの欠点を克服し、
簡便かつ低コストのin vitro評価系として、各発達期における神経系の毒性
評価法、遅発性の神経回路異常による毒性評価法の基盤を開発している。
昨年度までに、遅発性神経毒性が懸念されるバルプロ酸および発生毒性

が懸念される内分泌かく乱物質トリブチルスズを研究班で共通の化合物と
して用いて、各発達段階における神経毒性を明らかにした。本年度は、発
達神経毒性を有する有機リン系農薬クロルピリホスを共通の化合物として
新たに検証した。その結果、幹細胞から生後神経回路にいたるまで様々な
毒性を明らかにした。これらの結果から、我々の手法は幹細胞から生後・
幼若期までの各発達段階において神経毒性を評価できることが示唆され
た。また、発生過程で毒性発現メカニズムが異なることが考えられた。
今後は、国際的な検証チームと連携を図りながら、再現性・予測性を検

証し、新規試験法としての確立を目指す。

＜研究分担者一覧＞ 

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」 

佐藤薫（国立衛研） 
「発達成長期神経系細胞新生への化学物
質の影響評価」 

関野祐子（国立衛研） 
「生後神経回路の機能的影響評価指標に
関する研究」 

上野晋（産業医大） 
「幼若期の神経回路機能に対する化学物
質の影響評価」 
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B. 研究方法 
詳細は各分担報告書を参照のこと。

C. 研究結果 
以下に示すように、幹細胞から生後・幼若

期までの各発達段階において、陽性対照化合

物クロルピリホスの神経毒性作用が検出で

きることを明らかにした。

【① ヒト未分化細胞の代謝】

クロルピリホスによりヒト幹細胞のエネ

ルギー代謝異常を見出した。とくに、化学物

質によりミトコンドリア形態制御機構が阻

害され ATP 産生が抑制されることにより増

殖が抑制される新規の毒性発現メカニズム

を明らかにした。 

【②神経堤細胞の遊走】

ラット神経堤細胞遊走実験法により、培養

48 時間までは 50µM までは神経堤細胞の遊

走促進傾向が認められた。培養 48 から 72 時

間では、最低濃度の 6.25µM 以上で抑制傾向

が認められた。従って、クロルピリホスは神

経堤細胞の遊走に対して複数のメカニズム

を介して影響を及ぼすと考えられた。

【③発達成長期神経系細胞新生】

前脳矢状切片の脳室下帯に存在する神経

幹細胞および前駆細胞を蛍光標識し切片培

養を行い、評価化合物を適用し定量的な評価

を行った。クロルピリホスは、新生神経系細

胞数減少、新生オリゴデンドロサイト数の減

少を引き起こすことを明らかにした。 

【④生後神経回路】

バルプロ酸は伝達物質の放出異常と神経

発達の異常を示し、行動異常は早期に出現し

た。クロルピリホスも同様な変化が観察され、

過剰な脳回の形成も認められた。

【⑤幼若期神経回路】

有機リン系農薬クロルピリホス（CP）を

VPA や TBT と同様に胎生期曝露ラットを用

いた生後早期の海馬神経回路機能を評価し

たところ、VPA 胎生期曝露の場合に認めら

れた興奮性神経回路の発達が亢進する傾向

が認められた。

D. 考察 
本研究において、陽性対照化合物であるバ

ルプロ酸およびトリブチルスズに加えて、ク

ロルピリホスを用いて、幹細胞から生後・幼

若期までの毒性を統合的に評価した。

バルプロ酸およびトリブチルスズと同様

に、クロルピリホスはすでに幹細胞に対して

毒性が認められた。妊娠動物の投与により生

後早期の海馬の興奮性神経回路の亢進、小脳

の突起伸展の異常をきたすことから、我々が

開発した各発達期における毒性評価系の有

用性を示すことができた。 

今後は、試験法の確立に向けて、本評価法

の再現性、予測性などを検証する予定である。

とくに、2015 年より開始された HESI の

NeuroTOX と連携を図りながら、プロトコル

の整備を進め、国際的な評価系へと発展させ

ることを目指し、国内外のグルーバルな化学

物質の管理などに役立てたい。

E. 結論 
我々が構築した各発達期の神経毒性評価

により、バルプロ酸およびトリブチルスズの

各発達段階における神経毒性を明らかにし

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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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 

 

ヒト未分化細胞を用いた化学物質の影響 

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 

ヒト未分化細胞およびヒト iPS 細胞を用いて、発達神経が懸

念される化学物質の影響を検討した。その結果、遅発性神経毒

性が懸念される有機スズ化合物トリブチルスズおよび有機リ

ン系農薬クロルピリホスの曝露により両細胞株の増殖抑制が

認められた。この毒性メカニズムとして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。以上の結果から、

ヒト未分化/幹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。ヒト iPS 細胞などの未分化細胞はヒト発

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あ

り期待は大きい。しかしながら、評価系とし

ての手法はいまだ確立されていない。 
そこで本研究では、化学物質の発達期にお

ける毒性を評価するために、複数のヒト未分

化細胞を用いて発達神経毒性を評価できる

のか検討を行った。評価系の構築には発達毒

性が懸念される陽性対象物質が必要となる。

昨年度までに、研究班で共通のバルプロ酸を

用いることにより、ヒト未分化細胞のエネル

ギー代謝が重要であることを見出した。 
そこで、本年度は、研究班共通の化学物質

として内分泌撹乱作用を有し発達神経毒性

が懸念される環境汚染物質トリブチルスズ

（TBT）を引き続き検討を行った。さらに、

発達神経神経毒性を有する化合物として有

機リン系農薬クロルピリホス（CPF）を追加

して、毒性メカニズムの検討を行った。本研

究により、ヒト未分化細胞のミトコンドリア

機能による毒性評価の有用性を検証した。 
 

B．研究方法 
1. 細胞培養 
 ヒト未分化細胞株NT2/D1は 10%FBSを含

む DMEM 培地を用いた。また、ヒト iPS 細

胞株 253G1 は、TeSR-E8 培地（Stem Cell 
Technologies）にてフィーダーフリーの条件

で培養した。 
2. ミトコンドリアの形態 
細胞を 4%FFA で固定後、ミトコンドリア

を 50 nM の MitoTracker Red CMXRos (Cell 
Signaling Technology) および DAPI により染

色し、confocal 顕微鏡（Nikon A1）で観察し

た。Dot 状のミトコンドリアが 10%未満の細

胞数を数えた。 
3. qPCR 
 TRIzol 試薬（Life Technologies）を用いて

RNA を単離した。QuantiTect SYBR Green RT-
PCR Kit (QIAGEN)、ABI PRISM 7900HT を用

いて qPCR を行った。 
4. ATP 量 

ATP 量は、ルシフェラーゼ法により計測し

た。 
5. MTT アッセイ 

MTT アッセイは CellTiter 96 AQueous One 
Solution Cell Proliferation Assay (Promega)を用

いて行った。 
6. ミトコンドリア膜電位 
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ミトコンドリア膜電位の測定は細胞を

JC10 (Life technologies)で染色したのち FACS 
ARIAII (BD Biosciences)を用いて行った。 
7. 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。 
 
C．研究結果 
1. ヒト iPS 細胞に対する TBT の作用 

前年度にヒト未分化株細胞を用いて、TBT
によりエネルギー代謝異常が誘導されるこ

とを見出した。本年度は他の未分化細胞にお

いても同様であるのか明らかにするために、

ヒト iPS細胞を用いてその毒性メカニズムを

検討した。図 1A, B に示すように、TBT 曝露

により濃度依存的に増殖の低下が認められ

た。一方、毒性の低い酢酸スズ（TA）では影

響は認められなかった。また 50nM TBT 曝露

では未分化状態に影響はなかったが、ATP 量

の低下が認められた（図 1C, D）。 
ATP 量が低下したので、ミトコンドリア機

能に着目した。まず主要な機能であるミトコ

ンドリア膜電位について調べた結果、TBT 曝

露により膜電位の低下が認められた  (図
2A）。さらにミトコンドリアの形態異常が引

き起こされることも見出した (図 2B, C）。一

方、TA ではこうした影響は認められなかっ

た。したがって TBT によりミトコンドリア

機能低下が引き起こされることが示唆され

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。qPCR により、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認められな

かった（図 3A）。非常に興味深いことに、TBT
の暴露によって Mfn1 のタンパク分解が誘導

されることが示唆された（図 3B, C）。さらに

Mfn1 の関与を調べるため shRNA を用いて

ノックダウンを行った結果、ミトコンドリア

形態異常が観察された (図 3D, E, F）。したが

って、TBT 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。 
Mfn1 を特異的に分解するユビキチンリガ

ーゼとして MARCH5 が報告されている

（Park et al., Cell Death Dis., 2014）。そこで、

TBT のミトコンドリアに対する作用が

MARCH5 を介しているのか検討するために

ノックダウンを行った（図 4A）。その結果、

TBT の Mfn1 分解は阻害された（図 4B, C）。
したがって、TBT のミトコンドリアに対する

作用は MARCH5 を介することが示唆された。 
以上の iPS 細胞の結果から、TBT の曝露に

よりミトコンドリアの形態異常が起きて

ATP 産生が低下し、その結果、細胞増殖が抑

制されることが示唆された。 
 

2. ヒト NT2/D1 細胞に対する CPF の作用 
TBT 曝露により観察された現象が他の化

学物質でも引き起こされるのか明らかにす

るために、発達神経毒性が懸念されるクロル

ピリホス（CPF）を用いて NT2/D1 細胞で検

討を行った。図 5 に示すように、CPF 曝露に

より濃度依存的に増殖の低下が認められた。

また ATP 量についても濃度依存的な低下が

認められた（図 6）。さらにミトコンドリアを

観察した結果、30µM CPF 曝露によりミトコ

ンドリアの形態異常が引き起こされること

も見出した (図 7）。既報では、CPF 曝露した

ラット皮質ニューロンにおいて、ミトコンド

リア軸索輸送の阻害や膜電位の低下が引き

起こされる一方で、ATP 産生量へは影響しな

いという報告がある（Middlemore-Risher et al., 
J. Pharmacol. Exp. Ther., 2011）。本研究では既

報と同程度の濃度で、ミトコンドリアの分裂

促進に伴いATP量の低下が認められたため、

既報と異なる結果となった。この違いは、未

分化細胞の方が成熟神経細胞よりも化学物

質に対する感受性が高いことが要因にある

と考えられる。 
以上の結果から、NT2/D1 細胞において

TBT と同様に、CPF はミトコンドリア機能

異常を介した細胞毒性を引き起こすことが

明らかになった。また、未分化株細胞で ATP
量やミトコンドリア形態といった指標を用

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 
本研究において、ヒト未分化株細胞および

ヒト iPS 細胞を用いて、前年度の研究で見出

した指標により発達神経が懸念される化学

物質の影響を評価できることを明らかにし
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た。特に、ヒト iPS 細胞で使用した TBT は

50nM で血中に存在しうる濃度であり、本ア

ッセイ系は非常に好感度であると考えられ

た。 
今回、ヒト iPS 細胞を用いて TBT の毒性

作用点として、MARCH5-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

下を見出した。現在、ATP は Tox21 でも肝臓

細胞を用いてミトコンドリア毒性の大規模

なバリデーション試験が進行中である。今後、

神経などの前駆細胞をもちいて、他の化学物

質の曝露によってミトコンドリアの機能異

常が認められるのか検討を加えることによ

り、化学物質の毒性評価に幅広く応用できる

のか明らかになると期待される。 
また、本研究では、ヒト NT2/D1 細胞を用

いて発達神経毒性が懸念される化学物質で

あるCPFの毒性発現機構についても調べた。

その結果、TBT と同様にミトコンドリア毒性

を示すことが明らかとなった。したがって、

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

あり幅広く応用できる可能性が期待される。

最近、メチル水銀の毒性をヒト iPS/ES 細胞

で評価できる試みが報告されているが（He et 
al., Toxicol Lett, 2012）、どこまで動物実験の

代替できるのか、ヒトにおける毒性を予測で

きるのかはほとんど明らかになっていない。

今後も被験物質を増やし iPS細胞をはじめと

した未分化細胞を用いることで、ミトコンド

リアを指標とした毒性マーカーの探索や評

価法の検討を行う。特にスループット性の高

い手法を開発し、簡便で再現性のある評価法

の確立を目指したい。 
 

E. 結論 
ヒト未分化細胞およびヒト iPS細胞のミト

コンドリア機能を指標とすることにより、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。 
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図 1 トリブチルスズによるヒト iPS 細胞の毒性作用 
A) iPS 細胞に異なる濃度の有機スズ TBT を曝露させ、72 時間後に位相差画像を取得した。 
B)A)において MTT assay を行った。濃度依存的な増殖の低下が認められた。一方、無機スズ

TA は効果がなかった。 
C)iPS 細胞に 50nM の TBT を曝露させ、72 時間後に RNA を回収した。Nanog, Oct3/4 の

qPCR を行った。 
D) iPS 細胞に 50nM の TBT を曝露させ、72 時間後に ATP を測定した。TBT および脱共役剤

CCCP で ATP が低下した。TA は効果がなかった。 
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図２ トリブチルスズによるミトコンドリア機能阻害 
A) iPS 細胞に 50nM の TBT を曝露させ、1 時間後にミトコンドリア膜電位を測定した。TBT
で膜電位が低下した。TA は効果がなかった。 
B) iPS 細胞に 50nM の TBT を曝露させ、72 時間後にミトコンドリア形態を共焦点顕微鏡で

観察した。 
C)B)の結果を定量的に評価した。TBT でミトコンドリア分裂低下が認められた。TA は変化

がなかった。 
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図３ トリブチルスズによる Mfn の分解 
A) iPS 細胞に 50nM の TBT を曝露させ、72 時間後に RNA を回収した。Mfn1, Mfn2, Opa1, 
Drp1, Fis1 の qPCR を行った。 

B) iPS 細胞に 50nM の TBT を曝露させ、72 時間後に蛋白質を回収した。Mfn1, Mfn2, Opa1, 
Drp1, Fis1 のウェスタンブロットを行った。 
C)B)の結果を定量的に評価した。TBT で Mfn1 が分解した。 
D)レンチウイルスを用いて iPS 細胞に Mfn1 shRNA を導入した後、RNA を回収した。Mfn1
ノックダウン効率を qPCR にて調べた。 
E) Mfn1 ノックダウン細胞のミトコンドリア形態を共焦点顕微鏡で観察した。 
F)E)の結果を定量的に評価した。Mfn1 ノックダウンによりミトコンドリア分裂低下が認め

られた。 
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図４ トリブチルスズの Mfn1 分解における MARCH5 の関与 
A) iPS 細胞に MARCH5 siRNA を導入した後、RNA を回収した。MARCH5 ノックダウン効

率を qPCR にて調べた。 
B) MARCH5 ノックダウン細胞に 50nM の TBT を曝露させ、72 時間後に蛋白質を回収した。

Mfn1, Mfn2 のウェスタンブロットを行った。 
C)B)の結果を定量的に評価した。MARCH5 ノックダウンにより TBT の Mfn1 分解が阻害さ

れた。 
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図５ クロルピリホスによる NT2/D1 細胞の増殖抑制 
NT2/D1 細胞において、クロルピリホスの暴露による濃度依存的な増殖低下が認められた。 
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図６ クロルピリホスによる NT2/D1 細胞の ATP 産生抑制 
NT2/D1 細胞において、クロルピリホスの暴露による濃度依存的な ATP 産生抑制が認められ

た。 
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図７ クロルピリホスによるミトコンドリア分裂促進 
NT2/D1 細胞において、30µM クロルピリホスの暴露によりミトコンドリア分裂促進が認め

られた。 
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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 

 
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  宮島 敦子 
研究協力者  入江 智彦 

 
要旨 
ラット神経堤細胞遊走実験法を用いて、発達神経毒性を有すると考えら

れる化学物質として、クロルピリホスの神経堤細胞に及ぼす影響を調べた。

ラット 10.5 日胚から菱脳部の神経管を摘出して培養し、培養 24 時間目に

クロルピリホスを培養液に添加した。培養期間中に神経管から遊出する神

経堤細胞の広がりを測定し、神経堤細胞の遊走を調べた。その結果、25 µM
以上のクロルピリホスにより、形態変化を示す細胞が散見され、細胞毒性

によると考えられた。神経堤細胞の遊走に及ぼす影響として、培養 48 時
間までは 50µM までは促進傾向が認められ、100µM では抑制傾向が認めら

れた。培養 48 から 72 時間では、最低濃度の 6.25µM 以上で抑制傾向が認

められ、25 µM 以上で有意差が認められた。神経堤細胞の遊走促進をより

高感度に調べることができる方法として、培養 18 時間で神経管を除去す

ると、クロルピリホス (100 µM) は神経堤細胞の遊走を促進する場合もあ

ったが、72 時間では遊走の抑制傾向が認められた。これらのことから、ク

ロルピリホスは、神経堤細胞の遊走に対して複数のメカニズムを介して影

響を及ぼすと考えられた。以上のように、ラット神経堤細胞遊走実験法に

より、発達神経毒性を有する化学物質の神経堤細胞に及ぼす影響を明らか

にすることが出来た。本実験法は、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
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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、神経系の発生に影響を及ぼすこ

とが知られているバルプロ酸をモデル化学

物質として用いて、ラット神経堤細胞遊走実

験法の発達神経毒性評価法としての有用性

について検討した。次年度は、内分泌撹乱作

用を有する環境汚染物質であるトリブチル

スズをモデル化学物質として用いた。最終年

度である今年度は、神経発達毒性が報告され

ている農薬であるクロルピリホスをモデル

化学物質として用いた。 
 
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 

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。体幹神

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。培養 24 時間目にクロルピリホスを含

む培養液に交換して、48時間まで培養した。

クロルピリホスは、ジメチルスルホキシドに

溶解して用いた。 
 
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 
1. クロルピリホスのラット神経堤細胞遊

走に及ぼす影響 
クロルピリホス (6.25, 12.5, 25, 50 および

100 µM) を培養 24 時間目に添加して、ラッ

ト神経堤細胞に及ぼす影響を調べた。その結

果、25 µM 以上のクロルピリホスにより、形

態変化を示す細胞が散見され、細胞毒性によ

ると考えられた(図 1)。 
神経堤細胞の遊走に及ぼす影響として、培

養 48 時間までは 50 µM までは促進傾向が

認められ、100 µM では抑制傾向が認められ

た。培養 48 から 72 時間では、最低濃度の

6.25 µM 以上で抑制傾向が認められ、25 µM
以上で有意差が認められた (図 2)。 
一方、神経堤細胞の遊走促進をより高感度

に調べることができる方法として、培養 18
時間で神経管を除去すると、クロルピリホス 
(100 µM) は神経堤細胞の遊走を有意に促進

した (図 3)。 
遊走促進作用の確認および神経管の部位

の違いによる神経堤細胞への影響を調べる

ために、頭部および腹部神経管を培養し、培

養 18 時間で神経管を除去して、24 時間目に

クロルピリホスを添加し 72 時間まで培養し

た。その結果、培養 48 時間では、クロルピ

リホスの影響は殆ど認められなかったが、培

養 48 時間では、頭部神経堤細胞には遊走の

抑制傾向が認められたが、腹部神経堤細胞に

は遊走の促進傾向が認められ、神経管の部位

の違いによる影響が示された (図 4)。 
 
D. 考察 
ラット神経堤細胞遊走実験法により、発達

神経毒性を有するクロルピリホスの神経堤
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細胞ら及ぼす影響を調べた。その結果、クロ

ルピリホスは、神経堤細胞の遊走に相反する

作用を示したが、長時間の暴露では、細胞毒

性によると考えられる遊走抑制作用が認め

られた。また、神経管の部位による影響の違

いが認められた。これらのことから、クロル

ピリホスは、神経堤細胞の遊走に対して複数

のメカニズムを介して影響を及ぼすと考え

られる。 
以上の結果から、発達神経毒性評価法とし

て、本実験法は、化学物質の神経堤細胞機能

阻害が関与する影響の評価法として有用で

あると考えられる。 
 
E. 結論 
ラット神経堤細胞遊走実験法により、発達

神経毒性を有するクロルピリホスの神経堤

細胞に及ぼす影響を調べた。クロルピリホス

は、神経堤細胞の遊走に、促進と抑制の相反

する作用を示したが、長時間の暴露では、細

胞毒性によると考えられる遊走抑制作用が

認められた。クロルピリホスは、神経堤細胞

の遊走に対して複数のメカニズムを介して

影響を及ぼすと考えられた。本実験法は、化

学物質の神経堤細胞機能阻害が関与する発

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 
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図 1. ラット神経堤細胞の形態に及ぼすクロルピリホスの影響 
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。培養 24 時間目からク

ロルピリホス (100 µM) を培養液に添加した。矢印は形態異常を起こした細胞を示す。  

020



 
 

図 2. ラット神経堤細胞の遊走に及ぼすクロルピリホス (chlorpyrifos) 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。培養 24 時間目からク

ロルピリホスを培養液に添加した。平均値と標準誤差を示す。「*」は対照群と比較して統計

学的な有意差があることを示す (* p < 0.05, ** p < 0.01, **** p < 0.0001,)。 
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図 3. ラット神経堤細胞の遊走に及ぼすクロルピリホス (chlorpyrifos) 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。培養 24 時間目からク

ロルピリホスを培養液に添加した。平均値と標準誤差を示す。「*」は対照群と比較して統計

学的な有意差があることを示す (** p < 0.01)。神経管を培養 18 時間目に除去した。 
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図 4. ラット頭部 (cephalic) および腹部 (trunk) 神経堤細胞の遊走に及ぼすクロルピリホス 
(chlorpyrifos) 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。培養 24 時間目からク

ロルピリホスを培養液に添加した。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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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 

 
発達成長期神経系細胞新生への化学物質の影響評価 

 
研究分担者  国立医薬品食品衛生研究所 薬理部第一室長 

       佐藤 薫 
 

要旨 
前脳矢状切片の側脳室下帯に存在する神経幹細胞および前駆細胞を蛍

光標識し切片培養を行った。評価化合物クロルピリホスを適用し神経系細

胞新生およびオリゴデンドロサイト新生に対する影響について定量的評

価を行った。クロルピリホスは新生細胞数を濃度依存的に減少させる傾向

を示した。新生オリゴデンドロサイト数も減少の傾向を示したが、新生細

胞全体の減少よりも小さな変化であった。新生細胞中の新生オリゴデンド

ロサイトの割合を算出したところ、クロルピリホス 10 µM までは何ら影

響がないが、100 µM  において新生細胞中の新生オリゴデンドロサイトの

割合は増加の傾向を示した。従って、クロルピリホスはオリゴデンドロサ

イト以外の細胞に対して新生抑制影響がある可能性が示された。 
                          

 
A.目的 
幼児期の側脳室下帯（subventricular zone: 

SVZ）からは神経系細胞（オリゴデンドロサ

イト、神経細胞、アストロサイト）新生が活

発に起こっており、この時期にこれらの細胞

に異常が起こると重篤な高次機能影響を引

き起こす可能性が高い。実際に、幼児期の抗

がん剤使用は知能障害を引き起こすことが

知られており禁忌となっている。我々はこれ

までに生後 2-3 日齢ラットの前脳矢状面切

片培養系の SVZ に含まれる 神経幹細胞お

よび前駆細胞を緑色蛍光蛋白質 (enhanced 
Green Fluorescent Protein: eGFP) によりピン

ポイントで標識し、免疫組織化学的検討と組

み合わせることにより神経系細胞（特にオリ

ゴデンドロサイト）の新生や遊走に対する化

学物質の影響評価系を確立した。本研究では

有機リン酸系農薬であるクロルピリホスの

神経系細胞新生およびオリゴデンドロサイ

ト新生に対する影響評価を行った。 
 
B. 研究方法 
1. 前脳矢状面切片培養系 

生後 2-3 日齢ラットの前脳矢状面切片標

本（150 µm）を作成しトランスメンブレン

（Millipore） 上に静置し、eGFP tag を組み

込んだ改変型レトロウィルスを SVZ に 30 
nl ピンポイントで滴下することにより、局

所的に神経幹細胞および前駆細胞を標識し

た。その後、切片培養用培地で 3 日間培養

した。 
 

2. 前脳矢状面培養切片の免疫組織化学的検

討 
eGFP 標識細胞のO1（オリゴデンドロサイ

ト前駆細胞マーカー）発現について免疫組織

化学的に検討した。 ブロッキング液で 1 時
間処理した後、4°C で抗 O1 抗体（IgM） 
（Millipore [Chemicon]  MAB344）により 2 
日間処理し、PBS で 3 回洗浄した後、蛍光

標識された二次抗体で 2 日間処理し（4°C）、
PBS で 洗 浄 し た 。 eGFP(+) 細 胞 数 、

eGFP(+)O1(+) 細胞数、新生細胞遊走面積を

算出した。 
 

3. eGFP 標識細胞を含む前脳矢状面切片培

養系を用いたクロルピリホスの評価 
クロルピリホス（TRC, Canada）は 200 mM 

の DMSO ストックソルーションを作成し、

培地にて用時希釈した。ピンポイントで 
eGFP で標識された神経幹細胞および神経

系前駆細胞を SVZ に持つ前脳矢状面切片

を クロルピリホス（1-100 µM）存在下で 3 
日間培養し、新生細胞の増殖と遊走、オリゴ

デンドロサイト前駆細胞の増殖と遊走に対

する作用を検討した。 
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C. 研究結果 
1. 被験化合物の神経系新生細胞およびオ

リゴデンドロサイト新生に対する影響 

クロルピリホスは DMSO に溶解したた

め、まず DMSO の影響について検討した。 
eGFP 標識された新生細胞群（神経幹細胞

および前駆細胞）を SVZ に含む培養前脳矢

状面切片をクロルピリホス適用時に想定さ

れる最高濃度の DMSO （0.05%）を含む培地

で 3 日間培養したところ、eGFP(+) 細胞（神

経幹細胞および前駆細胞）数、eGFP(+)O1(+) 
細胞（新生オリゴデンドロサイト）数、新生

細胞中の新生オリゴデンドロサイトの割合、

これらの細胞の遊走に何ら影響はなかった

（データ示さず）。 
次に上記パラメーターに対するクロルピ

リホスの影響について検討した（図 1）。培

養前脳切片をクロルピリホス入りの培地

（final conc: 1-100 µM）で 3 日間培養したと

ころ、100 µM クロルピリホス適用群では、

培養前脳切片の膨潤がおこり切片の厚みが

増していた。1-10 µM においてはこのような

変化は観察されなかった。クロルピリホス

（1-100 µM）は eGFP(+) 細胞（神経幹細胞お

よび前駆細胞）数を濃度依存的に減少させる

傾向があった（図  1B, 黄土色カラム）。

eGFP(+)O1(+) 細胞（オリゴデンドロサイト

前駆細胞）数も減少の傾向を示したが、新生

細胞全体の減少よりも小さな変化であった

（図 1B, 黄色カラム）。新生細胞中の新生オ

リゴデンドロサイトの割合（eGFP(+)O1(+) 
cell No. /eGFP(+) cell No. *100%）を算出し、

クロルピリホスの作用を確認したところ、ク

ロルピリホス 10 µM まではほとんど影響

がなかったが、100 µM  において新生細胞

中のオリゴデンドロサイト前駆細胞の割合

が増加の傾向を示した（図 1C）。新生細胞の

遊走範囲もクロルピリホスによって濃度依

存的に減少した。これは、上記に示す新生細

胞数の減少に矛盾しない結果となっている。 
 
D. 考察 
クロルピリホスは有機リン酸系の殺虫剤

であり、害虫の神経系アセチルコリンエス

テラーゼを阻害することにより作用を発揮

するとされている。しかし、アセチルコリ

ンエステラーゼ阻害作用よりも低い濃度で

注意や記憶を損なうことが、ヒト、動物で

ともに報告されている（Brown and Brix, J 
Appl Toxicol 1998, 18, 393-408; Ray and 
Richards, Toxicol Lett 2001, 120, 343-351; 
Johnson et al., Toxicol Sci 2009, 109(1) 132-
42）。このようにクロルピリホスは多岐にわ

たる作用メカニズムを持ち、その作用も多

岐にわたることが予想されるが神経発達に

対する影響はあまり知見がない。本研究で

は生後初期の神経系細胞新生およびオリゴ

デンドロサイト新生に対する影響評価を前

脳切片培養系を用いて行った。 
クロルピリホス（1-100 µM）は eGFP(+) 

細胞（神経幹細胞および前駆細胞）数を濃

度依存的に減少させる傾向があった。ま

た、新生細胞中のオリゴデンドロサイト前

駆細胞の場合は 100 µM  において新生細胞

中の新生オリゴデンドロサイトの割合が増

加の傾向を示した。従って、クロルピリホ

スはオリゴデンドロサイト以外の細胞に対

して新生抑制を引き起こす可能性が示され

た。脳神経系は主に神経細胞、アストロサ

イト、オリゴデンドロサイト、ミクログリ

ア、血管系細胞で構成されているが、胎生

期から生後にかけてクロルピリホスに暴露

されたマウスは海馬の神経新生が低下する

ことも報告されている（Wang et al., Reprod 
Toxicol 2013, 38, 25-36）。培養ヒトアストロ

サイト培養を用いた実験では、クロルピリ

ホスがアストロサイトの炎症性活性化を引

き起こすことが示されている（Mense et al., 
Toxicol Sci, 2006, 93(1) 125-35）。また、胎生

期もしくは生後のクロルピリホスの in vivo 
適用においては、グリア細胞新生時期に適

用したときに最も発達阻害が誘発された

（Garcia et al., Environ Toxicol Pharmacol 
2005, 19(3), 455-61）。また、胎生期暴露はア

ストロサイト活性化マーカーである GFAP 
発現レベルを上昇させた（Carcia  et al., 
Brain Res Dev Brain Res 2002, 133(2), 151-
61）。しかし、一方でオリゴデンドロサイト

前駆細胞に対しても毒性が報告されている

（Saulsbury et al., Toxicology 2009, 259(1-2), 
1-9）。細胞種によりクロルピリホスへの感

受性が違っており、アストロサイトはその

中でも感受性の高い細胞であることが考え

られるが、細胞種による感受性の違いにつ

いては細胞種特異的なマーカーを用いて確

認する必要がある。このような細胞毒性の

メカニズにとして細胞骨格への影響が考え

025



られる。クロルピリホスの長期的な投与に

より、軸索内輸送に影響があることが報告

されている（Hernandez et al., 
Neurotoxicology 2015, 47, 17-26）。キネシン

による輸送（Gearhart et al., Toxicol Appl 
Pharmacol 2007, 218, 20-29）、tubulin の修

飾（Grigoryan et al., 2008, Chem Biol Interact 
175, 180-186）、微小管形成阻害作用なども

明らかとなっている（Prendergast, et al., 
Neuroscience 2007, 146, 330-339）。さらに、

胎児新皮質において細胞分裂面が垂直から

水平に移行する作用も報告されており、こ

のような分裂面の角度が細胞の運命決定に

影響を及ぼす可能性も示唆されている

（Chen et al., PLoS One 2014, 9 (4) e95343）。
さらに、ヒト胎生幹細胞由来神経幹細胞に

おいてはクロルピリホスによって NF-kB 活
性化を介したアポトーシスが誘導されるこ

と（Lee et al., Neurotoxicology 2014 42, 58-
70）、ミトコンドリア長が増加するとともに

その数が減ることも報告されており

（Middlemore-Risher et al., 2011, J Pharamacol 
Exp Ther, 399(2) 341-9）、直接的なアポトー

シス誘導作用を持つ可能性も考えられる。 

クロルピリホスは高濃度領域（100 µM）

において培養前脳切片の膨潤を引き起こし

た。これまでこのような報告はなく、新た

なメカニズムを考慮に入れながら今後の検

討を進める必要がある。 

 

E. 結論 
 クロルピリホスは新生細胞数、新生オリ

ゴデンドロサイト数、遊走面積ともに濃度依

存的に減少させたが、その作用はオリゴデン

ドロサイト以外の細胞が標的となっている

可能性が示された。さらに、高濃度クロルピ

リホス（＞100 µM）が浮腫を引き起こす可能

性が示された。 
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図 1. 前脳矢状面切片培養系における神経系細胞新生およびオリゴデンドロサイト新生に対

するクロルピリホス の影響 
SVZ 中、ピンポイントに eGFP 標識された新生細胞群（神経幹細胞および前駆細胞）を含

む培養前脳矢状面切片を クロルピリホス (1-100 µM) 処理した（3 日間）。A: eGFP(+) 新生

細胞（緑色）O1(+) オリゴデンドロサイト前駆細胞（赤）。B: 培養切片中 eGFP(+) 細胞数

および eGFP(+)O1(+) 細胞数。クロルピリホスは新生細胞数を濃度依存的に減少させる傾向

を示した（黄土色カラム）。C: eGFP(+) 細胞中の eGFP(+)O1(+) 細胞の割合。eGFP(+) 細胞

中の eGFP(+)O1(+) 細胞の割合は クロルピリホスで増加の傾向があり、その作用はオリゴデ

ンドロサイト以外の細胞が標的となっている可能性が示された。*: p<0.05, Tukey’s test 
following ANOVA, N=4.   
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要旨 

昨年までに研究班共通の化学物質であるバルプロ酸を用いて、生後の神

経回路発達の変化を伝達物質放出分布の変化として捉えることに成功し

た。この作用の機序を確認するために、化学構造の異なる各種のヒストン

脱アセチル化酵素阻害剤の生後神経回路発達に及ぼす効果を検討した。そ

の結果、ヒストン脱アセチル化酵素阻害剤は、神経発達の早期によって行

動や脳の高次機能に影響することを明らかにした。一方、有機スズ化合物

であるトリブチルスズは個体の行動に大きな影響現れるが神経構造への

影響は小さいことが示唆された。さらに、反応機序の異なる発達神経毒性

を有する有機リン系農薬であるクロルピリホスを追加して検討したとこ

ろ、バルプロ酸と同様の影響が表れることを確認した。以上の結果、小脳

の形態及び細胞機能の観察により、胎生期神経毒性を示す化学物質のスク

リーニングが可能であることを示唆した。                              
 
A. 研究目的 
 バルプロ酸(VPA)、スベロイルアニリドヒ

ドロキサム酸(SAHA)、MS-275 の３種のヒス

トン脱アセチル化酵素(HDAC)阻害剤、およ

びトリブチルスズ(TBT)投与による神経回路

発達の変化を、発達期小脳を用いて検討する

ために、酵素を利用した測定法によって ATP
の放出変化を観察した。同時に免疫組織化学

的手法により、神経の形態的変化を観察した。

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 
  研究試料として発達期小脳を用いた（図

１）。2013 から 2014 年にかけて、自閉症の

特発脳部位が小脳であると報告されてきた。

本研究では、小脳で、VPA が神経発達の早期

化を引き起こすことが示唆され、また化学構

造の異なる HDAC 阻害剤、および異なる作

用機序で神経発達に影響すると考えられる

TBT を妊娠動物に投与し、その効果を観察し

た。妊娠16日のラットに、600㎎/㎏のVPA(経
口)、50mg/kg の SAHA(腹腔内)、4mg/kg の

MS-275(経口)、20mg/kg の TBT(経口)でそれ

ぞれ投与した。また、VPA と同様に自閉症の

誘発が考えられているクロルピリホス（CPF） 
10mg/kg を経口投与しその効果を観察した。 
 投与動物は、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。 
 シナプス形成のシグナルとされる ATP の

放出量の変化を、酵素を用いた手法により測

定した。各投与動物から、生後 6 日から 12
日の小脳スライスを調整し、ATP 放出量を測

定した。 
 神経回路に対する影響を観察するために、

神経刺激に対するGABAの放出量の変化を，

生後７日から１８日にかけて観察した。 
 神経細胞の発達を免疫組織化学により観

察するために、各投与動物から生後 10 日か

ら１８日の小脳スライスを調整し、抗カルビ

ンジン抗体による蛍光染色を行った。 
 さらに小脳全体への影響、長期にわたる影

響を見るため、各時期の小脳スライスの HE
染色を行い、小脳各層の変化を観察した。顆

粒細胞の増殖時期を確認するため、ブロモデ

オキシウリジン(BrdU)の 2 時間投与を行い、

採取した小脳を抗 BrdU 抗体で染色して観察
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した。 
 
C. 研究結果 
 図2に示すように、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。TBT投与動物

では,対照動物と比較して当初明らかに行動

が減少していたが、成長につれて差は確認さ

れなくなった。CPF投与動物ではVPA投与動

物と同じような傾向を示したが、より程度が

軽度だった。これは投与量が少なかった可能

性がある。 
 VPA、SAHA投与動物では、対照動物に比

べ早期から小脳皮質でATPが放出されるこ

とが確認されたが、TBTは早期からの放出は

顕著でなく、かつ放出量は対照動物よりむし

ろ少ないことが観察された（図3）。 
 AMPA刺激に対するGABA放出量変化は、

対照動物では一過性の上昇を示した後に速

やかに減少するのに対し、VPA投与動物では

繰り返し、長くGABA放出が続く傾向が示さ

れた（図4）。 
 さらに、SAHA 投与動物では,プルキンエ

細胞に異常がみられ,細胞が不規則な多重構

造を形成していることが観察された。樹状突

起伸長は対照動物より早く、神経発達の早期

化が伺われた。MS-275 投与動物では,P10 で

のみ,プルキンエ細胞が不規則な多重構造を

形成していることが観察されたが、P13 では

そのような分化異常は確認されなかった。さ

らに. TBT 投与動物では,プルキンエ細胞の

層構造、樹状突起伸長のいずれにも異常はみ

られなかった（図 5）。 
VPA 投与動物では、生後１２日以降に、V

〜VI 葉の一部に過剰な脳回の形成が観察さ

れた（図 6, 7）。いくつかの小脳では VIII 葉
にみられるものもあった。拡大すると、分子

層上部に顆粒細胞が蓄積し、また分子層中に

も分布することが観察された。これらの変化

は CPF 投与動物でも観察された。 
生後３５日以降、これらの過剰な脳回部位

を含め、小脳皮質の各所でプルキンエ細胞の

死滅が観察された。これは、ヒトの自閉症に

おいて、小脳の萎縮・プルキンエ細胞死が見

られるという報告と一致している。 
過剰な脳回と分子層上部の顆粒細胞の蓄

積は、これらの薬物投与によって顆粒細胞が

過剰に増殖していることが示唆されたこと

から、顆粒細胞の増殖を確認するため、ブロ

モデオキシウリジン(BrdU)の2時間投与を行

い、採取した小脳を抗 BrdU 抗体で染色して

観察した。BrdU 投与による顆粒細胞増殖の

確認からは、VPA 投与動物、CPF 投与動物の

顆粒細胞増殖は、対照動物よりも早期に停止

していることが示された（図 8）。過剰な脳回

や蓄積した顆粒細胞は、増殖が延長されたの

ではなく、移動や選択的細胞死の抑制などに

よるものと考えられた。 
 
D. 考察 
発達期神経毒性が疑われる薬物の投与に

より、動物においても発達の一時期に行動

異常が見られることを示した。より早い時

期の行動異常は小脳の神経発達の変化と強

い相関がみられたが、やや後期の行動異常

は、もっと脳の別の部位、海馬や大脳の異

常による変化との相関を伺わせた。また、

伝達物質 ATP 量の変化から、発達期神経毒

性の機序には早すぎる神経発達と、遅滞型

の神経発達があることが伺われた。GABA
放出反応の異常は、早期（生後 2 週間）か

ら神経回路の異常が始まっていることを示

唆している。 
さらに小脳の層に大きな変化が見られ、

これが細胞死に至ることは、自閉症の発症

機序に関わっていると考えられる。今後、

薬物を追加して同様の現象が観察されるか

検討する予定である。 
 

E. 結論 
本研究において、研究班共通の化学物質で

あるバルプロ酸、トリブチルスズ、クロルピ

リホスを用いて、生後の神経回路発達の変化

を動物の行動、伝達物質放出量の変化、神経

分化の変化として捉えることに成功した。従

って、化学物質により神経発達の早期化およ

び遅滞化により脳の高次機能に影響を与え

る可能性が示唆された。  
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図 1 ラット・マウスの小脳の発達様式 
 
出生時のラット・マウスの小脳は、外顆粒層と未発達のプルキンエ細胞層(Purkinje cell layer; 
PL)から構成されるが、生後約２週間かけて顆粒細胞が分裂・分化しプルキンエ細胞下に遊走

して内顆粒層（internal granular layer; IGL）を形成、同時にプルキンエ細胞は樹状突起を伸長

させ、顆粒細胞および脳室帯から遊走してくるゴルジ細胞、バスケット細胞、星状細胞と神

経回路を構成して皮質表面に分子層(molecular layer; ML)を形成し、成熟した小脳の 3 層構造

をかたち作る。 
(P:プルキンエ細胞、Gra:顆粒細胞、B:バスケット細胞、S:星状細胞、Go:ゴルジ細胞、Ba:バー

グマングリア)。 
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図 2 各投与動物の発達期の自由行動観察。 
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図 3 発達期小脳皮質分子層からの GABA 放出量。発蛍光光量を相対値で示している。対照

動物が一過性の GABA 放出量の増加を示すのに対し、VPA 投与動物では一定の放出量で変

化を示さない。  

0

10

20

30

40

50

60

70

P5 P6 P7 P8 P9

VPA
Control

035



A 

B 

図 4 発達期小脳皮質分子層からの 100μM グルタミン酸刺激による ATP 放出量。A, 発蛍光

光量を相対値で示している。対照群に対し、発生初期から著しい増加を示す。B, 対照動物

を１とした、P9 での ATP 放出量。SAHA 投与群の放出量は、VPA 投与群よりやや少ない。 
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C   D 

図 5 抗カルビンジン D-28k 抗体によるプルキンエ細胞染色。対照動物(A)に比べ、VPA 投

与動物(B)、SAHA 投与動物(C)で網目状にプルキンエ細胞の樹状突起が伸長している。トリ

コスタチン投与動物(D)では大きな変化はない。 
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図 6 P１６小脳皮質と小葉 I〜X  
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図 7 P16 VPA 投与動物の小脳小葉(A)と拡大図(B:対照動物、C:VPA 投与動物) 
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図 8 ブロモデオキシウリジン(BrdU)取り込みによる分裂期細胞の分布。対照動物では P18 ま

で BrdU 取り込みを示す細胞が分子層上部に分布しているが、VPA 投与動物、CPF 投与動物

では P14 以降 BrdU 取り込み能を示す細胞が激減した。 

 

  

040
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分担研究報告書 

 
幼若期の神経回路機能に対する化学物質の影響評価 

 
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 
平成 26 度までのトリブチルスズ（TBT）の胎生期投与ラットを用いた

検討で、生後早期の海馬神経回路機能に対して TBT の胎生期曝露は回路

機能を抑制することが見出され、海馬神経回路機能の発達遅延を生じる可

能性を示唆する結果を得ていた。平成 27 年度は GABAA受容体拮抗薬ビク

クリンに対する反応性について解析したところ、開眼後となる生後 16 日

齢で抑制系に TBT 胎生期曝露による影響が認められた。このことから、

VPA と同様に TBT 胎生期投与でも GABA 作動性神経系の生後発達に影響

を及ぼしている可能性が示唆された。このように作用機序が異なるとされ

る VPA および TBT という２種類の化学物質から胎生期曝露の影響を検出

できたことから、授乳期内の特定の時期にある仔ラットから作製される海

馬スライス標本、ならびにこれを用いた神経回路機能の解析が発達神経毒

性評価法として有用である可能性が示された。 
また生後 1 週目あたりに出現する不随意運動に着目し、日齢 5～7 日に

おける不随意運動の出現を調べたところ、対照群ではこの期間で不随意運

動量が次第に減少していったが、TBT 胎生期投与群では減少を認めなかっ

た。海馬スライスを用いた指標との関連は不明であるものの、不随意運動

も何らかの神経回路発達を反映しているものと考えると、ここにも TBT 胎

生期投与が影響している可能性が示唆される。この生後１週齢における不

随意運動評価と、２週齢に実施する海馬スライス標本を用いた神経回路機

能の評価の関連性が明らかにできれば、発達神経毒性評価も２週齢までは

同一の曝露モデルラットを用いることが可能になり、評価に使用する動物

数の削減にも貢献することが考えられる。 
第 3 の化学物質として有機リン系農薬クロルピリホス（CP）を選択し、

同様に胎生期曝露ラットを用いた生後早期の海馬神経回路機能を評価し

たところ、VPA 胎生期曝露の場合に認められた興奮性神経回路の発達が亢

進する傾向が認められた。今後は CP の投与量を増加して再評価する必要

があると考えられる。 
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A．研究目的 
本研究では、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すこと

とし、発生過程の神経組織を用いて様々な化

学物質の発達神経毒性評価へ応用できるか

否かを検証していくことを 3 年間の目的と

した。当分担研究班では、すでに発達神経毒

性が報告されている化学物質を用い、胎生期

に曝露された仔ラットの脳スライス標本を

採取して、授乳期の神経発達を電気生理学的

に解析するという ex vivo の手法を用いて検

証した。 
 
B．研究方法 
1．トリブチルスズ（TBT）、酢酸スズ（TA）

ならびにクロルピリホス（CP）の胎生期曝露

（研究協力者 笛田由紀子、吉田祥子） 
妊娠 15日目（プラグ確認を第 0日とする）

の雌性 Wistar 系ラットに対して、イソフルラ

ン麻酔下に TBT あるいは CP を経口投与し

た。投与量について、TBT は 20 mg/kg（以下

TBT20 群）、TA は TBT 投与におけるスズの

投与量を等しくするために 15 mg/kg（以下

TA15 群）、CP は 10 mg/kg（以下 CP10 群）

の割合で投与し、対照として溶媒である50％
ポリエチレングリコール（TBT20 群の対照）、

あるいは 0.1%ジメチルスルホキシド（CP10
群の対照）を投与したラットを用いた。 
 
2．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） 
PND（postnatal day の略、ラットが生まれ

た日を PND 0 としている）13‐18 の雄性仔

ラットをエーテルで深麻酔したのち断頭し、

速やかに海馬を取り出した。ティッシュチョ

ッパー（McIlwain tissue chopper）を用いて、

すべての日齢について厚さ 600 µm の海馬ス

ライス標本を両側の背側海馬（海馬長軸の中

央あたり）から作製した。 
スライス時に用いた人工脳脊髄液の組成

（mM）は、NaCl, 124; KCl, 2; KH2PO4, 1.25; 
MgSO4, 2; NaHCO3, 26; glucose, 10、実験に用

いた人工脳脊髄液は NaCl, 124; KCl, 2; 
KH2PO4, 1.25; CaCl2, 2; MgSO4, 2; NaHCO3, 
26; glucose, 10 という組成とした。脳の取り

出しからスライス作製までのすべての過程

は、混合ガス（O2/CO2:95%/5%）で飽和し

3.5‐4℃に冷やした人工脳脊髄液中ですば

やく行った。スライスは Haas 型チャンバー

内（32.0±0.1℃）で記録開始まで約 2 時間静

置した後に実験に用いた。 
 

3．刺激応答性の電気生理学的評価法（研究

協力者 笛田由紀子） 
刺激電極にステンレスの双極電極（直径50 

µm）を用い、CA3 領野から CA1 錐体細胞へ

の入力線維が密集するシナプス層に置いた。

記録電極にはガラス微小電極を用い（抵抗

1‐2 MΩ）、CA1 領野の錐体細胞層からは集

合スパイク電位（PS）を、シナプス層から集

合シナプス後電位（fEPSP）を記録して『興

奮系』神経回路の機能を評価した。 
 

4．興奮系発達における GABAA受容体拮抗薬

（ビククリン、BMI）の関与（研究協力者 笛

田由紀子） 
GABA 抑制系は神経発達において重要な

役割を果たすことから、胎生期における化学

物質投与によって GABA 抑制系の機能が変

化すれば神経発達にも何らかの影響を呈す

ることは容易に予測される。そこでGABA抑

制系の変化を調べるために、PS 振幅の刺激

応答性で明らかな変化が認められた日齢で

の海馬スライスを用いることとし、TBT 胎生

期曝露では PND14 と PND16 を対象とした。

単回刺激による PS と fEPSP の大きさを

GABAA受容体拮抗薬（ビククリン、BMI）存

在下、および非存在下で比較し、その変化率

を検討した。 
 
5．生後１週目に出現する不随意運動を指標

とする試験法と解析法（研究協力者 笛田由

紀子、吉田祥子） 
後述するが、本研究を実施していく中で、

生後１週目の TBT20 群仔ラットにおいて、

持続性は短いものの痙攣用の不随意運動が

しばしば観察された。この不随意運動は対照

群の仔ラットでも観察されたことから、本来

この時期の仔ラットに出現する運動である

ことが考えられる。そこで胎生期曝露によっ

てこの不随意運動の出現が変化するのでは

ないかと考えて、本研究ではその頻度を定量

することにした。具体的には母ラットから離

した仔ラットを、約 32℃に保温された箱に

入れて体温の低下を防ぎながら３分間行動

を観察するとともにビデオに記録した。この

運動の定量的解析については、計測の個人差
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が出ることを考慮し validation を検討するた

めに２名の計測者を決め、ビデオ再生下で１

秒ごとに不随意運動の有無を独立して計測

し、３分間の観察時間中に生じた不随意運動

の合計量を秒数で表記した。すべてのビデオ

について計測した後に、２名の計測者による

結果の差を検討した。今回の不随意運動評価

に用いた対照群および TBT20 群のラットの

匹数については表１に示してある。 
 
（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

および豊橋技術科学大学に定められた、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 
1．海馬の興奮系および抑制系神経回路の生

後発達に対する GABAA受容体拮抗薬の作用、

およびこれに対する TBT、TA および CP 胎

生期曝露の影響 
単回刺激による興奮系の刺激応答性につ

いて、平成 26 年度に引き続き実験数を増や

した結果から、対照群では PND15 から

PND16 にかけて著明に亢進することが確認

できた（図 1、上段）。これに対して TBT20
群ではこの亢進は明確でなく、平成 26 年度

に報告したように PND16 においては対照群

と比較して減弱した刺激応答性を示した（図

1、中段）。TBT、すなわち有機スズの対照と

して用いた TA15 群においては、TBT 対照群

と類似した刺激応答性のパターンを示した

（図 1、下段）。 
TBT 対照群の平均開眼時期が日齢 16.7 で

あり、刺激応答性の変化はこの開眼時期を境

に観察されたことから、この前後すなわち

PND14 と PND16 について、単回刺激（600
μA）で誘発される PS 振幅に対する GABAA

受容体拮抗薬ビククリン（BMI、1μM）の効

果について検討した（図 2）。TBT 対照群で

は BMI 存在下で開眼前期において PS 振幅

は著増した（平均増加率 52±9.6%）ものの開

眼後期ではその増加はわずかなものとなり

（平均増加率 9.8±3.0％）、GABA 作動性抑

制系の関与が発達に伴い異なることが示唆

された。一方、TBT20 群については、PND14
では BMI 存在下での PS 振幅の増加は、対照

群の同時期で認められたものと同等（平均増

加率 42±5.2%）であった。しかし PND16 に

なっても増加は認められていた（平均増加率

37±8.3%）。 
さらに個々のスライス標本から得られた

BMI に対する反応の比（BMI 存在下での PS
振幅／BMI 非存在下で PS 振幅）をその分布

ならびに近似曲線により検討した。PND14で
は対照群と TBT20 群とでは近似曲線で示さ

れるようにその分布はほぼ等しくなったが

（図３）、PND16 では対照群と比べ TBT20 群

の分布近似曲線が右方移動していることが

見出された（図４）。言い換えると、対照群

で見られるように本来は発達（PND14 から

PND16）に伴い分布近似曲線が左方移動する

ところが、TBT 胎生期曝露によって左方への

移動が軽度ではあるが抑制されているとも

言える。以上のことから、開眼期に認められ

る GABA 作動性抑制系の関与に対しても

TBT の胎生期曝露は影響を与えていること

が判明した。 
CP 胎生期投与の刺激応答性の検討につい

ては実験数が十分とはいえないまでも、VPA
対照群やTBT対照群の場合と同様に、PND15
から PND16 にかけて刺激応答性の亢進を示

した（図５）。 
 

2．不随意運動の出現、ならびにこれに対す

る TBT、TA 胎生期曝露の影響 
不随意運動量を PND５－７の３日間で解

析した結果、対照群では運動量（総秒数）が

日齢を経るとともに有意に減少しているこ

とが判明した（p<0.05）。ところが、TBT20 群

と TA15 群については、３日間の不随意運動

量には変化が認められなかった。また PND
５における不随意運動量については３群間

に有意差はなかったが、PND７においては対

照群と TBT 群との間に有意な差が認められ

た。一方、授乳期の後半になるとこの不随意

運動は３群ともに認められなくなった。この

ことから、今回着目したこの不随意運動は授

乳期早期に出現し発達とともに減少するも

のであること、さらに TBT の胎生期投与は

この運動が減少する時期に影響を与えてい

る可能性があることが考えられた。したがっ

てこの不随意運動の発現および発達に伴う

変化の背景にも、何らかの神経発達が関与し

ている可能性が考えられる。不随意運動の結
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果は TBT 対照群と TBT20 群についてのみ図

６に示している。 
 

 
D．考察 
本研究では海馬スライス標本を用いた電

気生理学的評価手法により、胎生期の VPA、 
TBT、TA および CP 投与による発達神経毒性

評価を生後早期で実施してきた。その結果と

して平成 25 年度は海馬神経回路の興奮性シ

ナプス機能と抑制性シナプス機能が VPA 胎

生期曝露により亢進していることを見出し

た。そこで平成 26 年度は、このメカニズム

を解明する目的で GABA 作動性抑制系に着

目し、授乳期の発達に伴う GABA 抑制系の

関与が開眼時期に合わせて変化すること、

VPA 胎生期投与群ではこの発達に伴う変化

がすでに開眼時期以前に出現することを見

出している。 
今回、20 mg/kg の TBT を胎生期に投与す

ることよって、開眼時期である PND16 に興

奮系の刺激応答性の発達遅延が出現するこ

とが示唆された。さらに GABA 抑制系につ

いても、発達に伴って GABA 抑制系に依存

した反応性が減弱するという現象が TBT 胎

生期投与により認められなかったことは発

達遅延の可能性を示唆するものである。前述

した分布度近似曲線の発達に伴う左方移動

が抑制されていることも、発達遅延が生じて

いることを支持する結果であると言える。 
GABA 作動性抑制系の生後発達は脳機能

に重要な役割を果たしていることが明らか

とされている。本研究では GABAA受容体拮

抗薬 BMI を用いた薬理学的なアプローチに

より、VPA の胎生期投与では開眼前期におい

て対照群の開眼期と類似した反応性である

ことから発達の亢進が示唆され、またTBT胎

生期投与では開眼期においても対照群の開

眼前期に近い反応性であることから発達の

遅延が示唆されており、これら化学物質の発

達神経毒性を評価する指標として、生後早期

における興奮性・抑制系神経回路特性が有用

であることを支持する結果であると考えて

いる。 
平成 27 年度はさらに、その作用ならびに

作用機序が VPA や TBT とは異なる CP の胎

生期投与の影響を検討する実験を開始した

が、現在のところ、VPA や TBT の刺激応答

性の発達に伴う変化は認められていない。

CP が胎生期に投与された場合、ヒトでは

VPA の場合のように自閉症が発生すること

が疫学研究で報告されている。また吉田らの

今年度の成果として、（1）不随意運動量の評

価では VPA 胎生期投与群と類似した結果を

示すこと、（2）VPA 胎生期投与で認められた

小脳プルキンエ細胞の細胞死抑制、樹状突起

の異常伸長が観察されること、（3）VPA 胎生

期投与で認められた小脳Ⅴ/Ⅵ層における脳

回の過剰形成が観察されること、の 3 点を速

報として得ている。このことから化学物質に

よって、あるいは投与時期によって、脳内部

位の感受性が異なることも考えられたため、

今後 CP の投与量を増加した胎生期曝露モデ

ルを作成することも視野に入れている。 
本年度の結果から、TBT 胎生期投与では

VPA 胎生期投与とは逆に、発達に伴う刺激応

答性の亢進が遅れて出現することが判明し、

この『遅れ』を指標とすることで、海馬スラ

イス標本を用いた神経回路機能の解析が

TBT の発達神経毒性に対しても早期に評価

できる可能性が示唆された。 
興味あることに、ヒト多能性幹細胞、胎児

期の神経堤細胞、生後初期の神経・グリア細

胞を用いた神経新生を指標とする in vitro 評

価系においても、VPA による機能亢進、TBT
による抑制が認められた（研究代表者・諫田、

研究分担者・宇佐見、研究分担者・佐藤の報

告内容を参照）。また CP に関しても条件に

よりその作用に違いが認められたとの情報

もあり、in vivo 評価系においても小脳と海馬

で影響が異なる可能性は考えられる。 
また今年度、本研究分担班では日齢 5 日か

ら 7 日における不随意運動の出現に着目し

てその評価を行ったところ、対照群ではこの

3 日間で不随意運動量が次第に減少したが、

TBT 胎生期投与群では減少しなかった。この

結果は、吉田らの班において VPA あるいは

CP 胎生期投与群に対して実施された運動量

の評価結果と類似した傾向を示している。不

随意運動を３分間観察するという極めてシ

ンプルな試験方法ではあるが、発達神経毒性

評価の in vivo 実験系におけるスクリーニン

グ的な指標として応用できる可能性も考え

られるだろう。この不随意運動という指標と、

海馬スライスを用いた指標との関連はまだ

不明であり今後の検討課題であるが、生後１

週目の発達期に対しても、TBT 胎生期投与が

影響を与えていることを今回見出せたこと
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は、この評価と２週齢に実施する海馬スライ

ス標本を用いた神経回路機能の評価とを併

せた発達神経毒性評価法を確立できること

にも繋がる。これが実現すれば２週齢までは

同一の曝露モデルラットを用いることが可

能になり、評価に使用する動物数の削減にも

貢献することが考えられる。 
 

 
E．結論 
発達神経毒性を早期にスクリーニングで

きる ex vivo の系の確立を目指しており、平

成 27 年度は環境ホルモン様作用を示すもの

の一つとして知られている TBT を投与した

胎生期曝露ラットを用い、授乳期の海馬神経

回路の発達を検討した。その結果、TBT 胎生

期曝露ラットでは神経回路機能の発達遅延

を見出し、神経毒性の早期スクリーニング手

法として、授乳期の海馬神経回路発達の評価

が有用である可能性が考えられた。 
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control TBT 

PND5 PND6 PND7 PND5 PND6 PND7 

腹数 4 6 7 4 5 5 

ラット数 40 60 70 37 46 46 

 

 

表 1．不随意運動解析に用いた対照群と TBT20 群の腹数および仔ラット数 
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図１．トリブチルスズ（TBT）と無機スズ（TA）を胎生期に曝露された仔ラットを用いて、生後

日齢毎に得られた海馬 CA1 領域の集合スパイク電位（PS）の振幅を指標とする刺激応答性。横軸

は刺激の大きさ（µA）、縦軸は PS の振幅（mV）である。 
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図２．生後 14 日齢および 16 日齢における集合スパイク電位（PS）振幅（刺激電流値 600μA）に

対する GABAA受容体拮抗薬ビククリン（BMI）の増強作用とこれに対する TBT 胎生期曝露の影

響。変化率（％increase）は次式で求められている。 
％increase＝(BMI 存在下の応答/非存在下の応答‐1)×100 
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図３．生後 14 日齢における対照群と TBT20 群から得られた GABAA受容体拮抗薬ビククリン

（BMI）存在下、非存在下での集合スパイク電位（PS）振幅（刺激電流値 600μA）、および BMI
による増強率の分布近似曲線。 
 
 
  

050



( - )
B M

I

(+
)B

M
I

1 2

1 6

2 0

2 4

C o n tro l/P N D 1 6

P
S

 a
m

p
lit

u
d

e
 (

m
V

)

0

4 .0

8 .0

(-)
B M

I

(+
)B

M
I

0

1 2

1 6

2 0

2 4

T B T 2 0 /P N D 1 6

P
S

 a
m

p
lit

u
d

e
 (

m
V

)

4 .0

8 .0

0 .5 1 .0 1 .5 2 .0 2 .5 3 .0

0 .2

0 .4

0 .6

0 .8

B M I re s p o n s e  d is tr ib u tio n /P N D 1 6

B in  C e n te r

F
re

q
u

e
n

cy

T B T
C o n tro l

0
0

0 .5 1 .0 1 .5 2 .0 2 .5 3 .0

0 .2

0 .4

0 .6

0 .8

H is to g ra m  o f B M I re s p o n s e

B in  C e n te r

R
e

la
tiv

e
 f

re
q

u
e

n
cy

0
0

0 .5 1 .0 1 .5 2 .0 2 .5 3 .0

0 .2

0 .4

0 .6

0 .8

H is to g ra m  o f B M I re s p o n s e

B in  C e n te r

R
e

la
tiv

e
 f

re
q

u
e

n
cy

0
0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
図４．生後 16 日齢における対照群と TBT20 群から得られた GABAA受容体拮抗薬ビククリン

（BMI）存在下、非存在下での集合スパイク電位（PS）振幅（刺激電流値 600μA）、および BMI
による増強率の分布近似曲線。 
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図５．クロルピリホス（CP）胎生期に曝露された仔ラットを用いて、生後日齢毎に得られた海馬

CA1 領域の集合スパイク電位（PS）の振幅を指標とする刺激応答性。横軸は刺激の大きさ（μA）、

縦軸は PS の振幅（mV）である。 
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図６．生後５日齢～７日齢の間で観察される不随意運動、およびこれに対する TBT 胎生期曝露の

影響。不随意運動は３分間における運動量を秒数で示した（mean±SEM）。 
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Tributyltin induces mitochondrial fission through
NAD-IDH dependent mitofusin degradation in
human embryonic carcinoma cells

Shigeru Yamada,a Yaichiro Kotake,b Mizuho Nakano,a Yuko Sekinoa and
Yasunari Kanda*a

Organotin compounds, such as tributyltin (TBT), are well-known endocrine disruptors. TBT acts at the

nanomolar level through genomic pathways via the peroxisome proliferator activated receptor (PPAR)/

retinoid X receptor (RXR). We recently reported that TBT inhibits cell growth and the ATP content in the

human embryonic carcinoma cell line NT2/D1 via a non-genomic pathway involving NAD+-dependent

isocitrate dehydrogenase (NAD-IDH), which metabolizes isocitrate to a-ketoglutarate. However, the

molecular mechanisms by which NAD-IDH mediates TBT toxicity remain unclear. In the present study,

we evaluated the effects of TBT on mitochondrial NAD-IDH and energy production. Staining with

MitoTracker revealed that nanomolar TBT levels induced mitochondrial fragmentation. TBT also degraded

the mitochondrial fusion proteins, mitofusins 1 and 2. Interestingly, apigenin, an inhibitor of NAD-IDH,

mimicked the effects of TBT. Incubation with an a-ketoglutarate analogue partially recovered TBT-induced

mitochondrial dysfunction, supporting the involvement of NAD-IDH. Our data suggest that nanomolar TBT

levels impair mitochondrial quality control via NAD-IDH in NT2/D1 cells. Thus, mitochondrial function in

embryonic cells could be used to assess cytotoxicity associated with metal exposure.

Introduction

Growing evidence suggests that environmental organometals
contribute to the observed increase in neurodevelopmental
disorders, such as learning disabilities, autism spectrum dis-
order, behavioral abnormalities and teratogenicity.1–3 Since the
developing brain is more vulnerable to injury than the adult
brain, exposure to these organometals during early fetal develop-
ment can cause permanent or delayed neural disorders at much
lower doses than in adults.4–7 Therefore, it is necessary to
elucidate the cytotoxic effects of organometals at low levels
during development.

Organotin compounds, such as TBT, are well known to cause
various types of cytotoxicity via genomic and non-genomic
pathways. In the genomic pathway, nanomolar concentrations
of TBT activate the retinoid X receptor (RXR) and/or peroxisome
proliferator-activated receptor g (PPARg) and result in neuro-
developmental defects in mammals.8,9 Conversely, many reports
have shown that TBT at micromolar levels causes mitochondorial
toxicity in the non-genomic pathway. For example, micromolar

TBT and dibutyltin (DBT) levels have been shown to prevent
mitochondrial respiration by inhibiting the electron transfer
from complexes I and III, and Mg-ATPase activity.10–12 The
non-genomic effect of TBT mediates cell death in rat neurons.
TBT induces neuronal death via AMPK activation and the
phosphorylation of the mammalian target of rapamycin (mTOR)
in rat cortical neurons.13,14 TBT also induces neuronal degenera-
tion via mitochondria-mediated ROS generation in rat neurons.15

We studied nanomolar TBT toxicity using neuronal precursor
NT2/D1 cells as a model of the neurodevelopmental stage16 and
found that nanomolar TBT levels inhibit intracellular energy
metabolism, including ATP production, via mitochondrial NAD+-
dependent isocitrate dehydrogenase (NAD-IDH), which catalyzes
the irreversible conversion of isocitrate to a-ketoglutarate in the
tricarboxylic acid (TCA) cycle.17,18 Based on these observations,
we hypothesized that nanomolar TBT levels affect mitochondrial
functions, thereby altering the energy metabolism of neuronal
precursor cells.19

Mitochondria continuously change their morphology through
fission and fusion. These mitochondrial dynamics are an impor-
tant quality control mechanism that maintains mitochondrial
function, such as ATP production.20 Mitochondrial fission and
fusion are regulated by several GTPases. In mitochondrial fusion,
mitofusins 1 and 2 (Mfn1, 2) and optic atrophy 1 (Opa1) induce
the fusion of the outer and inner mitochondrial membranes,
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respectively.21,22 The deletion of Mfn1 and Mfn2 in mice is
embryonically lethal, and cells from these embryos contain
fragmented and dysfunctional mitochondria.23 In contrast,
dynamin-related protein 1 (Drp1) is a cytoplasmic protein that
assembles into rings surrounding the outer mitochondrial
membrane, where it interacts with fission protein 1 (Fis1) to
promote fission.24,25

In the present study, we have investigated the effect of TBT
on mitochondrial quality control in NT2/D1 cells. We found
that exposure to 100 nM TBT induced proteasomal degradation
of Mfn and mitochondrial fragmentation through an NAD-IDH-
dependent mechanism. Thus, impaired mitochondrial quality
control is a novel mechanism of nanomolar level TBT-induced
toxicity in human embryonic carcinoma cells.

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) supplemented with 10% fetal bovine serum
(FBS; Biological Industries, Ashrat, Israel) and 0.05 mg ml�1

of the penicillin–streptomycin mixture (Life Technologies,
Carlsbad, CA, USA) at 37 1C in 5% CO2.

Assessment of mitochondrial fusion

After treatment with TBT (100 nM, 24 h), the cells were fixed
with 4% paraformaldehyde and stained with 50 nM Mito-
Tracker Red CMXRos (Cell Signaling Technology, Danvers,
MA, USA) and 0.1 mg ml�1 40,6-diamidino-2-phenylindole (DAPI;
Dojin, Kumamoto, Japan). Changes in the mitochondrial mor-
phology were observed using confocal laser microscopy (Nicon A1).
Images (n = 3–7) of random fields were obtained, and the number
of cells displaying mitochondrial fusion (o10% punctiform) was
counted in each image, as previously reported.26

Real-time PCR

Total RNA was isolated from NT2/D1 cells using the TRIzol
reagent (Life Technologies), and quantitative real-time reverse
transcription (RT)-PCR using a QuantiTect SYBR Green RT-PCR
Kit (QIAGEN, Valencia, CA, USA) was performed using an ABI
PRISM 7900HT sequence detection system (Applied Biosystems,
Foster City, CA, USA), as previously reported.27 The relative change
in the amount of transcript was normalized to the mRNA levels
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fol-
lowing primer sequences were used for real-time PCR analysis:
human Drp1: forward, 5-TGGGCGCCGACATCA-3, reverse, 5-GCT
CTGCGTTCCCACTACGA-3; human Fis1: forward, 5-TACGTCCG
CGGGTTGCT-3, reverse, 5-CCAGTTCCTTGGCCTGGTT-3; human
Mfn1: forward, 5-GGCATCTGTGGCCGAGTT-3, reverse, 5-ATTAT
GCTAAGTCTCCGCTCCAA-3; human Mfn2: forward, 5-GCTCG
GAGGCACATGAAAGT-3, reverse, 5-ATCACGGTGCTCTTCCCATT-3;
human GAPDH: forward, 5-GTCTCCTCTGACTTCAACAGCG-3,
reverse, 5-ACCACCCTGTTGCTGTAGCCAA-3.

Western blot analysis

Western blot analysis was performed as previously reported.28

Briefly, the cells were lysed with cell lysis buffer (Cell Signaling
Technology). The proteins were then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and electrophoretically transferred to Immobilon-P (Millipore,
Billerica, MA, USA). The membranes were probed using the
following antibodies: an anti-Mfn1 polyclonal antibody (1 : 1000;
Cell Signaling Technology), an anti-Mfn2 monoclonal antibody
(1 : 1000; Cell Signaling Technology), an anti-cytochrome c
oxidase subunit IV (COX IV) monoclonal antibody (1 : 1000; Cell
Signaling Technology), and an anti-b-actin monoclonal antibody
(1 : 5000; Sigma-Aldrich). The membranes were then incubated
with secondary antibodies against rabbit or mouse IgG conju-
gated to horseradish peroxidase (Cell Signaling Technology). The
bands were visualized 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).

Chemicals and reagents

Tributyltin chloride was obtained from Tokyo Chemical Industry
(Tokyo, Japan). Tin acetate (TA), rosiglitazone (RGZ), CD3254,

Fig. 1 Effect of TBT on the mitochondrial morphology in NT2/D1 cells.
Cells were exposed to 100 nM TBT for 3, 6, 12, or 24 h. (A) The cells were
stained with MitoTracker Red CMXRos and DAPI. Mitochondrial morphology
was observed by confocal laser microscopy. Bar = 10 mm. (B) The number of
cells undergoing mitochondrial fusion (o10% punctiform) was counted in
each image. Data represent mean � s.d. (n = 5). *P o 0.05.
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apigenin, cycloheximide (CHX), carbonylcyanide m-chlorophenyl-
hydrazone (CCCP), and MG132 were obtained from Sigma-
Aldrich.

Statistical analysis

All data were presented as means � S.D. ANOVA followed by a
post hoc Tukey’ test was used to analyze data in Fig. 1B, 2B, 3C,
4C, 5B, and 5C. Student’s t-test was used to analyze data in
Fig. 3A and 4B. P-values less than 0.05 were considered to be
statistically significant.

Results and discussion
Effects of TBT on mitochondrial morphology

We have previously examined the effect of TBT (30–300 nM) on
cell growth in NT2/D1 cells and found that TBT levels at the
concentrations of 100 nM or more induced growth arrest in
the cells.17 Here we investigated whether 100 nM TBT affects
mitochondrial dynamics in the cells. After exposure to 100 nM
TBT for 12 h, we observed the increase in the number of cells

with fragmented mitochondria, as compared to untreated con-
trol cells (Fig. 1A, B). After 24 h, the proportion of cells with
mitochondrial fusion was nearly 80%. As a positive control, we
used CCCP, which induces mitochondrial uncoupling and
mitochondrial fission in other cells.29 As expected, fragmented
mitochondria were also observed following CCCP treatment for
24 h (Fig. 2A and B). In contrast, exposure to tin acetate (TA),
which is less toxic, did not affect the mitochondrial morphol-
ogy. To investigate whether TBT-induced mitochondrial fission
was caused by changes in transcription, we treated the cells
with the protein synthesis inhibitor cycloheximide. Treatment
with cycloheximide did not alter the effects of TBT on the mito-
chondrial morphology (Fig. 2A and B). Moreover, rosiglitazone,
an agonist of the TBT genomic target PPARg, did not induce
mitochondrial fragmentation. These results suggest that TBT
induces mitochondrial fission through a non-genomic pathway
in NT2/D1 cells.

TBT exposure induces proteasomal degradation of Mfn1 and 2

To examine the molecular mechanism by which TBT induces
mitochondrial fragmentation, we assessed the effect of TBT on

Fig. 2 Non-genomic effect of TBT-induced mitochondrial fission. Cells
were exposed to 100 nM TA, 100 nM TBT, 100 nM TBT + 10 mg ml�1

cycloheximide (CHX), 1 mM CCCP or 100 nM rosiglitazone (RGZ) for 24 h.
(A) The cells were stained with MitoTracker Red CMXRos and DAPI.
Mitochondrial morphology was observed by confocal laser microscopy.
Bar = 10 mm. (B) The number of cells undergoing mitochondrial fusion
(o10% punctiform) was counted in each image. Data represent mean �
s.d. (n = 5). *P o 0.05.

Fig. 3 Effect of TBT on mitochondrial protein levels in NT2/D1 cells. (A) After
24 h TBT exposure, the expression of mitochondrial genes was analyzed by real
time PCR. The gene expression was not significantly altered by TBT exposure.
(B) After TBT exposure for 3, 6, 12, or 24 h, mitochondrial proteins were
analyzed by western blot using anti-Mfn1, Mfn2, Opa1, COXIV, or b-actin
antibodies. (C) Cells were exposed to 100 nM TA, 100 nM TBT, or 100 nM
TBT + 3 mM MG132 for 6 h. Mitochondrial proteins were analyzed by western
blot using anti-Mfn1 or Mfn2 antibodies. (D) After 6 h TBT exposure, other
mitochondrial proteins were analyzed by western blot using anti-Drp1, Fis1, or
b-actin antibodies. Data represent mean � s.d. (n = 3). *P o 0.05.
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mitochondrial fission (Fis1, Drp1) and fusion genes (Mfn1,
Mfn2, OPA1). Real-time PCR analysis showed that each gene
expression was not significantly altered by TBT exposure
(Fig. 3A). Fusion allows damaged mitochondria to incorporate
into intact mitochondria, thereby maintaining mitochondrial
function.30 Dysfunctional mitochondria may lose their fusion
capacity by the degradation of fusion proteins, resulting in the
accumulation of fragmented mitochondria. Thus, we assessed
the protein expression of Mfn1, Mfn2, and OPA1 in the presence
or absence of TBT. Western blot analysis revealed that Mfn1 and
Mfn2 protein levels were significantly reduced after 6 h, whereas
OPA1 protein expression was not changed after 24 h (Fig. 3B and C).
The other mitochondrial inner membrane protein, cytochrome c
oxidase subunit IV (COX IV), was also not changed after 24 h
(Fig. 3B). Moreover, MG132, a proteasome inhibitor, recovered
the TBT-induced reduction in Mfn1 and Mfn2 (Fig. 3C). In
contrast, the fusion proteins Fis1 and Drp1 were not affected
by TBT (Fig. 3D). These data suggest that TBT-induced mito-
chondrial fragmentation is caused by the proteasomal degrada-
tion of Mfn1 and Mfn2.

Consistent with our data, chemical stressors have been
reported to cause mitochondrial fission through the proteasomal

degradation of Mfn. For example, doxorubicin induces ubiquitin-
mediated proteasomal degradation of Mfn2, which facilitates
mitochondrial fragmentation and apoptosis in sarcoma U2OS
cells.31 Another study has shown that CGP37157, an inhibitor of
mitochondrial calcium efflux, mediates mitochondrial fission
through Mfn1 degradation via ubiquitin ligase in prostate cancer
LNCaP cells.32 Since it remains unknown if ubiquitin ligases are
involved or not in these TBT actions, further studies should be
addressed to clarify the TBT-induced mechanism of proteasomal
degradation of Mfn1 and Mfn2.

TBT induces mitochondrial defects via NAD-IDH

To investigate whether Mfn degradation and mitochondrial
dysfunction are mediated through the non-genomic TBT target
NAD-IDH, we examined the effects of apigenin, an NAD-IDH
inhibitor,33 on mitochondrial function. Apigenin (10 mM)
decreased the number of cells undergoing mitochondrial
fusion and induced mitochondrial fragmentation after 24 h
(Fig. 4A and B). Furthermore, apigenin significantly reduced
Mfn1 and Mfn2 protein expression, which was recovered by
MG132 treatment (Fig. 4C). Apigenin has been reported to
inhibit not only NAD-IDH but also hnRNPA2 and NF-kB.33

Fig. 4 Effect of apigenin on mitochondrial function in NT2/D1 cells. Cells
were exposed to 10 mM apigenin. (A) Cells were stained with MitoTracker
Red CMXRos and DAPI. Mitochondrial morphology was observed by
confocal laser microscopy. Bar = 10 mm. (B) The number of cells under-
going mitochondrial fusion (o10% punctiform) was counted in each
image. Data represent mean � s.d. (n = 5). (C) Mitochondrial proteins in
the cell lysate were analyzed by western blotting using anti-Mfn1 or Mfn2
antibodies. Data represent mean � s.d. (n = 3). *P o 0.05.

Fig. 5 Effect of DMKG on TBT-induced mitochondrial dysfunctions in
NT2/D1 cells. Cells were exposed to 100 nM TBT and 7 mM DMKG. (A) Cells
were stained with MitoTracker Red CMXRos and DAPI. Mitochondrial mor-
phology was observed by confocal laser microscopy. Bar = 10 mm. (B) The
number of cells undergoing mitochondrial fusion (o10% punctiform) was
counted in each image. Data represent mean � s.d. (n = 5). (C) Mitochondrial
proteins were analyzed by western blotting using anti-Mfn1 or Mfn2
antibodies. Data represent mean � s.d. (n = 3). *P o 0.05.
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We cannot rule out the possibility that apigenin-induced
mitochondrial dysfunction was induced by other targets. It
is necessary to confirm our data by shRNA against NAD-IDH.
To further confirm the involvement of NAD-IDH, we used
dimethyl a-ketoglutarate (DMKG), a cell-permeable analog
of a-ketoglutarate.34 Incubation with DMKG prevented TBT-
induced mitochondrial fragmentation in NT2/D1 cells (Fig. 5A)
and recovered the number of cells undergoing mitochondrial
fusion to the basal level (Fig. 5B). Furthermore, DMKG signifi-
cantly recovered the TBT-induced the proteasomal degradation
of Mfn1 and Mfn2 (Fig. 5C). Taken together, these data suggest
that NAD-IDH mediates TBT-induced mitochondrial dysfunction
via Mfn degradation in NT2/D1 cells. In addition to NAD-IDH,
citrate synthase and a-ketoglutarate dehydrogenase also work as
rate-limiting enzymes in the TCA cycle. Aluminium has been
shown to induce oxidative stress via the negative regulation of
citrate synthase and a-ketoglutarate dehydrogenase.35,36 We
could not rule out the possibility that TBT affects these enzymes.
Several reports indicate that knockdown of Mfn1 and Mfn2 in
the cells induces mitochondrial fragmentation and shows severe
cellular defects, including decreased ATP content and poor cell
growth.30,37 Especially, Mfn2 has been reported to be necessary
for striatal axonal projections of midbrain dopamine neurons by
studies using dopamine neuron-specific Mfn2 knockout mice.38

Taken together, Mfn1 and Mfn2 might be involved in several
TBT actions via NAD-IDH, such as the reduction of ATP content,
growth inhibition and enhancement of neuronal differentiation.

Conclusions

Based on our data, we have proposed a model of nanomolar
TBT-induced mitochondrial dysfunction in neuronal precursor
cells (Fig. 6). We demonstrated that TBT mediates the inhibi-
tion of NAD-IDH and the loss of mitochondrial quality control,
representing a novel non-genomic pathway of TBT-induced
toxicity. These negative effects of TBT on mitochondria could
inhibit ATP production and cell growth. Since TBT at micro-
molar levels is known to cause neuronal degeneration via
multiple mitochondrial defects, similar mitochondrial dysfunction
might be also observed in immature neuronal precursor cells. We
have previously revealed TBT-induced NAD-IDH inhibition in the
rat brain. It would be interesting to study whether TBT-induced
mitochondrial dysfunction via NAD-IDH might be also observed
in vivo. We are now conducting experiments to determine how
TBT degrades Mfn proteins both in vitro and in vivo. It remains to
be determined if micromolar concentrations of TBT induce other
mitochondrial dysfunctions in NT2/D1 cells and if the mechan-
isms pointed out here are selective for immature cells.

List of abbreviations

CCCP Carbonylcyanide m-chlorophenylhydrazone
CHX Cycloheximide
COX IV Cytochrome c oxidase subunit IV
DAPI 40,6-Diamidino-2-phenylindole
DMEM Dulbecco’s modified Eagle’s medium
DMKG Dimethyl a-ketoglutarate
Drp1 Dynamin-related protein 1
FBS Fetal bovine serum
Fis1 Fission protein 1
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
Mfn Mitofusin
NAD-IDH NAD+-dependent isocitrate dehydrogenase
Opa1 Optic atrophy 1
PPAR Peroxisome proliferator activated receptor
RGZ Rosiglitazone
RXR Retinoid X receptor
TA Tin acetate
TBT Tributyltin
TCA Tricarboxylic acid
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Fig. 6 Proposed model of TBT toxicity through non-genomic pathways
in human embryonic carcinoma cells. Nanomolar TBT levels induce Mfn
degradation and mitochondrial fission through NAD-IDH inhibition. These
negative effects of TBT on mitochondrial quality control could mediate
cell growth inhibition.
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a b s t r a c t

Nicotine is considered to contribute to the health risks associated with cigarette smoking. Nicotine exerts
its cellular functions by acting on nicotinic acetylcholine receptors (nAChRs), and adversely affects
normal embryonic development. However, nicotine toxicity has not been elucidated in human embry-
onic stage. In the present study, we examined the cytotoxic effects of nicotine in human multipotent
embryonal carcinoma cell line NT2/D1. We found that exposure to 10 mM nicotine decreased intracellular
ATP levels and inhibited proliferation of NT2/D1 cells. Because nicotine suppressed energy production,
which is a critical mitochondrial function, we further assessed the effects of nicotine on mitochondrial
dynamics. Staining with MitoTracker revealed that 10 mM nicotine induced mitochondrial fragmentation.
The levels of the mitochondrial fusion proteins, mitofusins 1 and 2, were also reduced in cells exposed to
nicotine. These nicotine effects were blocked by treatment with mecamylamine, a nonselective nAChR
antagonist. These data suggest that nicotine degrades mitofusin in NT2/D1 cells and thus induces
mitochondrial dysfunction and cell growth inhibition in a nAChR-dependent manner. Thus, mitochon-
drial function in embryonic cells could be used to assess the developmental toxicity of chemicals.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Growing evidence suggest that maternal smoking during preg-
nancy is related to adverse neurodevelopmental outcomes in the
offspring, including lower intelligence quotients and deficits in
learning and memory [1,2]. Nicotine is a naturally occurring alka-
loid that is present in tobacco leaves and is considered to contribute
to the negative effects of cigarette smoking on health [2,3]. Nicotine
exerts its cellular functions by activating nicotinic acetylcholine
receptors (nAChRs), which are heterodimers composed of combi-
nations of different types of a subunit (a1ea10) and b subunit
(b1eb4) [4]. a8-nAChR has not been identified in human. Recent
studies have shown that nAChRs are present in a variety of cells,
such as cancer cells, vascular smooth muscle, and neural cells
[3e6]. Activation of nAChRs by nicotine promotes the release of
various neurotransmitters (including dopamine, norepinephrine,
acetylcholine, glutamate) [7]. Altered regulation of neurotrans-
mitter levels can adversely affect key events in normal brain

development, such as the formation of neural circuits and neuro-
transmitter systems [7,8]. Therefore, it is necessary to elucidate the
cytotoxic effects of nicotine on embryonic development.

Nicotine toxicity has been reported to affect mitochondrial
function both in vitro and in vivo. For example, nicotine exposure
alters mitochondrial membrane potential (MMP), increases an
oxidative stress, and induces apoptosis in colon adenocarcinoma
HCT-116 cell [9]. Another study has shown that nicotine exposure
reduced the activity of an enzyme in the pancreatic mitochondrial
respiratory chain, and impaired glucose-stimulated insulin secre-
tion in neonatal rats [10]. However, the precise mechanisms un-
derlying the effects of nicotine on mitochondrial function remain
largely unknown.

Growing evidence suggest that mitochondria undergo contin-
uous morphological dynamics involving fusion and fission cycles.
These dynamics play a key role in maintenance of normal mito-
chondrial functions, such as ATP production [11]. Mitochondrial
fusion and fission are regulated by several GTPases. Mitofusin 1 and
2 (Mfn1, 2) and optic atrophy 1 (Opa1) induce fusion of the outer
and inner mitochondrial membranes, respectively [12,13]. In
contrast, dynamin-related protein 1 (Drp1) is a cytoplasmic protein
that assembles into rings surrounding the outer mitochondrial
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membrane, where it interacts with fission protein 1 (Fis1) to pro-
mote fission [14,15]. For example, pigment epithelium-derived
factor is reported to improve mitochondrial function by stabiliz-
ing mitochondrial fusion in retinal pigment epithelial cells [16]. In
contrast, the anti-tumor agent, doxorubicin, facilitates mitochon-
drial fragmentation and apoptosis by promoting Mfn2 degradation
in sarcoma U2OS cells [17].

In the present study, we hypothesized a possible link between
nicotine toxicity and mitochondrial function in human mulitpotent
NT2/D1 cells, which have neural differentiation capability. Our re-
sults showed that exposure to 10 mM nicotine decreased intracel-
lular ATP levels and inhibited cell growth. Moreover, nicotine
exposure induced Mfn degradation and mitochondrial fragmenta-
tion via nicotinic acetylcholine receptors (nAChRs). Thus, nicotine
induces toxicity through impairment of mitochondrial quality
control in human NT2/D1 cells.

2. Materials and methods

2.1. Cell culture

The human multipotent embryonal carcinoma NT2/D1 cells
were obtained from the American Type Culture Collection (Mana-
ssas, VA, USA). SH-SY5Y cells were obtained from European
Collection of Animal Cell Culture (Salisbury, Wiltshire, UK). The
cells were cultured in Dulbecco's modified Eagle's medium (DMEM;
SigmaeAldrich, St. Louis, MO, USA) supplemented 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 the presence of 5% CO2.

2.2. Cell proliferation assay

Cell viability was measured using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA), as
previously described [18]. Briefly, NT2/D1 cells were seeded into
96-well plate and exposed to different concentrations of nicotine.
After exposure to nicotine, One Solution Reagent was added to each
well, and the plate was incubated at 37 �C for another 2 h. Absor-
bance was measured at 490 nm by iMark microplate reader (Bio-
Rad, Hercules, CA, USA).

2.3. Measurement of intracellular ATP levels

The intracellular ATP content was measured using the ATP
Determination Kit (Life Technologies), as previously described [19].
Briefly, the cells were washed and lysed with phosphate-buffered
saline containing 0.1% Triton X-100. The resulting cell lysates
were added to a reaction mixture containing 0.5 mM D-luciferin,
1 mM dithiothreitol, and 1.25 mg/ml luciferase and incubated for
30 min at room temperature. Luminescence was measured using a
Wallac1420ARVO fluoroscan (PerkineElmer, Waltham, MA, USA).
The luminescence intensities were normalized to the total protein
content.

2.4. Assessment of mitochondrial fusion

After treatment with nicotine (10 mM, 24 h), cells were fixed
with 4% paraformaldehyde and stained with 50 nM MitoTracker
Red CMXRos (Cell Signaling Technology, Danvers, MA, USA) and
0.1 mg/ml 40,6-diamidino-2-phenylindole (DAPI; Dojin, Kumamoto,
Japan). Changes in mitochondrial morphology were observed using
a confocal laser microscope (Nikon A1). Images (n ¼ 3e7) of
random fields were taken, and the number of cells displaying
mitochondrial fusion (<10% punctiform) was counted in each

image, as previously described [20]. The number of cells showing
mitochondrial fission was calculated by subtracting the number of
cells with mitochondrial fusion from the total cell number.

2.5. Real-time PCR

Total RNA was isolated from NT2/D1 cells using TRIzol reagent
(Life Technologies), and quantitative real-time reverse transcrip-
tion (RT)-PCR with QuantiTect SYBR Green RT-PCR Kit (QIAGEN,
Valencia, CA, USA) was performed using an ABI PRISM 7900HT
sequence detection system (Applied Biosystems, Foster City, CA,
USA) as previously described [21]. The relative change in the
amount of transcript was normalized to the mRNA levels of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). The following
primer sequences were used for real-time PCR analysis: nAChRa1,
forward, 50-CTGGACCTACGACGGCTCT-30 and reverse, 50-
CGCTGCATGACGAAGTGGT-30; nAChRa2, forward, 50-ACACTTCA-
GACGTGGTGATTG-30 and reverse, 50-CCACTCCTGTTTTAGCCAGAC-
30; nAChRa3, forward, 50-ACCTGTGGCTCAAGCAAATCT-30 and
reverse, 50-GCAGGGACACGCATGAACT-30; nAChRa4, forward, 50-
GGAGGGCGTCCAGTACATTG-30 and reverse, 50-GAA-
GATGCGGTCGATGACCA-30; nAChRa5, forward, 50-AGATG-
GAACCCTGATGACTATGGT-30 and reverse, 50-
AAACGTCCATCTGCATTATCAAAC-30; nAChRa6, forward, 50-
GGCAGGGATTCCTTCATGGG-30 and reverse, 50-
GCCTCTCCTCAGTTGCACAG-30; nAChRa7, forward, 50-
CATGGCCTTCTCGGTCTTCA-30 and reverse, 50-CACGGCCTCCAC-
GAAGTT-30; nAChRa10, forward, 50-CAGATGCCTACCTACGATGGG-30

and reverse, 50-GGGAAGGCTGCTACATCCA-30; nAChRb1, forward, 50-
TGAGACCTCACTATCAGTACCCA-30 and reverse, 50-AGAACCACGA-
CACTAAGGATGA-30; nAChRb2, forward, 50-GGTGACAGTA-
CAGCTTATGGTG-30 and reverse, 50-AGGCGATAATCTTCCCACTCC-30;
nAChRb3, forward, 50-TGCTGGTTCTCATCGTCCTTG-30 and reverse,
50-GCATCTTCATTTTCGGCGATTGA-30; nAChRb4, forward, 50-
CAGCTTATCAGCGTGAATGAGC-30 and reverse, 50-GTCAGGCGG-
TAATCAGTCCAT-30; Drp1, forward, 50-TGGGCGCCGACATCA-30 and
reverse, 50-GCTCTGCGTTCCCACTACGA-30; Fis1, forward, 50-
TACGTCCGCGGGTTGCT-30 and reverse, 50-
CCAGTTCCTTGGCCTGGTT-30; Mfn1, forward, 50-GGCATCTGTGGCC-
GAGTT-30 and reverse, 50-ATTATGCTAAGTCTCCGCTCCAA-30; Mfn2,
forward, 50-GCTCGGAGGCACATGAAAGT-30 and reverse, 50-
ATCACGGTGCTCTTCCCATT-30; Opa1, forward, 50-
GTGCTGCCCGCCTAGAAA-30 and reverse, 50-TGA-
CAGGCACCCGTACTCAGT-30; GAPDH, forward, 50-
GTCTCCTCTGACTTCAACAGCG-30 and reverse, 50-
ACCACCCTGTTGCTGTAGCCAA-30.

2.6. Western blot analysis

Western blot analysis was performed as previously reported
[22]. Briefly, the cells were lysed with Cell Lysis Buffer (Cell
Signaling Technology). The proteinswere then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred to Immobilon-P (Millipore, Billerica,
MA, USA). The membranes were probed with anti-Drp1 mono-
clonal 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), and anti-b-actin monoclonal antibodies
(1:5000; SigmaeAldrich). 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 the ECLWestern Blotting Analysis System (GE
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Healthcare, Buckinghamshire, UK), and imageswere acquired using
a LAS-3000 Imager (FUJIFILM UK Ltd., Systems, Bedford, UK).

2.7. Chemicals and reagents

Nicotine was obtained from Wako Pure Chemicals (Osaka,
Japan). Mecamylamine hydrochloride (MCA) and m-chlor-
ophenylhydrazone (CCCP) were obtained from SigmaeAldrich.

2.8. Statistical analysis

All data were presented as means ± S.D. ANOVA followed by
post hoc Fisher test was used to analyze data in Fig. 1A and B and
Figs. 2e4C. Student's t-test was used to analyze data in Fig. 4A. P-

values less than 0.05 were considered to be statistically significant.

3. Results

3.1. Cytotoxic effects of nicotine in NT2/D1 cells

To examine the effects of nicotine on human multipotent em-
bryonic cells, we exposed the cells to different concentrations of
nicotine for 72 h and measured cell viability by MTT assay using
human multipotent embryonic carcinoma NT2/D1 cells, which
have an ability to differentiate into neuronal cells. We found that
treatment with 10 mM nicotine significantly inhibited cell prolif-
eration (Fig. 1A). Similarly, exposure to 10 mM nicotine significantly
reduced the ATP content of the cells (Fig. 1B). To further investigate
whether the nicotine effects are selective for undifferentiated cells,
we used human SH-SY5Y neuroblastoma cells. We found that
exposure to 10 mMnicotine had little effect on proliferation and ATP
content of SH-SY5Y cells (Fig. S1).

We next examined the nAChRmRNA levels by real-time PCR and
confirmed that nAChR subtypes except a9-nAChR were expressed
in NT2/D1 cells (Fig. 2A). To examine whether the inhibition of ATP

Fig. 1. Nicotine inhibits cell proliferation via intracellular ATP decrease in NT2/D1 cells.
A. Cells were exposed to different concentrations of nicotine for 72 h. Cell viability was
examined using the CellTiter 96 AQueous One Solution Cell Proliferation Assay. B. After
treatment with different concentrations of nicotine for 24 h, intracellular ATP content
was determined in cell lysates. Data represent the mean ± SD (n ¼ 3). *P < 0.05.

Fig. 2. Nicotine reduces intracellular ATP levels via nAChRs in NT2/D1 cells. A.
Expression of AChR subtypes was analyzed by real-time PCR in NT2/D1 cells. The
relative changes were determined by normalizing with GAPDH. B. After treatment with
10 mM nicotine and/or 30 mM MCA for 24 h, intracellular ATP content was determined
in cell lysates. Data represent the mean ± SD (n ¼ 3). *P< 0.05.
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production is mediated via the nAChRs, we tested the effect of
nAChR antagonist on the ATP content. As shown in Fig. 2B, a non-
selective nAChR antagonist mecamylamine (MCA) abolished the
nicotine-induced reduction of ATP content. MCA alone did not
affect the ATP level. These data suggest that nicotine decreases the
ATP content via its nAChR and inhibits cell proliferation in NT2/D1
cells.

3.2. Effects of nicotine on mitochondrial morphology in NT2/D1
cells

Mitochondrial function, including ATP production, are main-
tained by mitochondrial fusion and fission [11]. Since nicotine
reduced intracellular ATP levels, we next focused on the mito-
chondrial dynamics in NT2/D1 cells. Nicotine exposure (10 mM,
24 h) significantly increased the number of fragmented mito-
chondria with punctate morphology, as compared to the level
observed in untreated control cells (Fig. 3). Moreover, MCA abol-
ished this nicotine-induced mitochondrial fragmentation (Fig. 3).
MCA alone did not affect mitochondrial dynamics. In contrast to
NT2/D1 cells, nicotine did not significantly affect the mitochondrial
dynamics in SH-SY5Y neuroblastoma cells (Fig. S1). These results
suggest that nicotine induces mitochondrial fission via nAChRs in
NT2/D1 cells.

3.3. Nicotine reduces Mfn1 and Mfn2 protein levels in NT2/D1 cells

To examine the molecular mechanism by which nicotine in-
duces mitochondrial fragmentation, we assessed its effects on
mitochondrial fission (Fis1, Drp1) and fusion genes (Mfn1, Mfn2,
Opa1). Real-time PCR analysis showed that each gene expression
was not significantly altered by nicotine exposure (Fig. 4A). Inter-
estingly, western blot analysis revealed that nicotine did signifi-
cantly decrease the levels of Mfn1 and Mfn2 proteins (Fig. 4B and
C). In contrast, the levels of other proteins, including Fis1, Drp1, and
Opa1, were not affected by nicotine. These data suggest that
nicotine-induced mitochondrial fragmentation is caused by the
degradation of Mfn1 and Mfn2 proteins.

4. Discussion

In the present study, we demonstrated that exposure to
micromolar levels of nicotine impairs mitochondrial quality control
in human multipotent embryonic carcinoma cells. Exposure to
nicotine induces nAChR-dependent degradation of Mfn1 and Mfn2,
thereby promoting mitochondrial fragmentation. These negative
nAChR-mediated effects of nicotine on mitochondrial quality con-
trol could inhibit ATP production and cell viability.

Undifferentiated embryonic cells may tend to be sensitive to the
growth inhibitory effects of nicotine, whereas proliferative and
protective effects of nicotine have been described in more devel-
oped somatic cells [23e27]. Our studies showed that treatment
with 10 mM nicotine reduces cell growth in human embryonic cells
(Fig. 1), whereas the growth of human neuroblastoma SH-SY5Y
cells is not affected (Fig. S1). Previous study has also shown that
exposure to more than 1.8 mM nicotine inhibits cell adhesion and
induces apoptosis in human embryonic stem cells [28]. The con-
centrations of nicotine tested in our study were relevant to the
circulating levels of nicotine in cigarette smokers, which have been
reported to range from 10 nM to 10 mM [29]; these have the po-
tential to inhibit the growth of embryonic cells. In contrast to these
growth inhibitory effects, nicotine is known to stimulate the pro-
liferation of hematopoietic and neuronal progenitors [23e25]. In
addition, nicotine is reported to protect rat basal forebrain neurons
or rat hippocampal neurons from the cytotoxicity of b-amyloid
protein [26,27]. Taken together, nicotine effects in undifferentiated
embryonic cells contains different mechanisms from developed
somatic cells. Therefore, further studies are required to elucidate
the mechanism of cell stage-specific effects using embryonic and
differentiated cells.

Our data suggest that nicotine induces mitochondrial fission
through the degradation of Mfn1 and Mfn2 (Figs. 3 and 4).
Consistent with this finding, chemical stressors have been reported

Fig. 3. Nicotine induces mitochondrial fission via nAChRs in NT2/D1 cells. A. Cells were
exposed to 10 mM nicotine, in the presence or absence of 30 mMMCA, for 24 h. The cells
were stained with MitoTracker Red CMXRos and DAPI and mitochondrial morphology
was observed by confocal laser microscopy. Bar ¼ 20 mm. B. The number of cells
showing mitochondrial fusion (<10% punctiform) was counted in three independent
captured images. The number of cells showing mitochondrial fission was calculated by
subtracting the number of cells with mitochondrial fusion from the total cell number.
*P < 0.05.
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to cause mitochondrial fission via Mfn degradation. For example,
organotin compounds such as tributyltin induce proteasomal
degradation of Mfn1 and Mfn2, which facilitates mitochondrial
fragmentation and growth arrest in NT2/D1 cells [30,31]. Since
nicotine showed similar effects in NT2/D1 cells, nicotine exposure
may also degrade Mfn1 and Mfn2 via proteasome. Moreover, an
inhibitor of mitochondrial calcium efflux, CGP37157, is reported to
degrade Mfn1 via E3 ubiquitin ligase and induce mitochondrial
fission in prostate cancer LNCaP cells [32]. Further studies will be
necessary to determine whether ubiquitin ligases are involved in
nicotine-induced Mfn1 and Mfn2 degradation in embryonic cells.

Our data suggest that nicotine toxicity is mediated by dysfunc-
tional mitochondrial quality control, which occurs via a nAChR-
dependent mechanism (Figs. 2 and 3). Nicotine has been reported
to evoke extracellular calcium influx through plasma membrane
nAChRs [4]. Moreover, a transient increase in intracellular calcium
levels is known to cause mitochondrial calcium overload, which is
followed by the depolarization of the mitochondrial membrane,
resulting in a loss of MMP [33,34]. In other cell lines, MMP reduc-
tion is reported to induce the mitochondrial translocation of the E3
ubiquitin ligase, Parkin, which targets the Mfn protein for protea-
somal degradation [35]. Therefore, nicotine may increase intracel-
lular calcium entry via nAChRs, thus reducing the MMP and

inducing mitochondrial translocation of E3 ubiquitin ligases; this
increases the proteasomal degradation of Mfn1 and Mfn2. Several
reports indicate that knockdown of Mfn1 and Mfn2 in the cells
induces mitochondrial fragmentation and shows severe cellular
defects, including decreased ATP content and poor cell growth
[36,37]. Especially, Mfn2 has been reported to be necessary for
striatal axonal projections of midbrain dopamine neurons by the
studies using dopamine neuron-specific Mfn2 knockout mice [38].
Taken together, Mfn1 and Mfn2 might be involved in several
nAChR-mediated effects of nicotine, such as the reduction of ATP
content, growth inhibition, and modulation of synaptic trans-
mission. In future studies, it will be necessary to investigate the
precise mechanism involved in nicotine-induced Mfn degradation,
which results in mitochondrial fission and impaired function.
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Fig. 4. Nicotine reduces Mfn1 and Mfn2 protein levels in NT2/D1 cells. A. After exposure to 10 mM nicotine for 24 h, the expression of the indicated mitochondrial genes was
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ABSTRACT 

The inhibition of neural crest cell (NCC) migration has been considered as a possible 

pathogenic mechanism underlying chemical developmental toxicity. In this study, we 

examined the effects of 13 developmentally toxic chemicals on the migration of rat 

cephalic NCCs (cNCCs) by using a simple in vitro assay. cNCCs were cultured for 48 h 

as emigrants from rhombencephalic neural tubes explanted from rat embryos at day 10.5 

of gestation. The chemicals were added to the culture medium at 24h of culture. 

Migration of cNCCs was measured as the change in the radius (radius ratio) calculated 

from the circular spread of cNCCs between 24 and 48 h of culture. Of the chemicals 

examined, 13-cis-retinoic acid, ethanol, ibuprofen, lead acetate, salicylic acid, and 

selenate inhibited the migration of cNCCs at their embryotoxic concentrations; no effects 

were observed for acetaminophen, caffeine, indium, phenytoin, selenite, tributyltin, and 

valproic acid. In a cNCC proliferation assay, ethanol, ibuprofen, salicylic acid, selenate, 

and tributyltin inhibited cell proliferation, suggesting the contribution of the reduced cell 

number to the inhibited migration of cNCCs. It was determined that several 

developmentally toxic chemicals inhibited the migration of cNCCs, the effects of which 

were manifested as various craniofacial abnormalities. 

 

Key words 

Developmental toxicity; Embryo; Migration assay; Neural crest cell; Rat 
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INTRODUCTION 

   In vertebrate embryos, neural crest cells (NCCs) migrate to various tissues throughout 

the body and contribute to tissue organization; malfunction NCCs of can lead to 

dysmorphologies, tumors and syndromes called neurocristopathies (Hall 2009; Le 

Douarin & Kalcheim 1999). The inhibition of NCC migration has, therefore, been 

considered as a possible pathogenic mechanism underlying chemical developmental 

toxicity. It has been shown, for example, that all-trans-retinoic acid, a well-known 

teratogen, inhibits the migration of cephalic NCCs (cNCCs), causing branchial 

abnormalities in cultured mouse and rat embryos (Menegola et al. 2004). 

   The effects of chemicals on the migration of NCCs in mammals, however, have not 

been fully investigated, probably because no convenient experimental methods are 

available. The migration of NCCs has been examined by time-lapse video image analysis 

of fluorescence-labeled cells (Fuller et al. 2002; Kawakami et al. 2011), or by human 

neural crest stem cells with scratch assay (Zimmer et al. 2012). These methods are 

complicated and therefore not ideal for testing of chemicals in a common toxicity 

laboratory. 

   Recently, we established a simple in vitro assay that enabled examination of the effects 

of chemicals on the migration of cNCCs and trunk NCCs (tNCCs) (Usami et al. 2014b). 

In this method, NCCs are cultured as emigrants from isolated neural tubes of day 10.5 rat 

embryos. The cultured NCCs are exposed to test chemicals and their migration is 

determined as the radius ratio calculated from circular spread of the NCCs during the 

exposure period. Using this method we examined the effects of 13 developmentally toxic 

chemicals on the migration of cNCCs. We also examined the effects of chemicals on the 

proliferation of cNCCs, because this migration assay depends on the spread of cells and A
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can therefore be influenced by the cell number. 

   We selected developmentally toxic chemicals on the basis of our interest in our related 

study such as proteomics of embryos (Usami et al. 2014a; Usami et al. 2009; Usami et al. 

2008) and metabolomics of hepatocytes (Kim et al. 2014) since there was little 

information about the effects of chemicals on the migration of cNCCs. However, we 

considered that the chemicals include both ones might affect cNCC migration, e.g., 

ethanol, and selenate, and ones might not, e.g., indium, and tributyltin, which was 

speculated from their potential to cause craniofacial abnormality. 
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MATERIALS AND METHODS 

Animals 

   Wistar rats (Crj: WI, Charles River Japan Inc., Kanagawa, Japan) were used. Pregnant 

rats were obtained by mating female and male rats overnight, and the plug day was 

designated as day 0.5 of gestation. All the animal experiments were performed according 

to the guidelines for animal experiments of the National Institute of Health Sciences. 

 

Chemicals 

   Acetaminophen (CAS 103-90-2), 13-cis-retinoic acid (CAS 4759-48-2), ibuprofen 

(CAS 31121-93-4), salicylic acid (CAS 54-21-7), selenate (CAS 13410-01-0), and 

selenite (CAS 10102-18-8) were purchased from Sigma-Aldrich Co. (St. Louis, MO). 

Caffeine (CAS 58-08-2), ethanol (CAS 64-17-5), indium (CAS 22519-64-8), lead acetate 

(CAS 6080-56-4), phenytoin (CAS 57-41-0), and tributyltin (CAS 1461-22-9) were 

purchased from Wako Pure Chemical Industries (Osaka, Japan). Valproic acid (CAS 

1069-66-5) was purchased from Merck Co. (Darmstadt, Germany). 

 

Culture of NCCs 

   Rat NCCs were cultured as emigrated cells from neural tubes of rat embryos at day 10.5 

of gestation as previously described (Usami et al. 2014b), according to the culture 

schedule shown in Fig. 1. Neural tubes were excised from the rhombencephalic (for 

cNCCs) or trunk (for tNCCs) region of the embryos in Hanks’ balanced salt solution with 

sharpened tungsten needles. The excised neural tubes were cultured in 35-mm culture 

dishes (BD Primaria; Becton, Dickinson and Company, Franklin Lakes, NJ) containing 2 

ml of Dulbecco’s Modified Eagle Medium with high glucose (DMEM; GIBCO, Life A
cc

ep
te

d 
A

rti
cl

e

085



6/28 
This article is protected by copyright. All rights reserved. 

Technologies Corp., Carlsbad, CA) and 10% (v/v) fetal bovine serum (GIBCO) at 37°C 

with 5% CO2 for 48 h. 

   Phase-contrast images of cultured NCCs were recorded digitally at a magnification of 

×10 with a microscope at 24 and 48 h of culture (BZ-9000; Keyence, Osaka, Japan). In 

the proliferation assay, the neural tube was removed at 18 h of culture, and the cell nuclei 

were stained with 4',6- diaminodino-2-phenylindole (DAPI, Invitrogen) and fluorescent 

images were photographed with the microscope at 48 h of culture. Representative 

photographs of the cNCCs are shown in Fig. 2. 

 

Addition of chemicals 

   The chemicals were added at 24 h of culture by replacing the culture medium. For 

addition to the culture medium, caffeine, ethanol, salicylic acid, selenate, selenite, and 

valproic acid were directly dissolved in or diluted with the culture medium. 

Acetaminophen, 13-cis-retinoic acid, phenytoin, and tributyltin were dissolved in or 

diluted with dimethyl sulfoxide and 5 µl each of the solutions was added to 5 ml of the 

culture medium. Ibuprofen, indium, and lead acetate were dissolved in pure water and 

100 µl each of the solutions was added to 4.9 ml of the culture medium. 

   The concentrations of the following chemicals in the culture medium were their 

embryotoxic concentrations obtained from the literature: acetaminophen (Weeks et al. 

1990), caffeine (Robinson et al. 2010; Shreiner et al. 1986), 13-cis-retinoic acid (Lee et al. 

1991), ethanol (Usami et al. 2014a), ibuprofen (Guest et al. 1994), indium (Usami et al. 

2009), lead acetate (Zhao et al. 1997), phenytoin (Winn 2002), salicylic acid (Greenaway 

et al. 1985), selenate (Usami et al. 2008), selenite (Usami et al. 2008), tributyltin (Cooke 

et al. 2008; Adeeko et al. 2003), and valproic acid (Guest et al. 1994) A
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Migration assay of NCCs 

   The migration distance of NCCs was calculated as the increased radius of the circular 

spread of NCCs that emigrated from the neural tubes between 24 and 48 h of culture 

(Usami et al. 2014b). The outermost NCCs in each of the cultured neural tubes were 

connected with the polygon tool as if a rubber band were put around the cells, and its 

inner area was measured as a pixel count. Considering the polygon as a circle, its radius 

ratio was calculated: radius ratio = (radius at 48 h - radius at 24 h)/radius at 24 h. This 

ratio was then normalized as a percent of the simultaneous control to express the NCC 

migration for comparisons among experiments. 

 

Proliferation assay for NCCs 

   NCC proliferation was evaluated as a ratio of the cell count at 48 h to that at 24 h of 

culture, and the effects of chemicals were examined. The cells were counted manually at 

24 h on the phase-contrast image with the Cell Counter plugin of the ImageJ software 

(http://rsb.info.nih.gov/ij/, 1997–2009; Rasband, W.S., ImageJ, U. S. National Institutes 

of Health, Bethesda, MD, USA). The cell count at 48 h was estimated as the count of 

stained cell nuclei from the fluorescence image with the Hybrid Cell Count function of 

the BZ-X Analyzer software (Keyence). The average cell counts in an intact control 

group were 170.6 at 24 h and 272.1 at 48 h (n = 10). Two proliferation indices, the cell 

count ratio and the cell proliferation ratio, were calculated as follows: cell count ratio = 

cell count at 48 h/cell count at 24 h, and cell proliferation ratio = (cell count at 48 h - cell 

count at 24 h)/cell count at 24 h. 

Although these indices are basically the same, the latter is more suitable for representing A
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the proliferation rate and the former is more useful for comparison with the migration 

index. These indices were normalized to the control to allow for comparisons among 

experiments. 

 

Statistical analysis 

   Statistical significance of the difference between the experimental groups was 

examined by the Student t test at a probability level of 5%.
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RESULTS 

Effects of chemicals on the migration of cNCCs 

   Of the 13 chemicals we tested, six chemicals, that is, 13-cis-retinoic acid, ethanol, 

ibuprofen, lead acetate, salicylic acid, and selenate, significantly inhibited the migration 

of cNCCs at their embryotoxic concentrations. 13-cis-Retinoic acid reduced the 

migration of cNCCs by approximately 13% at concentrations of 3 and 10 µM (Fig. 3A). 

Ethanol, ibuprofen, salicylic acid and selenate reduced the migration of cNCCs by 10.5% 

at 195 mM, 15.9% at 2 mM, 8.5% at 3 mM and 16.2% at 150 µM, respectively (Figs. 3B 

- E). 

   Lead acetate reduced the migration of cNCCs by 11.6% at 3 µM and by 30.0% at 10 µM 

in an initial experiment (Fig. 3F). Because evaluation of the toxic effects of lead at low 

exposure levels is important for human health, two lower concentrations were added 

stepwise so that the no-observed-effect level could be estimated. Lead acetate reduced the 

migration of cNCCs significantly by 8.7% at 1 µM; however, the decrease (6.4%) was not 

significant at 0.1 µM (Fig. 3G). 

   The remaining seven chemicals, that is, acetaminophen, caffeine, indium, phenytoin, 

selenite, tributyltin, and valproic acid, had no significant effects on the migration of 

cNCCs even at high concentrations (Figs. 4A-G). Indium did not affect the migration of 

cNCCs and tNCCs in the experiments (Fig. 4C). These experiments for indium were 

performed at a single concentration for cNCCs and tNCCs because indium showed no 

effects on the migration of cNCCs in a pilot study and because indium has been reported 

to cause malformation in the caudal part of rat embryos (Nakajima et al. 2008). 

 A
cc

ep
te

d 
A

rti
cl

e

089



10/28 
This article is protected by copyright. All rights reserved. 

Effects of chemicals on the proliferation of cNCCs 

   Effects on the proliferation of cNCCs were examined in the case of six chemicals (i.e., 

13-cis-retinoic acid, ethanol, ibuprofen, lead acetate, salicylic acid, and selenate) that 

showed inhibitory effects on the migration of cNCCs. The effects of tributyltin on cNCC 

proliferation were also examined because of our interest in another research project. To 

reduce the number of animals to be used, two chemicals with the same vehicle were 

examined concomitantly when possible. In the control groups, the actual cell count 

increased by approximately 50% during the 24-h exposure period. 

   13-cis-Retinoic acid did not significantly reduce the proliferation of cNCCs at 

concentrations of 3 and 10 µM, the same concentrations at which it inhibited the 

migration of cNCCs, although the cell count ratio and the cell proliferation ratio were 

lowered by 2.5% and 9.7%, respectively, at 3 µM compared to the control group (Fig. 

5A). 

   Ethanol, ibuprofen, salicylic acid, and selenate significantly reduced the cell count ratio 

by 16.3%, 14.1%, 12.3%, and 20.6%, and the cell proliferation ratio by 59.0%, 43.0%, 

33.1%, and 55.4%, respectively, at the same concentrations (195 mM, 2 mM, 3 mM, and 

150 µM, respectively) at which they inhibited the migration of cNCCs (Fig. 5B - D). 

   Lead acetate increased the cell count ratio by 2.2% and the cell proliferation ratio by 

6.6% at 1 µM concentration, the lowest effective concentration for inhibiting the 

migration of cNCCs, although these differences were not statistically significant (Fig. 

5C).  

   Tributyltin reduced the cell count ratio by 9.2% and the cell proliferation ratio by 27.0% 

at 100 nM concentration, although no reduction in the migration of cNCCs was observed 

(Fig. 5E). A
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   There was no significant correlation between proliferation inhibition and migration 

inhibition when the reduced migration was plotted against the reduced cell count ratio, 

suggesting a varied contribution of the latter to the former (Fig. 6). 

A
cc

ep
te

d 
A

rti
cl

e

091



12/28 
This article is protected by copyright. All rights reserved. 

DISCUSSION 

   Here, we observed inhibition of the migration of rat cNCCs by six developmentally 

toxic chemicals including those not previously reported to have the inhibitory effects: 

ibuprofen, salicylic acid, and selenate. It is speculated that inhibition of the migration of 

cNCCs results in reduction of the number of cNCCs at their destination tissues. The 

inhibited migration of cNCCs by itself, however, seems insufficient as a pathogenic 

mechanism underlying teratogenicity because these chemicals do not necessarily cause 

similar malformations. It is probable that the inhibited migration of cNCCs that is not 

accompanied by an excessive cell shortage is compensated by accelerated cell 

proliferation at their destination tissues. Alternatively, these inhibitory effects may occur 

differently in the body of embryos. 

   From the results of the proliferation assay, it is considered that the reduced cell number 

may contribute to the inhibited migration of cNCCs to varying extents depending on the 

test chemicals. It is suggested that the migration-inhibitory effects of ethanol, ibuprofen, 

and selenate are due in part to the reduced number of cNCCs. In contrast, in the case of 

tributyltin, the reduced cell number did not affect the migration of cNCCs. Chemicals that 

did not inhibit cell proliferation, for example, 13-cis-retinoic acid, and lead acetate, 

appeared to inhibit the migration of cNCCs independent of the cell number. 

   13-cis-Retinoic acid appeared to more potently inhibit the migration of cNCCs than 

all-trans-retinoic acid, because the inhibitory concentration of the former (3 µM) was 

found to be lower than that of the latter (10 µM) in our previous study (Usami et al. 

2014b). This is inconsistent with the teratogenic potential of the retinoic acids in rats, 

where 13-cis-retinoic acid is less teratogenic because of its faster elimination from the 

body (Collins et al. 1994). Isolated cNCCs themselves may be more susceptible to A
cc

ep
te

d 
A

rti
cl

e

092



13/28 
This article is protected by copyright. All rights reserved. 

13-cis-retinoic acid than all-trans-retinoic acid, as suggested by the lower affinity of 

13-cis-retinoic acid for cytoplasmic retinoid binding proteins, which may enable easy 

access to the cell nucleus (Rühl et al. 2001). 

   Ethanol is a well-known teratogen causing craniofacial malformations (Schardein & 

Macina 2006) and its toxic effects on NCCs have often been investigated. It was 

previously shown that ethanol caused apoptotic cell death (Yan et al. 2010) and inhibited 

migration (Shi et al. 2014) of NCCs. In the present study, both reduced cell number and 

inhibited migration of cNCCs were observed as the effects of ethanol, although the 

effective concentration of ethanol was relatively higher than those reported in previous 

studies, probably because of species and strain differences in the susceptibility to ethanol 

(Wentzel & Eriksson 2008). 

   Inhibitory effects of ibuprofen and salicylic acid, which are non-steroidal 

anti-inflammatory drugs (NSAIDs), on the migration of NCCs have not been reported to 

date. Although these NSAIDs are considered non-teratogenic in humans, their 

embryotoxic effects, including craniofacial malformations, observed in animal 

experiments (Joschko et al. 1993; Kosar 1993) may be related to their 

migration-inhibitory effects on cNCCs. 

   The migration-inhibitory effects of lead acetate in the present study are consistent with 

previously reported results for human NCCs derived from embryonic stem cells (Zimmer 

et al. 2012). In both studies, lead acetate at 1 μM (20 µg/dl) or higher concentrations 

inhibited the migration of NCCs without reduced cell proliferation. It is noted that this 

inhibitory concentration is comparable to blood lead levels (40.0 ± 16.5 μg/dl, 

mean ± SD) in a certain proportion of pregnant women (Ugwuja et al. 2012). Although 

lead caused craniofacial malformations only in cultured rat embryos (Zhao et al. 1997) A
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and does not cause major malformations in humans, its migration-inhibitory effects on 

cNCCs, as a neuronal progenitor, may be related to functional deficiencies such as 

neurological alterations (Flora et al. 2011). 

   The effects of the two selenium compounds on the migration of cNCCs were different 

in the present study; i.e., selenate inhibited the migration of cNCCs while selenite did not. 

This difference may be related to the difference in malformed optic vesicles and the 

protein expression changes caused by the selenium compounds in cultured rat embryos; 

selenate caused enlargement of the optic vesicle (Usami et al. 2008), a destination of 

migrating cNCCs (Le Douarin & Kalcheim 1999), and increased the phosphorylated 

form (inactive form) of cofilin 1 (Usami et al. 2008), an actin-binding protein essential for 

the migration of NCCs (Gurniak et al. 2005), while selenite did not cause either (Usami et 

al. 2008). It is thus speculated that selenate inhibits the migration of cNCCs through 

inactivation of cofilin 1, which results in malformation of the optic vesicle. 

   In this context, it is intriguing that ethanol and indium also increased phosphorylated 

cofiline 1 in cultured rat embryos (Usami et al. 2014a; Usami et al. 2009). However, 

indium did not have inhibitory effects on the migration of cNCCs or tNCCs in the present 

study. This may indicate that the increase in phosphorylated cofilin 1 alone is not a 

sufficient condition for inhibition of the migration of NCCs, or that it could occur in 

different embryonic cells. 

   The proliferation-inhibitory effects of tributyltin on cNCCs without reduced migration 

may be related to its developmental toxicity; treatment of pregnant rats with tributyltin 

that caused blood concentrations comparable to those in the present study, reduced the 

body weights of pups without causing external malformations (Adeeko et al. 2003; Cooke 

et al. 2008). A
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   It is unknown at present why the proliferation-inhibitory effects of tributyltin were not 

accompanied by the inhibited migration of cNCCs. It is unlikely that tributyltin increased 

the migration of cNCCs, compensating its proliferation-inhibitory effects. This is because 

tributyltin did not have any effects on the migration of  cNCCs over the concentration 

tested even when the neural tube was removed at 18 h of culture and the cNCCs could 

move more freely during the exposure period (data not shown). Rather, the relatively 

selective toxicity and accumulation of tributyltin in the mitochondria (Doherty & Irwin 

2011) might have no effects on the migration of cNCCs. In any case, no correlation 

between proliferation inhibition and migration inhibition means that the NCC migration 

assay can not be replaced by usual cytotoxicity assays based on the cell number and is 

valuable to investigate the effects of chemicals on the function of NCCs. 

   While valproic acid did not inhibit the migration of cNCCs in the present study, the 

effects of valproic acid on the migration of NCCs are controversial. Valproic acid 

inhibited the migration of human NCCs in a scratch assay (Zimmer et al. 2012), but did 

not inhibit the migration of chick NCCs in cultured neural tubes (Fuller et al. 2002). 

Currently available data indicate that the effects of valproic acid on the migration of 

NCCs seem to depend on the assay method and the species used in which it is used. 

   For other chemicals (acetaminophen, caffeine, and phenytoin) that did not inhibit the 

migration of cNCCs, no particular information concerning the involvement of NCCs’ 

malfunction in their developmental toxicity was found, except that acetaminophen did 

not inhibit the migration of human NCCs either (Zimmer et al. 2012). 

   In conclusion, it was established that several developmentally toxic chemicals inhibit 

the migration of cNCCs, which appears differently as craniofacial abnormalities. 

Mechanistic investigation is needed to understand the variability in the outcomes of the A
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inhibited migration of cNCCs. Our migration assay method will be useful for this purpose 

because of its simplicity. 
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Legends to the figures 

Fig. 1. Culture schedule of for the migration and proliferation assays of cephalic neural 

crest cells (cNCCs) 

Neural tubes were excised from the rhombencephalic region of day 10.5 rat embryos and 

cultured for 48 h to allow the emigration of cNCCs. Chemicals were added to the culture 

medium at 24 h. In the proliferation assay, the neural tubes were removed from the culture 

dishes at 18h leaving the cNCCs behind, and the cell nuclei were fluorescently stained 

before the photography at 48 h. 

 

Fig. 2. Photographs of cephalic neural crest cells (cNCCs) cultured in the migration and 

proliferation assays 

(A) cNCCs cultured in the migration assay are shown with blue polygons connecting the 

outermost cells for the calculation of the cell migration. (B) cNCCs cultured in the 

proliferation assay are shown with blue dots (24 h) or stained cell nuclei (48 h) for the 

determination of the cell count. 

 

Fig. 3. Migration of cephalic neural crest cells (cNCCs) cultured in the presence of 

developmentally toxic chemicals with migration-inhibitory effects 

Migration indices were calculated as the radius ratio from the circular spread of cNCCs at 

24 and 48 h of culture. The mean ± standard error of the mean (SEM) values of 6–27 

neural tubes are shown. Asterisks indicate statistically significant differences from the 

corresponding control (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 

 

Fig. 4. Migration of cephalic neural crest cells (cNCCs) cultured in the presence of A
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developmentally toxic chemicals without migration-inhibitory effects 

Migration indices were calculated as the radius ratio from the circular spread of cNCCs at 

24 and 48 h of culture. The mean ± standard error of the mean (SEM) values of 8–16 

neural tubes are shown. Effects of indium were examined also in trunk neural crest cells 

as shown in (C).  

 

Fig. 5. Proliferation of cephalic neural crest cells (cNCCs) cultured in the presence of 

developmentally toxic chemicals 

The cNCCs were counted at 24 and 48h of culture, and the proliferation indices were 

calculated. The mean ± standard error of the mean (SEM) values of 7–10 neural tubes are 

shown. Asterisks indicate statistically significant differences from the corresponding 

control (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 

 

Fig. 6. Plot of the reduced migration versus the reduced cell count ratio of neural crest 

cells cultured in the presence of developmentally toxic chemicals 

The reduced migration and reduced cell count ratio were calculated by subtracting the 

corresponding data in Figs. 1–3 from 100%. The linear regression line and correlation 

coefficient (r) for all the plotted data are shown. 
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a b s t r a c t

Herbal products containing synthetic cannabinoidsdinitially sold as legal alternatives to mar-
ijuanadhave become major drugs of abuse. Among the synthetic cannabinoids, [1-(5-fluoropentyl)-1H-
indol-3-yl](4-methyl-1-naphthalenyl)-methanone (MAM-2201) has been recently detected in herbal
products and has psychoactive and intoxicating effects in humans, suggesting that MAM-2201 alters
brain function. Nevertheless, the pharmacological actions of MAM-2201 on cannabinoid receptor type 1
(CB1R) and neuronal functions have not been elucidated. We found that MAM-2201 acted as an agonist
of human CB1Rs expressed in AtT-20 cells. In whole-cell patch-clamp recordings made from Purkinje
cells (PCs) in slice preparations of the mouse cerebellum, we also found that MAM-2201 inhibited
glutamate release at parallel fiber-PC synapses via activation of presynaptic CB1Rs. MAM-2201 inhibited
neurotransmitter release with an inhibitory concentration 50% of 0.36 mM. MAM-2201 caused greater
inhibition of neurotransmitter release than D9-tetrahydrocannabinol within the range of 0.1e30 mM and
JWH-018, one of the most popular and potent synthetic cannabinoids detected in the herbal products,
within the range of 0.03e3 mM. MAM-2201 caused a concentration-dependent suppression of GABA
release onto PCs. Furthermore, MAM-2201 induced suppression of glutamate release at climbing fiber-PC
synapses, leading to reduced dendritic Ca2þ transients in PCs. These results suggest that MAM-2201 is
likely to suppress neurotransmitter release at CB1R-expressing synapses in humans. The reduction of
neurotransmitter release from CB1R-containing synapses could contribute to some of the symptoms of
synthetic cannabinoid intoxication including impairments in cerebellum-dependent motor coordination
and motor learning.

© 2015 Elsevier Ltd. All rights reserved.

Abbreviations: ACSF, artificial cerebrospinal fluid; AM251, N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide; CB1R,
cannabinoid receptor type 1; CB2R, cannabinoid receptor type 2; CF, climbing fiber; CI, confidence interval; CV, coefficient of variation; DNQX, 6,7-dinitroquinoxaline-2,3-
dione; EC50, effective concentration 50%; eCBs, endocannabinoids; EGTA, ethylene glycol tetraacetic acid; EPSC, excitatory postsynaptic current; GFP, green fluorescent
protein; hCB1R, human CB1R; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IC50, inhibitory concentration 50%; IEI, inter-event interval; IPSC, inhibitory
postsynaptic current; JWH-018, naphthalen-1-yl-(1-pentylindol-3-yl)methanone; LTD, long-term depression; MAM-2201, [1-(5-fluoropentyl)-1H-indol-3-yl](4-methyl-1-
naphthalenyl)-methanone; mCB1R, mouse CB1R; mIPSC, miniature IPSC; OGB-1, Oregon Green 488 BAPTA-1 hexapotassium salt; P, postnatal day; PC, Purkinje cell; PF,
parallel fiber; PPR, paired-pulse ratio; qEPSC, quantal EPSC; THC, tetrahydrocannabinol; TTX, tetrodotoxin; WIN, WIN 55,212-2 mesylate, (R)-(þ)-[2,3-Dihydro-5-methyl-3-
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1. Introduction

Marijuana (Cannabis sativa) has been widely abused for recre-
ational purposes and contains the psychoactive compound D9-
tetrahydrocannabinol (D9-THC) (Taura et al., 2007). D9-THC binds to
cannabinoid receptors type 1 and 2 (CB1R and CB2R), which are G
protein-coupled receptors. CB1Rs are abundantly expressed in the
mammalian brain, whereas CB2Rs are expressed mainly in the
immune system (Showalter et al., 1996; Mackie, 2008; Kano et al.,
2009). The psychoactive effects of D9-THC are mediated by CB1Rs
(Huestis et al., 2001; Monory et al., 2007). Starting in the late 2000s,
herbal products containing synthetic cannabinoids, which are
chemical compounds produced for the purpose of mimicking the
effects of D9-THC, became a major class of drugs of abuse, and are
sold as alternatives to marijuana around the world (Auwarter et al.,
2009; Vardakou et al., 2010; Seely et al., 2012; Kikura-Hanajiri et al.,
2013). Among the synthetic cannabinoids, [1-(5-fluoropentyl)-1H-
indol-3-yl](4-methyl-1-naphthalenyl)-methanone (MAM-2201,
Fig. 1A) was recently identified in these herbal products
(Moosmann et al., 2012; Derungs et al., 2013; Kikura-Hanajiri et al.,
2013; Saito et al., 2013; Uchiyama et al., 2013; Lonati et al., 2014). In
humans, abuse of products containing MAM-2201 causes a psy-
chotic state with agitation, aggression, and anxiety, and can cause
serious harm to the user including death. These reports imply that
MAM-2201 exerts potent pharmacological actions on brain func-
tions and causes psychoactive and intoxicating effects. Neverthe-
less, it remains unknown whether MAM-2201 activates CB1Rs and
how MAM-2201 affects neuronal functions such as synaptic
transmission.

Endocannabinoids (eCBs) mediate various types of synaptic
plasticity throughout the mammalian brain. eCBs are released from
postsynaptic neurons in response to synaptic activity and act in a
retrograde manner on presynaptic terminals, to suppress neuro-
transmitter release (Wilson and Nicoll, 2002; Kano et al., 2009;
Regehr et al., 2009). The synaptic effects of eCBs are mediated by
presynaptic CB1Rs. In presynaptic terminals, activation of CB1Rs
mainly inhibits voltage-gated Ca2þ channels coupled to exocytosis,
leading to a reduction of neurotransmitter release (Brown et al.,
2004; Kushmerick et al., 2004).

Numerous neurophysiological and neuropharmacological
studies of CB1Rs have been performed on the cerebellum of ro-
dents, which have well-characterized neuronal circuits and play
crucial roles in motor coordination andmotor learning (Llinas et al.,
2004; Kano et al., 2009). In the cerebellum, Purkinje cells (PCs) are
the principal GABAergic neurons and provide the sole output from
the cerebellar cortex. PCs receive two types of glutamatergic
excitatory inputs, climbing fibers (CFs) and parallel fibers (PFs). CFs
arise from the inferior olivary complex. Activation of CF-PC syn-
apses induces strong postsynaptic depolarization, which evokes a

dendritic Ca2þ transient and complex spikes consisting of a burst of
several action potentials (spikelets). PFs are the axons of the
granule cells located in the deep layers of the cerebellum and form
numerous en passant synapses on the spines of distal dendrites of
PCs (Llinas et al., 2004). PCs also receive feed-forward inhibition
from GABAergic interneurons in the molecular layer of the cere-
bellar cortex (Mittmann et al., 2005). Neurotransmitter release at
CF-PC, PF-PC, and interneuron-PC synapses is suppressed via acti-
vation of presynaptic CB1Rs (Kreitzer and Regehr, 2001; Diana et al.,
2002; Szabo et al., 2004; Kawamura et al., 2006; Safo et al., 2006).
In vivo administration of synthetic CB1R agonists in mice impairs
cerebellum-dependent motor coordination (DeSanty and Dar,
2001; Patel and Hillard, 2001). Thus, the effects of CB1R agonists
on cerebellar functions are well understood. Therefore, the cere-
bellum is the ideal neuronal circuit to examine the potency of
synthetic cannabinoids, whose actions on neuronal functions have
not been determined.

Here, using whole-cell patch-clamp recordings, we investigated
activity of MAM-2201 in human CB1R (hCB1R)-expressing AtT-20
cells, and then the effects of MAM-2201 on synaptic transmission
in slice preparations of the mouse cerebellum. We found that
MAM-2201 acted as an agonist of hCB1Rs and inhibited excitatory
transmitter release at PF-PC synapses via activation of presynaptic
CB1Rs. MAM-2201 decreased the synaptic transmission more
strongly than D9-THC within the range of 0.1e30 mM and naph-
thalen-1-yl-(1-pentylindol-3-yl)methanone [JWH-018, Fig. 1B, one
of the most popular and potent synthetic cannabinoids detected in
the herbal products (Atwood et al., 2010)], within the range of
0.03e3 mM. Furthermore, MAM-2201 induced presynaptic sup-
pression of CF-PC synapses, leading to a reduction in the number of
spikelets in complex spikes and to attenuated dendritic Ca2þ

transients in PCs.

2. Materials and methods

2.1. Cannabinoid-related compounds

MAM-2201 (Fig. 1A) and JWH-018 (Fig. 1B) were purchased from Cayman
Chemical (Ann Arbor, MI, USA). (R)-(þ)-[2,3-Dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate [WIN55,212-2 (WIN), a CB1R and CB2R agonist]
and N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyr-
azole-3-carboxamide (AM251, a CB1R antagonist) were purchased from Wako Pure
Chemical Industries (Osaka, Japan) and Tocris Bioscience (Bristol, UK), respectively.
D9-THC was purchased from Cerilliant (Round Rock, TX, USA). These compounds
were dissolved in dimethylsulfoxide as stock solutions. In electrophysiological re-
cordings from AtT-20 cells and from cerebellar PCs, the final concentrations of
dimethylsulfoxide in extracellular solutions were maintained at 0.1 and 0.3% (v/v),
respectively. WIN was used as a positive control, because WIN has been used in
many studies to suppress neurotransmitter release at PF-, CF-, and interneuron-PC
synapses via activation of presynaptic CB1Rs (Kreitzer and Regehr, 2001; Diana
et al., 2002; Safo and Regehr, 2005; Kawamura et al., 2006).

2.2. Heterologous expression of CB1R in AtT-20 cells

AtT-20 cells were obtained from JCRB Cell Bank (Osaka, Japan) and were
maintained in Ham's F-10 medium (GIBCO, Grand Island, NY) supplemented with
10% horse serum (GIBCO), 2.5% fetal bovine serum (GIBCO), and a mixture of peni-
cillin and streptomycin solution (100 unit/mL and 100 mg/mL, respectively; GIBCO)
in a 5% CO2 incubator at 37 �C. The cells were plated onto grass coverslips coated
with poly-D-lysine (SigmaeAldrich, St Louis, MO) for gene transfection. hCB1R
(SC111611; Origene, Rockville, MD; NCBI Reference Sequence: NM_016083.3) (Bruno
et al., 2014) or mouse CB1R (mCB1R, MC206086; Origene; GenBank: BC079564.1)
cDNAs, and green fluorescent protein (GFP) vector were cotransfected into the cells
in a 9:1 M ratio using Lipofectamine LTX (Invitrogen, Carlsbad, CA) according to the
manufacturer's instructions. Fluorescence of GFP was regarded as an indicator of
transfected cells. Whole-cell patch-clamp recordings were made from the GFP-
positive cells 20e48 h after transfection. The expression of CB1R proteins was
confirmed by immunostaining with the combination of rabbit polyclonal anti-CB1R
antibody (1:2000 dilution, CB1-Rb-Af380, Frontier Institute, Hokkaido, Japan) and
AlexaFluor 568-conjugated goat anti-rabbit IgG secondary antibody (5 mg/mL, A-
11011; Invitrogen) according to the methods described previously (Irie et al., 2014).

Fig. 1. The chemical structures of [1-(5-fluoropentyl)-1H-indol-3-yl](4-methyl-1-
naphthalenyl)-methanone (MAM-2201, A) and naphthalen-1-yl-(1-pentylindol-3-yl)
methanone (JWH-018, B).
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The immunofluorescence signal was observed under a confocal microscope (A1R;
Nikon, Tokyo, Japan; Fig. 2A).

2.3. Electrophysiological recordings from AtT-20 cells

AtT-20 cells were transferred to a recording chamber and continuously perfused
at 2mL/minwith high-Kþ extracellular solution containing (inmM): 87 NaCl, 60 KCl,
2 CaCl2, 1 MgCl2, 10 D-glucose, and 10 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH adjusted to 7.4 with NaOH). The con-
centration of KCl was raised compared to normal extracellular solution to increase
amplitudes of inwardly rectifier potassium currents (Mackie et al., 1995). All ex-
periments were performed at 25± 1 �C. The cells were visualized byNomarski optics
and a near infrared-CCD camera (C3077-79; Hamamatsu Photonics, Hamamatsu,
Japan) with a 40 � 0.8 NA numerical aperture water-immersion objective lens
(Olympus, Tokyo, Japan) on an upright microscope (BX51WI; Olympus). GFP-
positive cells were visualized and selected using epifluorescence optics (Olympus).

Patch pipettes weremade from borosilicate glass capillaries (GC150F-100; Harvard
Apparatus, Holliston,MA) andhad a resistance of 3e5MUwhenfilledwith a potassium
gluconate-based internal solution containing (inmM): 125K-gluconate,10KCl, 3MgCl2,
0.1 ethylene glycol tetraacetic acid (EGTA), 5 Na2-ATP, 5 Na2-phosphocreatine, 0.3 Na2-
GTP, and 10 HEPES (pH adjusted to 7.3 with KOH). Whole-cell patch-clamp recordings
were performed fromGFP-positive cells, and inward currentswere evoked by applying
voltage steps from a holding potential of �25 mV to �110 mV for 200 ms in voltage-
clamp conditions. Membrane capacitance was calculated from the transient current
evoked by applying a small voltage step (�5 mV, 20 ms duration) from a holding po-
tential of�25mV (Irie et al., 2006). Series resistancewas compensated electronically by
70e90%, and the liquid junction potential (�5 mV) was corrected off-line.

Data were collected with Molecular Devices (Sunnyvale, CA) hardware and
software (Multiclamp 700B, Digidata 1440A, Clampex 10.3) as described previously
(Irie et al., 2014), and analyzed using Clampfit 10.3 software (Molecular Devices) and
Igor Pro 6 software (Wavemetrics, Lake Oswego, OR) with the added import func-
tionality provided by ReadPclamp XOP of the NeuroMatic software package (http://
www.neuromatic.thinkrandom.com/). Representative current traces are shown af-
ter averaging four consecutive traces. To obtain inward current densities induced by
MAM-2201 or WIN, the amplitudes of the current were normalized to membrane
capacitances (picoamperes per picofarad, Fig. 2C). The densities were plotted as a
function of the concentration and fit with the sigmoidal function,
Y ¼ Bottomþ ðTop� BottomÞ=ð1þ〖10〗½̂ðLogEC50� XÞ*Hillslope�Þ; using
GraphPad Prism 5 (GraphPad Software, San Diego, CA).

2.4. Cerebellar slice preparation and electrophysiological recordings from PCs

ICRmice of either sex [postnatal day (P) 20e57 for Figs. 3e5 and Table 1; P14e20
for Figs. 6 and 7, and Table 2] were used according to the guidelines for animal use of
the National Institute of Health Sciences. Cerebellar slices were prepared as
described previously with some modifications (Shuvaev et al., 2011). Briefly, mice
were anesthetized with halothane and decapitated. Parasagittal slices of the cere-
bellum (200-mm thick) were prepared using a microslicer (PRO7, Dosaka, Kyoto,
Japan) in ice-cold, cutting solution containing (in mM): 234 sucrose, 2.5 KCl, 1.25
NaH2PO4, 10 MgSO4, 0.5 CaCl2, 26 NaHCO3, 11 glucose, and bubbled with 5% CO2/95%
O2. The slices were then allowed to recover for 1 h at room temperature in artificial
cerebrospinal fluid (ACSF) solution containing (in mM): 120 NaCl, 2.5 KCl, 2 CaCl2, 1
MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 17 glucose, 0.4 ascorbic acid, 3 myo-inositol, 2
sodium pyruvate, and bubbled with 5% CO2/95% O2. In electrophysiological re-
cordings, ascorbic acid, myo-inositol, and sodium pyruvate were omitted.

Cerebellar slices were transferred to a recording chamber, and continuously
perfusedat2mL/minwithACSFat 25±1 �C (Figs. 3e6andTable1) ornear physiological
temperature (34 ± 1 �C; Fig. 7 and Table 2). Electrophysiological recordings were done
using the same equipment described above. Excitatory and inhibitory postsynaptic
currents (EPSCsand IPSCs)were recorded in thepresenceof100mMpicrotoxin (aGABAA

receptor antagonist, Tocris Bioscience) and 40 mM 6,7-dinitroquinoxaline-2,3-dione
(DNQX, an AMPA/kainate receptor antagonist, Tocris Bioscience), respectively. Patch
pipetteshada resistanceof2e3MUwhenfilledwithpipette solutions.ACsCl-basedand
the K-gluconate-based internal solutionswere used for voltage- (Figs. 3e6 and Table 1)
and current-clamp recordings (Fig. 7 and Table 2), respectively. The CsCl-based solution
contained (in mM): 120 CsCl, 20 K-gluconate, 15 tetraethylammonium-Cl, 3 MgCl2, 5
EGTA, 5 Na2-ATP, 5 Na2-phosphocreatine, 0.3 Na2-GTP, 5 QX-314, and 10 HEPES (pH
adjusted to 7.3 with CsOH). The liquid junction potentials (CsCl-based, �4 mV; K-glu-
conate-based, �10 mV) were corrected off-line.

Somaticwhole-cell patch-clamprecordingswereperformed fromPCs in lobules IV
to VIII. PF-PC EPSCs and IPSCs were evoked by electrical stimulation of the molecular
layerandrecordedat theholdingpotentialof�80mV.CF-PCEPSCsandcomplex spikes
were evoked by the stimulation of the granule cell layer. CF-PC EPSCswere recorded at
a holding potential of �10 mV to decrease the driving force for cations through ion-
otropic glutamate receptors. The stimuli (100- to 200-ms pulses, 20e80 V amplitude)
were performed with an ACSF-filled patch pipette (tip diameter, 10e15 mm for mo-
lecular layer stimulation and2e3mmfor thegranule cell layer) and appliedat 0.1Hz. In
someexperiments, paired-pulse stimulation (50ms inter-stimulus intervals)wasdone
to calculate the paired-pulse ratio (PPR), which is an index of the change of neuro-
transmitter release from presynaptic terminals (Zucker and Regehr, 2002; Irie and

Ohmori, 2008). When postsynaptic currents were recorded, series resistance was
monitored by applying small voltage steps (�10mV, 20-ms duration), and the records
were discarded if the resistance varied more than 25%. Quantal EPSCs (qEPSCs) from
PFs andCFswere elicitedbyelectrical stimulation (0.1Hz)withPCsheldat�80mVand
with CaCl2 in ACSF replaced with equimolar SrCl2 (Xu-Friedman and Regehr, 1999).
Miniature IPSCs (mIPSCs) were recorded at a holding potential of �80 mV in the
presenceof40mMDNQXand1mMtetrodotoxin (TTX;WakoPureChemical Industries).
In the start of current-clamp recordings, resting membrane potentials of PCs were
adjusted at �60 to �70 mV by current injection to prevent spontaneous firing, and
series resistance was compensated for using bridge balance and capacitance neutral-
ization. Intrinsic membrane properties were examined by square-wave current in-
jection (500-ms duration, Table 2). Input resistance was measured from averaged
voltage responses evoked by small hyperpolarizing currents (�20 pA). Threshold
current and threshold potential were measured by depolarizing current injections
(from 0 pA to 200 pA, 20 pA increment). Themaximum rate of rise andmaximum rate
of fall of action potentials and spike height were calculated from the first action po-
tentialwaveform evoked at the threshold current. Firing frequencywas obtained from
the number of spikes observed during the current injection.

qEPSCs and mIPSCs were detected off-line using the template search function in
the Clampfit 10.3 software. To analyze qEPSCs, data from 200 to 1600 ms after the
stimulus artifact were used. Average cumulative probability histograms were ob-
tained as follows: first, qEPSCs or mIPSCs were recorded more than 300 events from
each cell in the presence or absence of MAM-2201. Then, for each cell, the ampli-
tudes and inter-event intervals were binned, and individual cumulative probability
histograms were plotted. Finally, these histograms were averaged. Representative
EPSC and IPSC traces are shown after averaging four to six consecutive traces, and
stimulus artifacts are truncated. EPSC and IPSC amplitudes were obtained by aver-
aging six consecutive records. The coefficient of variation (CV), which is another
index of the change of neurotransmitter release from presynaptic terminals, was
calculated from 18 consecutive EPSC or IPSC traces (Korn and Faber, 1991). The
inhibitory concentration 50% (IC50) values of the cannabinoid-related compounds
against neurotransmitter release at PF-PC synapses were calculated as follows:
control PF-PC EPSC amplitude was obtained from the averaged EPSCs recorded for
3 min before application of the synthetic cannabinoids. PF-PC EPSC amplitude in the
presence of the cannabinoids was done from the EPCSs recorded for 8 to 10min after
the application, normalized to the control values, and plotted as a function of the
concentration. The data were fit with the sigmoidal function,
Y ¼ 100=ð1þ〖10〗½̂ðLogIC50� XÞ*Hillslope�Þ (Table 1). The reasons for using PF-
PC synapses for measurement of IC50s were as follows: PF-PC synapses exhibit
more stable synaptic transmission than interneuron-PC synapses (Vincent and
Marty, 1996), they are more sensitive to CB1R agonists, and they express CB1R
proteins more abundantly than CF-PC synapses (Kawamura et al., 2006).

2.5. Simultaneous recordings of Ca2þ transients and complex spikes

Current-clamp recordings were done from PCs using the K-gluconate-based
intracellular solution in which EGTA was replaced with 100 mM Oregon Green 488
BAPTA-1 hexapotassium salt (OGB-1; Invitrogen, Carlsbad, CA) in the presence of
picrotoxin. PC somata and dendrites were dialyzed with the pipette solution for
30min to obtain a stable intracellular concentration of OGB-1. Confocal imaging was
then performed with a Nipkow disk confocal scanner unit (CSU-10; Yokogawa
Electric, Tokyo, Japan) attached to the Olympus BX51WI microscope with the 40�
objective lens. A 488 nm beam from a diode laser (Yokogawa Electric) for excitation
was coupled to the scanner unit through an optical fiber. Fluorescence was detected
via a 520 nm long-path filter using an EMCCD camera (iXon3 DU897; Andor Tech-
nology, Belfast, Northern Ireland). The pixels were binned 2 � 2 on the chip, and
images were acquired at 25.8 Hz. Complex spikes were evoked at 0.1 Hz, and the
electrophysiological recordings were synchronized with the acquisition of time-
lapse fluorescent images. The number of spikelets in complex spikes was obtained
from average value of five to seven consecutive traces. The imaging experiments
were controlled and analyzed using Andor iQ2 software (Andor Technology). Three
to five consecutive time-lapse images were averaged and used for analysis. The
regions of interests were set on primary dendrites (approximately between 20 and
100 mm from the center of the cell body, Fig. 7Ca). Fluorescence changes were
background-corrected and expressed as DF/F0, where F0 is the fluorescence intensity
when the cells were at rest, and DF is the absolute values of fluorescence changes
during activity. Integration of Ca2þ transients was performed over 2 s from the onset.

All data other than EC50s or IC50s are provided as the means ± standard de-
viation. EC50s and IC50s are expressed as the best-fit values with 95% confidence
interval (CI; Table 1). n indicates the number of experiments. Statistical significance
was tested using paired t-tests test unless otherwise stated (significance, p < 0.05).

3. Results

3.1. MAM-2201 acts as an agonist of hCB1Rs and mCB1Rs

To examine whether MAM-2201 activates CB1Rs, we expressed
hCB1R or mCB1R cDNAs in murine tumor line AtT-20. Because
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application of CB1 agonists on AtT-20 cells expressing CB1Rs acti-
vates inward rectifier potassium currents, activities of compounds
against CB1Rs can be determined using this heterologous expres-
sion system (Mackie et al., 1995; Felder et al., 1998). Whole-cell
patch clamp recordings were done from hCB1R or mCB1R-
expressing cells, and inward currents were evoked by applying
hyperpolarizing voltage pulses (Fig. 2B). Bath application of MAM-
2201(1 mM) increased the amplitude of inward current within
5 min (Fig. 2Bb). Subsequent application of low concentration of
Ba2þ (200 mM BaCl2), which blocks inward rectifier potassium

currents (Hagiwara et al., 1976), markedly reduced the inward
currents. This indicates that, in addition to MAM-2201-induced
currents, MAM-2201-independent inward rectifier potassium cur-
rents were simultaneously blocked (Dousmanis and Pennefather,
1992). The time course of the induced current, obtained by sub-
tracting the currents before from those after the application of
MAM-2201, showed slow activation at the beginning of voltage
pulse (Fig. 2Ba, Difference). This property is characteristic of acti-
vation of G-protein coupled potassium channels (Kubo et al., 1993).
Fig. 2C shows the concentration-dependent increase of current

Fig. 2. Heterologous expression of cannabinoid receptor type 1 (CB1R) cDNAs in AtT-20 cells. A, Immunofluorescence images of AtT-20 cells transfected with human CB1R (hCB1R)
and green fluorescent protein (GFP) cDNAs. Cell nuclei were stained with Hoechst 33342 (1 mg/mL, Dojindo, Kumamoto, Japan; Aa). Arrowheads indicate GFP and hCB1R double
positive cells. Proteins of hCB1Rs were visualized by immunolabelling with rabbit anti-CB1R antibody and AlexaFluor 568-conjugated anti-rabbit secondary antibody (Ac). B,
Representative data recorded from hCB1R-expressing cell. Ba, Inward currents were evoked by applying voltage steps from a holding potential of �25 mV to �110 mV for 200 ms. In
trace (a) and (b), averages of four consecutive responses are shown. These traces correspond to the responses at time points marked (a) or (b) in Bb. The holding current level is
shown by a dotted line. Bb, Time course of mean inward currents. Each point represents an averaged value obtained from four consecutive records. C, Concentration-dependent
increases of inward current densities induced by MAM-2201 or (R)-(þ)-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate [WIN55,212-2 (WIN)]. To obtain current densities, amplitudes of inward current induced by MAM-2201 or WIN were normalized to mem-
brane capacitances (picoamperes per picofarad). The densities were plotted as a function of the concentration and fit with the sigmoidal function,
Y ¼ Bottomþ ðTop� BottomÞ=ð1þ〖10〗½̂ðLogEC50� XÞ*Hillslope�Þ; where EC50 is effective concentration 50%. Here and in the following figures, error bars and the numbers in
parentheses indicate standard deviation and the number of experiments, respectively.
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densities induced by MAM-2201 or WIN in CB1R-expressing cells.
Interestingly, in hCB1R-expressing cells, MAM-2201 increased
current densities in a concentration-dependent manner (Fig. 2C,
red circles) with an EC50 of 0.230 mM (95% CI, 0.0384e1.37 mM).
Similar responses were obtained by application of WIN (Fig. 2C,
black circles; EC50¼ 0.234 mM; 95% CI, 0.410� 10-3-140 mМ), which
was consistent with previous report (Mackie et al., 1995). In the
presence of AM251 (5 mM, a CB1R antagonist), MAM-2201 (1 mM)
did not induce the inward currents (�2.38 ± 7.23 pA/pF, n ¼ 6). In
cells transfected with GFP alone, MAM-2201 (1 mM) did not elicit
any changes (1.55 ± 6.78 pA/pF, n ¼ 5). In mCB1R-expressing cells,
MAM-2201 induced concentration-dependent increase in the cur-
rent density (Fig. 2C, gray triangles). These results demonstrate that
MAM-2201 activates hCB1Rs and mCB1Rs.

3.2. MAM-2201 inhibits synaptic transmission presynaptically via
activation of presynaptic CB1Rs at PF-PC synapses in mouse
cerebellum

We tested the effects of MAM-2201 on neurotransmitter release
at PF-PC synapses and the involvement of CB1Rs (Fig. 3), and
compared the potency of MAM-2201 with that of WIN, JWH-018,
and D9-THC (Fig. 4 and Table 1). Whole-cell patch-clamp re-
cordings were performed from somata of PCs in mouse cerebellar
slices under voltage-clamp conditions, and PF-PC EPSCs were
evoked by electrical stimulation of PFs in the molecular layer in the
presence of picrotoxin. The recording configuration is illustrated in
Fig. 3A. As shown in Fig. 3B, bath application of MAM-2201 (10 mM,
8 min) significantly decreased the first EPSC amplitude

Fig. 3. MAM-2201 inhibits synaptic transmission at parallel fiber (PF)-Purkinje cell (PC) synapses presynaptically via activation of presynaptic CB1Rs. A, Experimental configuration
for Fig. 3BeG and 4. B, PF-induced excitatory postsynaptic currents (EPSCs) were evoked with pairs of stimuli (50 ms interval) under control conditions (Control) or in the presence
of 10 mM MAM-2201 (MAM-2201). The holding potential was �80 mV. Picrotoxin (100 mM) was added to the extracellular artificial cerebrospinal fluid (ACSF) to block GABAA

receptor-mediated inhibitory postsynaptic currents (IPSCs). The first EPSC peak in MAM-2201 was reduced to 21.9% of control. In each trace, averages of six trials are shown. In the
right panel, the EPSC evoked by the first stimulus in MAM-2201 is scaled to the amplitude of the first EPSC in Control. MAM-2201 increased paired-pulse facilitation (Bb). Stimulus
artifacts are truncated. C, Same as in A, but in the presence of 10 mMWIN. In Ca, the first peak in WIN was reduced to 24.1% of control. In the right panel, the EPSC evoked by the first
stimulus in WIN is scaled to the amplitude of the first EPSC in Control. D and E, Summary of paired-pulse ratio (PPR, D) and coefficient of variation (CV, E) of PF-PC EPSCs before and
after application of MAM-2201, WIN, or JWH-018 (10 mM in all groups). Here and in the following figures, the statistical significance was tested using paired t-tests unless otherwise
stated (significance, p < 0.05). **p < 0.01 and ***p < 0.001. F, To isolate quantal EPSCs (qEPSCs) from PFs, asynchronous neurotransmitter release from PF terminals was evoked by
stimulating PFs in the presence of Sr2þ (2 mM, see Materials and Methods). Fa, Five superimposed traces before (Control) and after application of MAM-2201. Asynchronously
released quanta are seen as downward current deflections. Synchronous PF-PC EPSCs are truncated. Fb and Fc, Average cumulative probability histograms of inter-event interval (IEI,
Eb, bin width: 40 ms) and peak amplitude (Ec, bin width: 2 pA) of PF-PC qEPSCs. Ga, Time course of peak PF-PC EPSC amplitudes in the presence of N-(Piperidin-1-yl)-5-(4-
iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251, 5 mM). Each point represents an averaged value obtained from six consecutive records.
MAM-2201 (10 mM) had no detectable effect on the amplitude. Additional application of 6,7-dinitroquinoxaline-2,3-dione (DNQX, 40 mM) abolished PF-PC EPSCs completely. Gb,
Traces show normalized PF-PC EPSC responses at time points marked (a) and (b) in Ga.
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(39.0 ± 10.8% of control value, n ¼ 7, p < 0.001). To investigate
whether the effects of MAM-2201 on PF-PC EPSC amplitude were
mediated by presynaptic mechanisms, PPR and CV analyses were
performed. MAM-2201 (10 mM) significantly increased PPR

(Fig. 3Bb and D) and CV (Fig. 3E), indicating a decrease in presyn-
aptic neurotransmitter release. WIN (10 mM, 8-min application)
induced a similar decrease in PF-PC EPSC amplitude and a parallel
increase in the PPR and CV (Fig. 3CeE). MAM-2201 (10 mM) also

Fig. 4. MAM-2201 is a more potent inhibitor than D9-tetrahydrocannabinol (D9-THC) and JWH-018 at PF-PC synapses. Aa, Representative PF-PC EPSC traces recorded in control
conditions, or in 0.1 or 1 mMMAM-2201. These traces show normalized PF-PC EPSC responses at time points marked (a), (b), or (c) in Ab. Ab, Time course of peak amplitudes of PF-PC
EPSCs. Each point represents an averaged value obtained from six consecutive records. Ba, Representative PF-PC EPSC traces recorded in control conditions, or in 0.1, 1, or 30 mM
JWH-018. These traces correspond to the responses at time points marked (a), (b), (c), or (d) in Bb. Bb, Time course of peak amplitudes of PF-PC EPSCs. C, Representative PF-PC EPSC
traces recorded in control conditions, or in 3, or 30 mM D9-THC. These traces correspond to the responses at time points marked (a), (b), or (c) in Cb. Cb, Time course of the peak
amplitudes. In Aa, Ba, and Ca, stimulus artifacts are truncated. D, Concentration-dependent decreases of PF-PC EPSC amplitudes induced by cannabinoid-related compounds. Control
PF-PC EPSC amplitude was obtained from averaged PF-PC EPSCs recorded for 3 min before the application of the compounds. PF-PC EPSC amplitudes in the presence of these
compounds were recorded for 8e10 min after application, normalized to the control values, and plotted as a function of concentration (Fig. 4C). Each plot was fit with a sigmoidal
function, Y ¼ 100=ð1þ〖10〗½̂ðLogIC50� XÞ*Hillslope�Þ, where IC50 is inhibitory concentration 50%. *p < 0.05, **p < 0.01, and ***p < 0.001 by unpaired t-tests test.
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decreased PF-PC qEPSC frequency [Inter-event interval (IEI), Con-
trol: 194.0 ± 24.1 ms, MAM-2201: 288.7 ± 30.2 ms, p < 0.001, n ¼ 6,
Fig. 3Fa and Fb] without affecting PF-PC qEPSC amplitude (peak
amplitude, Control: 18.9 ± 2.1 pA, MAM-2201: 18.6 ± 4.3 pA,

p ¼ 0.860, n ¼ 6, Fig. 3Fa and Fc). In the absence of MAM-2201,
amplitudes of PF-PC EPSCs did not show significant changes dur-
ing 45-min recording under condition in which series resistance
was stable (105.2 ± 10.5% of control, n ¼ 7, p ¼ 0.271).

Fig. 5. MAM-2201 reduces GABAergic synaptic transmission at interneuron-PC synapses via presynaptic mechanisms. A, Experimental configuration for Fig. 5BeE. Ba, Averaged
current traces of IPSCs in control conditions (Control) and 10 mM MAM-2201. These traces show normalized IPSC responses at time points marked (a) and (b) in Bb. IPSCs were
evoked with pairs of stimuli (50 ms interval) in the presence of 40 mM DNQX and were recorded as inward currents because of the use of the CsCl-based internal solution. The
holding potential was �80 mV, and stimulus artifacts were blanked for clarity. The first peak in MAM-2201 was reduced to 28.0% of control. In the right panel, the first IPSC in MAM-
2201 is scaled to the amplitude of the first IPSC in Control (Scaled), showing a clear increase of PPR. Bb, Time course of peak amplitudes of the first IPSC. Each point represents an
averaged value obtained from six consecutive records. C, Concentration-dependent decreases of peak amplitude of IPSC by MAM-2201 and WIN. IPSC amplitudes were normalized
to the control value (¼baseline responses) and expressed as a percentage of control. *p < 0.05 and ***p < 0.001. D and E, Summary of PPR (D) and CV (E) of IPSCs before and after
application of MAM-2201 and WIN (10 mM in both groups). **p < 0.01. F, Miniature IPSCs (mIPSCs) recorded in the presence of tetrodotoxin (TTX, 1 mM) and DNQX. Fa, Five
superimposed traces before (Control) and after application of MAM-2201. mIPSCs appear as downward current deflections. Fb and Fc, Average cumulative probability histograms of
IEI (Fb, bin width: 100 ms) and peak amplitude (Fc, bin width: 20 pA) of mIPSCs.
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To examine whether MAM-2201 altered postsynaptic responses
by activating presynaptic CB1Rs, MAM-2201 was bath-applied to
the cerebellar slices in the presence of AM251 (5 mM). MAM-2201
did not induce any change of PF-PC EPSC amplitude in the pres-
ence of AM251 (Fig. 3G, 102.2 ± 6.0% of control, n ¼ 5, p ¼ 0.443).

Subsequent application of DNQX (40 mM) abolished PF-PC EPSCs,
demonstrating that glutamatergic synaptic transmission was
indeed evoked, and bath application of these chemicals was suc-
cessful (Fig. 3Ga). Taken together, these results indicate that the
MAM-2201-induced changes are mediated by a decrease in pre-
synaptic neurotransmitter release from PF terminals via activation
of presynaptic CB1Rs.

3.3. MAM-2201 is a more potent inhibitor of PF-PC synapses than
D9-THC and JWH-018

Fig. 4AeC show representative traces of PF-PC EPSCs in the
presence of MAM-2201 (Fig. 4A), JWH-018 (Fig. 4B), or D9-THC
(Fig. 4C), respectively. The inhibitory effect of MAM-2201 on PF-PC

Table 1
IC50s of synthetic cannabinoids against PF-PC EPSCs.

WIN MAM-2201 JWH-018

IC50 (mM)
[95% CI (mM)]a

0.890 [0.296-2.679] 0.363 [0.193-0.681] 1.121 [0.551-2.282]

Relative IC50 1.00 0.41 1.25

a Data are provided as the best-fit values with 95% confidence intervals (CI).

Fig. 6. MAM-2201-mediated presynaptic inhibition at climbing fiber (CF)-PC synapses. A, Experimental configuration for Fig. 6BeF and 7. Ba, Averaged current traces of CF-PC EPSCs
in control (Control) and 10 mM MAM-2201. These traces show normalized CF-PC EPSC responses at time points marked (a) and (b) in Bb. CF-PC EPSCs were evoked with pairs of
stimuli (50 ms interval) in the presence of 100 mM picrotoxin. PCs were held at �10 mV to reduce the driving force for AMPA receptor-mediated currents. Stimulus artifacts were
truncated for clarity. The first peak in MAM-2201 was reduced to 38.4% of control. In the right panel, the first CF-PC EPSC in MAM-2201 is scaled to the amplitude of the first CF-PC
EPSC of control (Scaled). Bb, Time course of peak amplitudes of first CF-PC EPSC. Each point represents an averaged value obtained from six consecutive records. C, Concentration-
dependent decreases of the peak amplitudes of CF-PC EPSCs by MAM-2201. CF-PC EPSC amplitudes were expressed as a percentage of control. *p < 0.05 and **p < 0.001. D and E,
Summary of PPR (D) and CV (E) of CF-PC EPSCs before and after application of MAM-2201 (10 mM). F, CF-PC qEPSCs in the presence of picrotoxin and Sr2þ (2 mM SrCl2). The qEPSCs
were recorded at a holding potential of �80 mV. Fa, Five superimposed traces before (Control) and after application of MAM-2201. Synchronous CF-PC EPSCs are truncated. Fb and
Fc, Average cumulative probability histograms of IEI (Fb, bin width: 40 ms) and peak amplitude (Fc, bin width: 2 pA) of CF-PC qEPSCs.
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EPSC amplitude was first detectable at 0.03 mM (Fig. 4D, 90.1 ± 6.1%
of control, n ¼ 5, p < 0.05), and became more apparent at higher
concentrations. Application of 0.1 mM MAM-2201 was sufficient to
induce a clear reduction [trace (b) in Fig. 4Aa, 71.9% of control], and
subsequent administration of 1 mM MAM-2201 induced further
decrease [trace (c) in Fig. 4Aa, 51.0% of control]. On the other hand,
0.1 mM JWH-018 did not have detectable effects on PF-PC EPSCs
[trace (b) in Fig. 4Ba, 99.0% of control; 0.1 mM JWH-018 in Fig. 4D,
n ¼ 7, p ¼ 0.096]. Higher concentrations of JWH-018 were required
to reduce PF-PC EPSC amplitude [trace (c) in Fig. 4Ba, 1 mM, 81.0% of
control; trace (d) in Fig. 4Ba, 30 mM, 44.2% of control]. Application of
D9-THC, which acts as a partial agonist of CB1Rs (Shen and Thayer,
1999; Luk et al., 2004), decreased amplitude of PF-EPSCs obviously
at 3 mM [trace (b) in Fig. 4C, 68.6% of control], but subsequent
administration of 30 mM D9-THC did not induce a clear reduction
[trace (c) in Fig. 4C, 57.0% of control]. D9-THC (30 mM) significantly

increased PPR and CV (n¼ 6, data not shown), indicating a decrease
in presynaptic neurotransmitter release. Fig. 4D shows the
concentration-dependent decreases of PF-PC EPSC amplitude
induced by cannabinoid-related compounds. MAM-2201 decreased
PF-PC EPSCs more potently than JWH-018 within the range of
0.03e3 mM (Fig. 4D, blue triangles (in theweb version), p < 0.05 and
p < 0.01 by unpaired t-tests test) and D9-THC within the range of
0.1e30 mM (Fig. 4D, gray squares, p < 0.001 by unpaired t-tests test).
Application ofWIN decreased PF-PC EPSC amplitude to 64.5 ± 0.16%
(n ¼ 7) of the control value at a concentration of 1 mM and to
46.8 ± 0.13% (n ¼ 12) at 10 mM (Fig. 4D, WIN). These results are
comparable to the previous reports using cerebellar slice prepara-
tions from rodents (see Discussion) (Levenes et al., 1998; Takahashi
and Linden, 2000; Kawamura et al., 2006). The IC50s of the syn-
thetic cannabinoids against PF-PC EPSCs are summarized in Table 1,
and indicate that the rank order of potency for inhibition is MAM-

Fig. 7. MAM-2201 reduces the number of spikelets in complex spikes and dendritic Ca2þ transients evoked by CF stimulation. AeD, Simultaneous recordings of complex spikes and
dendritic Ca2þ transients. A, Representative superimposed traces of complex spikes (5 traces) evoked by stimulation of CFs (0.1 Hz) in the presence of picrotoxin at near physi-
ological temperature (34 ± 1 �C). The K-gluconate-based intracellular solution containing Oregon Green 488 BAPTA-1 hexapotassium salt (OGB-1, 100 mM) was used for current-
clamp recordings. At the start of the recording, the resting membrane potential was adjusted around �60 to �70 mV by current injection to prevent spontaneous firing. MAM-2201
(10 mM, 10 min) reduced the number of spikelets (4 spikelets in Control; 3 spikelets in MAM-2201). Superimposed traces reveal delay and reduction of spikelets in MAM-2201. B,
Summary of average number of spikelets before and after application of MAM-2201 (10 mM). ***p < 0.001. C, A dendritic Ca2þ transient induced by CF stimulation. Intracellular Ca2þ

measurement in C was simultaneously performed while recording the complex spikes in A. Ca, Representative confocal image of PC loaded with OGB-1 via a patch pipette. Area
indicated by dotted line represents region of interest used for the calculation of the dendritic Ca2þ transients. Cb, Representative Ca2þ transients in control and MAM-2201 (10 mM).
F0 is the fluorescence intensity when the cells were at rest, and DF is the absolute values of fluorescence changes during activity. Da and Db, Summary of Ca2þ transient peaks (Da)
and integration of Ca2þ transients (Db). The integration was performed for 2 s from the onset. **p < 0.01.
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2201 > WIN > JWH-018. These findings are consistent with our
unpublished data on the IC50s for these synthetic cannabinoids,
measured by a binding assay for human recombinant CB1Rs (see
Discussion). IC50 of D9-THC was not able to be calculated due to
ambiguous fitting. These results demonstrate that MAM-2201 is a
more potent inhibitor of PF-PC synaptic transmission than JWH-018
and D9-THC.

3.4. MAM-2201 inhibits GABAergic synaptic transmission at
inhibitory interneuron-PC synapses via presynaptic mechanisms

PCs receive feed-forward inhibition from GABAergic inhibitory
interneurons lying in the molecular layer of the cerebellar cortex
(Llinas et al., 2004), and this inhibition shapes the spike output of
PCs (Mittmann et al., 2005). To explore howMAM-2201 modulates
this inhibitory synaptic input, we recorded GABAergic synaptic
transmission at inhibitory interneuron-PC synapses and examined
the effects of MAM-2201 on inhibitory transmission. As shown in
Fig. 5B, 10 mM MAM-2201 decreased the first IPSC amplitude
(MAM-2201 in Fig. 5Ba and Bb; Fig. 5C, n ¼ 6, p < 0.001), and a
similar reduction was observed by 1 mM MAM-2201, indicating the
MAM-2201-induced decrease was concentration-dependent
(Fig. 5C, MAM-2201). MAM-2201 (10 mM) significantly increased
PPR and CV (Scaled in Fig. 5Ba, D and E, MAM-2201), and these
increases were comparable to those obtained by WIN (10 mM,
Fig. 5D and E, WIN). Moreover, MAM-2201 (10 mM) decreased
mIPSC frequency (IEI, Control: 451.2 ± 464.1 ms, MAM-2201:
718.8 ± 542.9 ms, p < 0.05, n ¼ 5, Fig. 5Fa and Fb) without
affecting mIPSC amplitude (peak amplitude, Control:
45.3 ± 22.3 pA, MAM-2201: 48.3 ± 24.1 pA, p ¼ 0.53, n ¼ 5, Fig. 5Fa
and Fc). These results demonstrate that MAM-2201 inhibits
GABAergic synaptic transmission at interneuron-PC synapses via
presynaptic mechanisms.

3.5. MAM-2201-mediated presynaptic inhibition at CF-PC synapses
reduces the number of spikelets in complex spikes and dendritic
Ca2þ transients in PCs

Activation of CFs produces AMPA receptor-mediated strong
postsynaptic depolarization and evokes an all-or-none spike with
multiple peaks (spikelets), called ‘‘complex spikes’’ in the soma
(Llinas et al., 2004). Complex spikes are accompanied by a large,
dendritic Ca2þ transient, which plays a crucial role in producing
long-term depression (LTD) at PF-PC synapses (Konnerth et al.,
1992). At CF terminals, activation of presynaptic CB1Rs by WIN
reduces glutamate release (Maejima et al., 2001). To examine how
presynaptic modulation by MAM-2201 at CF-PC synapses affects

the waveforms of complex spikes and CF-induced dendritic Ca2þ

transients, we first confirmed presynaptic inhibition by MAM-
2201 at CF-PC synapses (Fig. 6), and then performed simulta-
neous recordings of complex spikes and intracellular Ca2þ tran-
sients (Fig. 7).

First, CF-PC EPSCs were recorded at the holding potential
of�10 mV in the presence of picrotoxin (Fig. 6BeE). To improve the
space clamp in dendrites, young mice (P14e20) were used for the
following experiments. This was because CF innervation of PCs is
almost matured at this age (Hashimoto and Kano, 2013), and their
dendrites are compact compared with those of adult (~P57) mice
(McKay and Turner, 2005). As shown in Fig. 6B and C, bath appli-
cation of MAM-2201 (1 or 10 mM) reduced CF-PC EPSC amplitude in
a concentration-dependent manner. This reduction was accompa-
nied by significant increases in PPR and CV (10 mM MAM-2201;
Scaled in Fig. 6Ba, C and D). Moreover, MAM-2201 (10 mM)
decreased CF-PC qEPSC frequency (IEI, Control: 176.5 ± 40.3 ms,
MAM-2201: 234.5 ± 51.1 ms, p < 0.01, n ¼ 5, Fig. 6Fa and Fb)
without affecting CF-PC qEPSC amplitude (peak amplitude, Control:
22.5 ± 2.7 pA, MAM-2201: 22.0 ± 4.0 pA, p ¼ 0.75, n ¼ 5, Fig. 6Fa
and Fc). These results indicate that MAM-2201 presynaptically in-
hibits neurotransmitter release from CF terminals.

We then simultaneously recorded complex spikes in the somata
and Ca2þ transients in the dendrites of PCs using the K-gluconate-
based internal solution containing OGB-1 at near physiological
temperature. Complex spikes were elicited under current-clamp
conditions. As presented in Fig. 7A, electrical stimulation of CFs
evoked all-or-none complex spikes consisting of spikelets (Control
in Fig. 7A). MAM-2201 (10 mM, 10 min) significantly reduced the
number of spikelets to 78% of the control (Fig. 7B, n¼ 11, p < 0.001).
Because MAM-2201 modulated synaptic properties via activation
of presynaptic CB1Rs (Fig. 3), and because PCs do not express CB1Rs
(Kano et al., 2009), we would not expect MAM-2201 to affect the
intrinsic membrane properties of PCs. As expected, wewere able to
confirm that MAM-2201 did not affect the resting membrane po-
tential, input resistance, or action potential properties of PCs
(Table 2). Accordingly, MAM-2201-induced changes in complex
spike waveforms can be interpreted based on depression of CF-PC
EPSCs. The complex spikes evoked by CF stimulation were accom-
panied by large Ca2þ transients in the dendrites (Fig. 7Cb, Control).
MAM-2201 substantially decreased the peak amplitude of the Ca2þ

transient (Fig. 7Cb, MAM-2201). Both the peak and the integral of
the Ca2þ transients were significantly attenuated by 10 mM MAM-
2201 (peak: n ¼ 10, p < 0.01, Fig. 7Da; integration: n ¼ 10,
p < 0.01, Fig. 7Db). Taken together, these results indicate that MAM-
2201 alters PC responses to CF activation by reducing the number of
spikelets and the dendritic Ca2þ transients. This implies that MAM-
2201 would decrease complex spike-mediated information prop-
agation from PCs to the next nuclei and might affect induction of
intracellular Ca2þ-dependent LTD at PF-PC synapses (see
Discussion).

4. Discussion

This is the first study of the effects of MAM-2201 on neuronal
functions. We found that MAM-2201 acted as an agonist of CB1Rs
(Fig. 2). We also found that MAM-2201 inhibited glutamatergic
synaptic transmission presynaptically via activation of presynaptic
CB1Rs (Fig. 3). At the same concentrations, MAM-2201 decreased
PF-PC EPSCs more potently than JWH-018 and D9-THC (Fig. 4).
Moreover, MAM-2201 also presynaptically suppressed GABAergic
synaptic transmission at interneuron-PC synapses (Fig. 5) and
glutamatergic synaptic transmission at CF-PC synapses (Fig. 6). In
the case of smaller CF-PC EPSCs, MAM-2201 led to reduction of the
number of action potentials in complex spikes and to reduced

Table 2
MAM-2201 did not affect intrinsic membrane properties of PCs.

Control
(n ¼ 10)

10 mM MAM-2201
(n ¼ 10)

p value

Resting membrane potential (mV) �65.3 ± 3.2 �66.0 ± 3.5 0.43
input resistance (MU) 113 ± 51 101 ± 34 0.29
Threshold current (pA) 71.0 ± 39.5 77.8 ± 7.4 0.24
Threshold potential (mV) �45.4 ± 5.6 �44.9 ± 6.4 0.50
Spike height (mV) 44.9 ± 6.4 45.4 ± 47.6 0.71
Maximum rate of rise (V/s) 114 ± 40 131 ± 37 0.20
Maximum rate of fall (V/s) �93.0 ± 17 �89.2 ± 15.8 0.14
Firing frequency at 200 pA (Hz) 33.0 ± 18.4 34.4 ± 20.5 0.77
Firing frequency at 500 pA (Hz) 72.6 ± 29.8 77.8 ± 42.1 0.68

Young mice (P14e20) and the K-gluconate-based internal solution were used for
the experiments. Current-clamp recordings were performed at near physiological
temperature (34 ± 1 �C).
Data are provided as the means ± standard deviation, and n ¼ number of
experiments.
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dendritic intracellular Ca2þ transients (Fig. 7). Thus, it is likely that,
in humans, the psychoactive effects caused by MAM-2201 are
mainly due to inhibition of neurotransmitter release via activation
of presynaptic CB1Rs.

4.1. The validity of our data on presynaptic inhibition at PF-PC
synapses induced by synthetic cannabinoids

In our experiments, WIN reduced PF-PC EPSC amplitude to
64.5% (1 mM) and 46.8% (10 mM) of the control value using P20e57
mice (Fig. 4D). These reductions are comparable to previously
published values obtained from acute cerebellar slice preparations:
55.6% of control in 1 mM WIN (P15e21 rats) (Levenes et al., 1998),
29.1 and 12.3% in 1 and 5 mM WIN, respectively (P15e19 rats)
(Takahashi and Linden, 2000), and 23.5% in 5 mMWIN (P9e14mice)
(Kawamura et al., 2006). The latter two reports show somewhat
smaller percentages compared with our data, but this can be
attributed to the differences in the ages of the animals used: an
immunohistochemical study revealed that the distribution patterns
of CB1Rs in the molecular layer show developmental changes
(Kawamura et al., 2006).

Atwood et al. reported that the IC50 of JWH-018 against synaptic
transmission is 14.9 nM using autaptic hippocampal neuronal
cultures (Atwood et al., 2010), whereas our IC50 value for JWH-018
was approximately 100 times larger than that of their report
(Table 1). This discrepancy might be explained by the different
neuronal preparations used: Atwood et al. utilized dissociated
neuronal cultures, whose synapses would not be wrapped by cell
structures such as glial membranes. These synapses would be more
easily exposed to CB1R agonists compared with those in cerebellar
slice preparations, and therefore synaptic transmission in the
autaptic hippocampal cultures might be suppressed by a lower
concentration of JWH-018.

Using a binding assay for human recombinant CB1Rs, we
recently found that relative IC50s for WIN, MAM-2201, and JWH-
018 against CB1Rs were 1.00, 0.70, and 5.30, respectively (Kikura-
Hanajiri et al., manuscript in preparation). These data agree well
with our observation of the relative IC50s against excitatory
neurotransmitter release from PF terminals to PCs using cerebellar
slice preparations (Table 1). Therefore, we consider our observa-
tions of IC50s in cerebellar preparations to be reasonable.

4.2. Adverse effects of MAM-2201 on targets of the cerebellar cortex
and on cerebellum-dependent motor functions

PCs are the sole output GABAergic neurons from the cerebellar
cortex and make direct synaptic contacts onto the deep cerebellar
nuclear neurons and vestibular nuclear neurons (Voogd and
Glickstein, 1998; Zheng and Raman, 2010). PCs receive two types
of excitatory input from CFs and PFs. CFs arise from the inferior
olivary complex located in the brainstem. CFs are activated during
motor learning and induce complex spikes in PCs (Ito, 2001; Llinas
et al., 2004). Spikelets in complex spike can propagate to the syn-
aptic terminals of PCs (Khaliq and Raman, 2005). PFs are the axons
of granule cells, which are excited by glutamatergic mossy fiber
inputs. Mossy fibers originate from nuclei in the spinal cord and
brain stem. The mossy fiber-PF pathway is the main operational
input to the cerebellum and PCs, and carries afferent information
both from the periphery and from other brain centers. PFs produce
a brief excitatory postsynaptic potential in PCs that generates a
single action potential called a “simple spike.” In addition, PCs
receive feed-forward synaptic inhibition from GABAergic in-
terneurons, and this inhibition increases the precision of PC spike
outputs (Mittmann et al., 2005). Thus, all of these synaptic inputs to
PCs can control the output of the cerebellar cortex. The absence of

PC activity or genetic manipulation of synaptic transmission from
PCs severely affects cerebellum-dependent motor functions: both
in mutant mice and in spinocerebellar ataxia type 6 patients, se-
lective degeneration of PCs induce motor dysfunction (Frontali,
2001; Porras-Garcia et al., 2013), and PC-specific vesicular GABA
transporter knockout mice exhibit motor impairment (Kayakabe
et al., 2013).

We demonstrate that MAM-2201 inhibits neurotransmitter
release at PF-PC, interneuron-PC, and CF-PC synapses in a
concentration-dependent manner (Figs. 3e6), and reduces the
number of spikelets in CF-evoked complex spikes (Fig. 7A and B).
Assuming that, in humans, MAM-2201 inhibits neurotransmitter
release at these synapses, the inhibition at PF-PC synapses could
cause failure of simple spike generation in PCs. The inhibition of
interneuron-PC synapses may weaken the feed-forward inhibition,
leading to decreased precision of PC spike outputs. MAM-2201-
induced reduction of spikelets in complex spikes (Fig. 7A and B)
could cause a decrease in the number of action potentials that
propagate to the synaptic terminals of PCs. Consequently, MAM-
2201 may interrupt normal GABAergic inhibition onto the deep
cerebellar nuclear neurons and vestibular nuclear neurons, and
thus could affect cerebellum-dependent motor coordination. This
speculation could be supported by the report that consumption of
drugs of abuse containing analogs of MAM-2201 can cause cere-
bellar dysfunction such as disturbance of finger-to-finger test
(Musshoff et al., 2014).

4.3. Possible effects of MAM-2201 on cerebellar LTD initiated by
dendritic Ca2þ transients and on motor learning functions

PF-PC LTD is thought to underlie cerebellar motor learning in
mammals (Yuzaki, 2012). This learning is impaired in transgenic
mice that exhibit a deficit in the expression of LTD in vitro
(Kakegawa et al., 2008). Induction of LTD requires association of PF
and CF activation both in vivo and in vitro (Ito, 2001). At the cellular
level, CF synaptic inputs to PCs evoke dendritic Ca2þ transients,
which play crucial roles in the expression of LTD (Konnerth et al.,
1992). Interestingly, Carey and Regehr reported that presynaptic
inhibition of CF-PC synapses by noradrenaline alters the complex
spikewaveform and decreases CF-evoked dendritic Ca2þ transients,
leading to interferencewith the induction of LTD (Carey and Regehr,
2009). This noradrenergic modulation shares many features with
our observations of MAM-2201-induced changes of CF-evoked re-
sponses in PCs (Figs. 6 and 7): depression of CF-PC EPSCs via pre-
synaptic mechanisms, reduction of the number of spikelets in
complex spikes, and attenuation of CF-induced Ca2þ transients in
PC dendrites. Taken together, MAM-2201 may interfere with the
induction of LTD in vitro and might result in an impairment of
cerebellar motor learning in vivo. Further work will be needed to
clarify whether MAM-2201 indeed blocks the induction of LTD.

4.4. Implications for adverse effects of MAM-2201 on other brain
functions

In the brain, CB1Rs are widely and abundantly expressed, and
numerous in vitro studies have revealed that activation of CB1Rs by
agonists suppresses synaptic transmission in several regions such
as the hippocampus, nucleus accumbens, striatum, and cerebellar
cortex (Kano et al., 2009). Moreover, in rat hippocampal slice
preparations, pharmacological activation of CB1Rs modulates long-
term potentiation in the CA1 region (Navakkode and Korte, 2014),
and in vivo administration of WIN impairs hippocampal-dependent
short-term memory (Hampson and Deadwyler, 2000). WIN also
activates the “reward circuitry” in the brain, including the ventral
tegmental area-nucleus accumbens pathway, and alters reward-
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related behaviors in a similar manner to other reward-enhancing
addictive drugs (Gardner, 2005). In this study, we demonstrated
that MAM-2201 suppresses synaptic transmission in the cere-
bellum and that this action parallels that induced by WIN
(Figs. 3e5). Taken together, in humans, MAM-2201 could cause
psychoactive effects that are similar to those observed in the lab-
oratory animal experiments using WIN or other synthetic
cannabinoids.
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ミクログリアの発生と分化過程

脳の免疫機能担当細胞として長らく知られてきたミクロ

グリアは脳細胞の 5％を占める．Macrophage 1 antigen

(Mac1)，major histocompatibility complex (MHC) class

Ⅱ，CD68，F4／80や fragment，crystallizable(Fc)受容体，

low density lipoprotein(LDL)受容体といった細胞表面抗

原を発現していること，貪食能，サイトカイン分泌といっ

た機能を有することなど，モノサイトやマクロファージに

類似点が多いため，脳内炎症レベルの決定細胞として長ら

く炎症を伴う病態研究の対象となってきた．ミクログリア

をモノサイトやマクロファージと決定的に区別できる細胞

表面抗原がまだ見つかっていないため，その起源について

もモノサイトやマクロファージと共通であると長らく考え

られてきた．しかし 2010〜12 年にかけて，ミクログリアが

系統的に発生過程の早い時期にマクロファージと分かれて

いることが明らかにされた．ミクログリアは胎生 7.5日齢

に骨髄前駆細胞から分化し胎生 8.5〜9.5 日齢にはすでに

脳内に移行している1，2)．Ginhoux らは，造血幹細胞(モノ

サイトやマクロファージのもとになる幹細胞)の完成前で

ある胎生 7日齢に，ミクログリア前駆細胞がすでに卵黄囊

で発生しており，胎生 9 日齢までにこれらの細胞が脳に移

行してミクログリアとなることを実験的に証明した1)．こ

れは神経幹細胞であるラジアルグリアが脳内に発生する

(胎生 10.5 日齢)よりも早いタイミングの出来事である．

このミクログリア前駆細胞は Csf1 受容体を発現した Myb

(−)，PU.1依存的であることも2)，Myb(＋)な造血幹細胞

とは異なる点である．一方，病態時には血液脳関門のバリ

ア機能低下により血球系細胞の脳内浸潤が起こるが，これ

らの細胞がミクログリアにはならないことも示されてい

る．モノサイトやマクロファージのみが green fluores-

cent protein(GFP)標識されたマウスに実験的脳脊髄炎

(experimental allergic encephalomyelitis：EAE)を発症さ

せると，EAE 症状の重篤度に応じてモノサイトが脊髄に

浸潤するが，炎症終息後に GFP陽性細胞は消失した3)．以

上のことから，脳内で生理的な機能を持つミクログリアの

ほとんどが胎生 7.5日齢に脳内に移行したミクログリア前

駆細胞の子孫たちであると考えられる．ところが，このよ

うに共通の先祖を持ちながらミクログリアは中枢神経系の

発達，機能分化とともに，ミエリン，血管系，血液脳関門，

周囲細胞の細胞外マトリックス，神経伝達物質，といった

周囲環境との相互作用によって，その領域，その時期に特

異的な形態，抗原発現パターン，増殖パターン，生理機能

を獲得する4，5)．さらに言えば，一領域中のミクログリア集

団の中に感染や外傷に対して非常に劇的に反応する集団と

そうでもない集団が含まれていることもあり6)，ミクログ

リアと微細な周囲環境との相互作用が起こっていると考え

られる．

ミクログリアは，正常脳でよくみられるような，細かく

発達した多くの突起を持つ｢静止型｣と神経炎症等の病変部

に集積しているアメボイド状の｢活性化型｣との間を環境の

変化に応じて行き来する細胞である．しかし最近の研究で，

静止型ミクログリアはその発達した突起により周囲環境を

実に積極的に探索していることが明らかとなっている5)．

したがって｢静止型｣，｢活性化型｣はもはや言葉通りに捉え

きれなくなっている．現在，ミクログリアの活性状態は

M0，M1，M2ステージというカテゴリーで表現されるが，

この概念はそもそもマクロファージ研究から導入され

た7)．マクロファージは外部刺激に対する反応によって

M1，M2a，M2b，M2c というカテゴリーに分けられるが8)，

ミクログリアと異なる点は，分類に有効な 35 種類の表面

抗原が明らかになっている点である．M1 ミクログリアは

炎症誘発特性，M2 ミクログリアが抗炎症特性を持つ，と

言われるが，そのどちらにも入らない M0 ミクログリアと

いう集団も発見されている4)．M1，M2 の中間とも言える

ミクログリアも存在する．生後初期マウスのミクログリア

はM1遺伝子(iNOS，TNFa)とM2遺伝子(Arginase-1)の

両者を高発現している．M0，M1，M2 ステージの他に
0289-0585／20／￥90／頁／JCOPY1338
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HoxB8 というホメオボックスタンパク質の発現によって

ミクログリアを分類しているグループもいる9)．HoxB8

(＋)細胞は CD11b(＋)ミクログリアの 15％を占め，卵黄

囊から分化するミクログリアとは異なる細胞集団であると

報告されている．HoxB8 を欠損したマウスは強迫性障害

スペクトラムに伴う脱毛症と非常によく似た症状が現れる

ため，病態解明への応用が期待されている．

脳室下帯ミクログリアに関する最近の知見

脳室帯(ventricular zone：VZ)と脳室下帯(subventricu-

lar zone：SVZ)は一生を通じて神経新生やグリア新生が起

こる領域であることが明らかとなって久しい．主要な投射

神経は胎生期に，アストロサイトは胎生期から生後初期ま

で，オリゴデンドロサイトは胎生後期から生後初期にかけ

て，介在神経は胎生後期以降新生される10)．一方，上で述

べたように胎生 8.5〜9.5 日齢にはアメボイド型のミクロ

グリアが脳内にすでに存在している1，2)．ミクログリアは

生後初期に爆発的に増加するが11)，発達が進むにつれアメ

ボイド型のミクログリアは減少し成体においてほとんど静

止型になる12)．しかし，胎生期の神経新生にミクログリア

がどのように関わっているかについては 2013 年に Cun-

ningham らが報告するまで，ほとんどわかっていなかっ

た13)．彼らは胎生期の大脳皮質神経細胞新生過程の後半に

おいて，ミクログリアが貪食作用によって神経前駆細胞

プールの細胞数を調節していることを明らかにした．この

とき，ミクログリアが貪食した細胞はアポトーシスを起こ

していない点は興味深い．成体海馬歯状回顆粒細胞層

(subgranular zone：SGZ)での神経新生の場合，ミクログ

リアはアポトーシスを起こした細胞を貪食しているからで

ある14)．発達期 SVZ と成体 SGZ での神経新生とミクログ

リアの関連について，さらなる解明が待たれる．

生後 SVZ の神経新生におけるミクログリアの役割につ

いては胎生期に増してほとんど情報がなかったが，2006 年

に，SVZのように神経新生が活発な領域とそれ以外の領域

とでミクログリアの活性化や機能に差があることが指摘さ

れた15)．最近われわれは，生後初期に活性化型ミクログリ

アが SVZに一過的に集積しており，成熟に伴い，より突起

の発達したミクログリアが白質まで分散するようになるこ

とを見出した．われわれは生後初期 SVZ でこのように特

異な挙動を示すミクログリアが，SVZにおける神経新生お

よびオリゴデンドロサイト新生を促進することを明らかに

した16)(図 1)．SVZ は一生を通じて神経新生が継続するも

のの，年を重ねるにつれ新生細胞数は激減する．われわれ

のデータでも，生後 30 日齢の SVZ に活性化型ミクログリ

アはすでにほとんど存在せず，SVZ神経新生動態と相関が

ある．興味深いことに，SVZでの神経新生に対するミクロ

グリアの作用は SVZ中の位置によって異なるようである．

われわれも体軸の中間あたり，線条体と海馬が対面するあ

たりが最もミクログリア密度が高いことを見出している．

この細胞分布の偏りは血管系が関与している可能性があ

る．血管は成体脳 SVZ において神経新生ニッチとなるこ

とが知られているが17，18)，SVZは血管叢と呼ばれるほど血

管が発達しており19，20)，特に SVZ 中心部は腹側から大き

な血管が来ている20，21)．血管から多種の液性因子が放出さ

れていることはよく知られているが17)，大脳皮質にミクロ

グリアが移行するのに重要なシグナルカスケードである

CXCL12／CXCR4 シグナル22)の関与などが考えられる．成

体脳における脳室上衣下層(subependymal zone：SEZ)で

は吻側尾側方向，背側腹側方向に高度に領域化されており，

各領域からは異なる神経細胞系列が新生してくることも知

られている23)．また，背側 SEZではより多くのオリゴデン

ドロサイト新生が起こることも知られている24)．今後，

SVZ 領域をさらに細分化してミクログリアの役割につい

て検討する必要があろう．

成体脳 SVZ からとってきた神経幹細胞や神経前駆細胞

の場合，Th2 ヘルパー T 細胞由来サイトカインによって

刺激されたミクログリアが神経新生やオリゴデンドロサイ

ト新生を促進する25)．このとき，ミクログリアから放出さ

れる IGF-1が作用に関与していることが示唆されている．

しかし，生後初期 SVZ においては IGF-1 を発現している

ミクログリアはわずかに確認されるが，IGF-1 はミクログ

リアの神経新生促進作用の作用本体ではなかった16)．われ

われは，ミクログリアが神経新生，オリゴデンドロサイト

新生を促進するメカニズムとして生後 4〜9 日齢の SVZ に

おいて一過的に濃度が上昇するサイトカイン群(IL-1b，

IL-6，TNFa，IFNg)が重要であることを明らかとした．興

味深いのは，神経幹細胞塊(neurosphere)とミクログリア

の共培養系を用いた実験で，上記 4種のサイトカインのう
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ち 1種のサイトカイン機能を機能中和抗体で阻害してもミ

クログリアの作用に何ら影響はなかったが，全てのサイト

カインを同時に阻害するとミクログリアの作用が消失した

ことである．この結果は神経新生やオリゴデンドロサイト

新生を複数のサイトカインが相補的に促進していることを

示唆している．これまで，神経新生に関するサイトカイン

の作用としては，神経前駆細胞が IL-1b，IL-1R1，IL-1R2

を発現し，IL-1b は神経前駆細胞の増殖と分化を調節して

いること26)，IL-6 が IL-6R を介して神経新生を促進する

こと27)などが報告されていたが，複数サイトカインによる

相補的な作用は報告がなかった．Li らは IFNg の作用はミ

クログリア存在下では表現系が異なることを示しており，

われわれが示した相補的作用を支持するものである28)．そ

もそも，IL-1b，IL-6，TNFa，IFNgは炎症性サイトカイン

として，LPS(lipopolysaccharide)刺激29)，EAE30)，status

epilepticus(SE)31)といった病理的条件下では神経新生を

抑制する本体として研究されてきた．しかし，より穏やか

な実験条件では異なる作用が発揮される．炎症モデル作成

のために使われる LPS は，適用条件(適用時間など)をわ

ずかに調整することでミクログリアの神経新生への影響が

変化する32)．サイトカイン自身も濃度によって作用が変化

する．TNFa は 1 ng／mLでは神経幹細胞を増殖する一方，

10 ng／mL 以上の濃度でアポトーシスを起こす33)．われわ

れのデータでは，ミノサイクリンがミクログリアの活性化

を抑制すると，神経前駆細胞の数は半分以下に減少するの

に対し，それぞれのサイトカインレベルの減少は皆一様に

穏やかであった．サイトカインはミクログリアだけでなく

Clinical Neuroscience vol. 33 no. 12（2015―12）1340

図 2

SVZミクログリアは脳内・脳外環境からの信号に応じ

てサイトカイン環境を調節する�Hub�として機能して

いるのではないか．

図 1 生後初期 SVZ ミクログリアの神経新生およびオリゴデンドロサイト新生に

おける役割

A-a) 生後初期 SVZに活性化型ミクログリアが集積していることを見出した．

A-b) 集積ミクログリアの活性化型マーカー(CD11b，CD68)の発現．白矢頭は

Iba1(＋)marker(＋)細胞を表す．

B) ミノサイクリンを P1-4 で腹腔内投与すると，神経前駆細胞マーカー Dcx と

オリゴデンドロサイト前駆細胞マーカー O1を発現する細胞数が有意に減少した．
＊p＜0.05 vs. control group, studentʼs t test(N＝6)．(Shigemoto-Mogamiら16)より

改変)
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アストロサイトなどの周囲細胞からも放出される．おそら

く，ミクログリアからのサイトカイン放出が�cytokine

storm�34)には遠く及ばない程度の，�cytokine drizzling�

とも言える連続的なサイトカイン放出トリガーとなってい

ることが予想される．

む す び

われわれにとって次の課題は，生後初期ミクログリアの

活性化機構の解明である．重大なヒントとして胎生期から

生後にかけて SVZ でのミクログリア機能が大きく変化す

る点があげられる．体内を循環している種々のメディエー

ターは誕生の前後で質，量ともに大きく変化する35)．われ

われは，SVZミクログリアはこのような脳内・脳外環境か

らの信号に応じてサイトカイン環境を調節する�Hub�と

して機能しているのではないかと考えている(図 2)．この

ような脳外から脳内への情報デリバリー，それに伴うミク

ログリアによる神経新生の調節メカニズムの解明は，発達

障害を含む神経障害治療にもブレークスルーをもたらすこ

とが期待される．
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	 Neurotransmitters and neuronal releasing molecules are not only the regulators of 
neuronal function but also the indicators of neuronal conditions.  Glutamate and γ-amino 
butyric acid (GABA) play important roles in cerebellar differentiation and function.  
In the mature cortex, they are released from synapses and taken up by transporter 
molecules.  We have developed enzyme-linked photoassay systems for glutamate, 
GABA, and adenosine triphosphate (ATP), and reported their release in the developing 
cerebellar cortex.  Our systems showed slow transmitter release in the immature 
cerebellum, whereas it was hard to detect the fast synaptic release from mature neurons, 
because there were some limitations in time resolution and data depth derived from 
a charge-coupled device (CCD), and the enzyme-linked photodevice was sometimes 
unstable.  In this study, we report the dynamic observation of neurotransmitter release 
in the developing cerebellar slices using improved photodevices and a high-speed 16-bit 
CCD.  With this new system, the rapid measurement of transmitter release in a young-
adult cerebellar cortex is possible.  We suggest that these photoassay systems are useful 
for observing synaptic release in several diseases.

1.	 Introduction

	 Neurotransmitter molecules released from neurons are not only the regulators of 
neuronal transduction but also the indicators of neuronal conditions.(1–3)  Glutamate and 
γ-aminobutyric acid (GABA) are known as typical transmitters in the brain’s cortex, and 
they play important roles as stimulators and suppressors, respectively.  Lack of balance in 
the release of glutamate and GABA may lead to autism, epilepsy, or Parkinson’s disease.(4)
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	 To observe spatiotemporal neurotransmitter release in the cerebellar cortex, we 
have recently developed an enzyme-linked photoassay system, which is a device with 
an immobilized enzyme on a quartz glass surface.  Using this system, we observed 
glutamate or GABA release in developing cerebellar slices using either new or 
authorized methods.(5)  Enzyme-linked photoassay is sensitive and selective, and 
it can discriminate the substrates from their pharmacological analogues.  Our system 
can detect transmitter release in the cerebral cortex,(6) hippocampus, retina, and cultured 
cells,(7) and made it possible to detect the release of adenosine triphosphate (ATP),(8) 
glucose, sucrose, and fructose.  On the other hand, enzymes tend to denature and separate 
from the quartz.  For the detection of transmitter release in mature neuronal circuits, 
increasing the sensitivity and stability of the device is required.
	 In this paper, we propose new immobilizing methods and discuss the optimization of 
the enzyme-linked photoassay.

2.	 Materials and Methods

2.1	 Substrate and enzyme reaction
	 Imaging neurotransmitter release was monitored for the reaction in which 
oxidoreductases generate reduced nicotinamide adenine dinucleotide (NAD+) or 
diphosphonucleotide (NADP+).  For glutamate, GABA, or adenosine triphosphate (ATP) 
imaging, we used glutamate dehydrogenase, GABA disassembly enzyme [GABase, 
Fig. 1(a)] or glyceraldehyde 3-phosphate dehydrogenase, respectively.(9–11)  The NADH 
or NADPH, the reductants of NAD+ or NADP+, respectively, which is generated 
stoichiometrically, emits 480 nm fluorescence after excitation at 340–365 nm.

2.2	 Surface photoexcitation
	 For UV excitation, a quartz glass plate illuminated with an ultraviolet light-emitting 
diode (UV-LED, Nichia, Tokushima, Japan) was used.  Leaking UV light onto the glass 
surface excited fluorescent NADH or NADPH [Fig. 1(b)].

2.3	 Imaging apparatus
	 All fluorescence images through the inverted microscope (IX73, Olympus Co., Ltd., 
Tokyo, Japan) were observed by a cooled charge-coupled device (CCD) (ORCA-ER 
CCD) or a high-speed complimentary metal-oxide semiconductor (CMOS) (ORCA-Flash 
4.0) camera, supplied by Hamamatsu Photonics Co., Ltd., Hamamatsu, Japan.  Imaging 
data were analyzed by iVision software (BD Biosciences, San Jose, CA, USA).

2.4	 Enzyme immobilization and sample preparation
	 Enzymes were typically covalently immobilized on the quartz glass surface using a 
silane coupling agent and a crosslinking agent, 3-aminopropyltriethoxy silane (3-APTS) 
and glutaraldehyde, respectively [Fig. 2(a)].(12)  These surface modifications determine 
both the stability of the enzyme reaction and the distance between the sample and the 
glass surface.
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Fig. 1.  (Color online) (a) Released neurotransmitters are oxidized by the oxidoreductase, and 
NAD(P)H is formed stoichiometrically.  In GABA oxidization, released GABA is converted to 
succinic acid with NADPH formation by GABase.  (b) Schematic diagram of the enzyme-linked 
photoassay system.  The oxidoreductases are immobilized on the quartz glass surface, and the 
excitation light radiating from UV-LED passes through the quartz waveguide.  Fluorescent images 
are obtained by CCD or CMOS, and analyzed using a computer system.

	 In some cases, glass surfaces were treated with either aromatic crosslinkers, 
1,4-phenylene diisothiocyanate (1,4-DIC), or 1,3-phenylene diisothiocyanate [1,3-DIC, 
Fig. 2(b)], and glutaraldehyde (GA).(13)  Others were treated with a phosphonic acid, 
11-aminoundecylphosphonic acid [11-AUPA, Fig. 2(c)], as a replacement for 3-APTS.(14)

	 Cerebellar acute slices were treated from postnatal day 3 (P3) to P15 in rats, sliced 
sagittally to a thickness of 400 µm with a rotor slicer (Dohan EM, Kyoto, Japan), 
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Fig. 2.  (Color online) (a) Method of enzyme immobilization using 3-APTS and glutaraldehyde.  
Surface treatment and crosslinking between waveguide quartz and enzyme.  (b) Crosslinking using 
1,3-DIC.  (c) Surface treatment with 11-AUPA. 

and incubated in oxygen-aerated PBS for 45 min.  All experimental procedures were 
approved by the committee for the use of animals at Toyohashi University of Technology 
and by the guidelines of the Ministry of Education, Culture, Sports, Science and 
Technology, Japan.
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3.	 Results

3.1	 Spatiotemporal observation of glutamate release
	 Figure 3(a) shows an illustration of rat cerebellar development.  In the developing 
cerebellum, neuronal arrangement and circuit formation progress after birth.  Granule 
cells, small input neurons, proliferate and migrate down from the external granular layer 
(EGL) to the internal granular layer (IGL).  Purkinje cells, major output neurons, develop 
their dendrites and associate neuronal connections between granule cells and other 
interneurons.  The layer of Purkinje cell somas is identified to be the Purkinje layer (PL).  
A neuronal circuit layer forms the molecular layer (ML).(15,16)  To understand the roles of 
neurotransmitters in the cerebellar development, we have developed a new visualizing 
device and, with it, we have observed spatiotemporal molecular dynamics.
	 Using the enzyme-linked photoassay system, we have observed many kinds of 
transmitter release in several developmental stages and organs.  Our system has 
visualized both spontaneous and responsive transmitter release processes with 0.5 s time 
resolution.  Figures 3(b)–3(k) show the transitions in glutamate release in response to 
100 μM GABA application in developing cerebellar slices.(17)  Glutamate was released 
in both the EGL and the IGL, whereas the PL was indicated by a negative line.  In the 
developing cerebellum, the granule cells that distributed in the EGL and IGL are the only 
neurons that release glutamate, so both layers showed fluorescence activities.  Glutamate 
release in P3 cerebellar slices appeared in both layers slowly but continuously, whereas 
it started rapidly in the lower EGL and then spread to the IGL within a short time in P7 
celebellar slices.(18)  Granule cells in the P3 cerebellum did not develop sufficiently to 
react to GABA stimulation nor release the transmitter actively, but they still proliferated.  
On the other hand, the granule cells in the P7 cerebellum developed sufficiently to react 
to GABA stimulation, so they released glutamate rapidly.
	 Although spatiotemporal observation could give us dynamic information about 
neuronal reaction, our system needs to be improved in terms of stability, sensitivity 
and time resolution for us to observe fast synaptic transmissions.   The targets of our 
improvements were the (1) sensing CCD, (2) excitation waveguide, and (3) manner of 
enzyme immobilization shown in Fig. 2.

3.2	 Effects of new crosslinkers and surface treatment
	 Two types of glass devices with either aromatic crosslinkers, 1,3-DIC or 1,4-DIC, and 
GA were examined to observe spontaneous GABA release with 500 ms time resolution 
using ORCA ER CCD.  The device formed using 1,3-DIC and GA gave images with a 
better contrast of GABA release than the GA crosslinked device in the P10 cerebellar 
slice [Fig. 4(a)], whereas it showed no difference in the P6 cerebellar slice.  The 1,4-DIC 
crosslinked device yielded no good images.
	 The aromatic crosslinkers make the glass surface hydrophobic.  Because mature 
brain tissues become hydrophobic as the myelin structure develops, 1,3-DIC crosslinking 
should increase the affinity of the enzyme for the tissues.
	 The binding between the glass and the acceptor molecules has been weak, because 
the silane coupling agents tend to undergo hydrolysis under biological conditions.  The 

130



1040	 Sensors and Materials, Vol. 27, No. 10 (2015)

(a)

Fig. 3.	 (a) Diagram of cerebellar development.  In the newborn cerebellum (1 to 3 days after 
birth), granule cell progenitors (Gra) proliferate in the EGL, while immature Purkinje cells (P) 
form the PL with Golgi cells (Go) and some Bergmann glia (Ba).  During the developement, 5 to 7 
days after birth, Gra-cells elongate their axon and migrate inside, and P-cells spread their dendrites 
and connect to other neurons within two weeks.  B denotes basket cells, and S, satellite cells.  
Evoked glutamate wave with GABA application in developing cerebellar cortex.  (b)–(f): 2.0, 4.5, 7.0, 
12.5, and 23.5 s after stimulation in P3 cerebellar cortex, respectively.  (g)–(k): 0.5, 2.5, 4.0, 11.0, 
and 16.0 s after stimulation in P7 cerebellar cortex, respectively. 

(g)

(b) (d)(c)

(e) (f)

(h) (i)

(j) (k)
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surface treatment by 11-AUPA, as a replacement for 3-APTS, was expected to inhibit 
hydrolysis, but it had low affinity for the glass.  We constituted a new glass device with 
11-AUPA-coupling enzymes and examined its sensitivity and stability.  Figure 4(b) 
shows that the new device performed with the same sensitivity and stability as the device 
with APTS.

3.3	 Observation using high-speed CMOS camera
	 The fluorescence intensity of NADH is very low and is only a few thousands of the 
intensity of typical artificial fluorescence.  To collect data with sufficient time resolution, 
a highly sensitive and rapid data transferring camera is required.  The time resolution 

(a)

(b) (c)

Fig. 4.  (Color online) (a) New crosslinker, 1,3-DIC, gave us better contrast images than GA in 
mature cerebellar observation, while it made little difference from GA in immature organ.  (b) The 
11-AUPA-GA treatment showed the same result as the APTS-GA treatment in the immature organ.  (c) 
Spontaneous GABA release image in P12 cerebellar slice using 1,3-DIC crosslinking glass device.

132



1042	 Sensors and Materials, Vol. 27, No. 10 (2015)

shown in Fig. 3 is 0.5 s for the 12-bit ORCA CCD, which is too low to detect the 
synaptic transmitter reaction.
	 A 16-bit CMOS camera, Flash 4.0, could detect weak light and transfer data in less 
than a microsecond.  Using this camera, transient glutamate release could be detected 
with a 20 ms time resolution (Fig. 5).  In developing the P7 cerebellum, glutamate 
release was increased in the EGL by applying a glutamate receptor-stimulating agent, 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA).  Even in the premature 
P14 cerebellum, the increment in the rate of glutamate release was observed.  It was not 
strong and noiseless, but the AMPA stimulation-induced glutamate release was observed 
in the ML and IGL where the glutamatergic neurons are distributed.

4.	 Discussion

	 The detection of neurotransmitter release gives us important information about 
developmental conditions and diseases.  Parkinson’s disease, a degenerative disorder of 
the central nervous system, is caused by the alteration of the release of neurotransmitters.  
The detection of the spatial or temporal alteration of the release would require early 
diagnosis and treatment of Parkinson’s disease.  In immature or lesioned neuronal organs, 
transmitters are released and taken up slowly, so the time resolution required is from 0.5 
to 1 s.  In young-adult stages, the release speed becomes higher than that in the immature 
stage within 20 ms.

Fig. 5  (Color online) Evoked glutamate release images to AMPA stimulation for 20 ms time 
resolution using Flash 4.0 CMOS system.  (a)–(c) P7 cerebellar slice; (d)–(f) P14 cerebellar slice.  (a) 
and (d) Phase contrast light images.  (b) and (e) Fluorescence images before stimulation and (c) and (f) 
just after AMPA stimulation.

(a) (b)

(d)

(c)

(e) (f)

133



Sensors and Materials, Vol. 27, No. 10 (2015)	 1043

	 Enzyme-linked assays were applied previously for chemical detection because of 
their specificity.  In spatial observations, however, their fluorescence intensity is too 
weak to detect.  Our enzyme-linked photodevice was developed to detect spatiotemporal 
neurotransmitter release, and it was improved to observe rapid synaptic release.  
New crosslinkers could contribute to a more sensitive detection, and the phosphonic 
surface treatment would expand the range of applications.  In order to detect a high-
speed transmitter release, both the light accumulation system for weak fluorescence 
and the close contact between the specimen and the enzyme are required.  At present, 
our photodetection system detects several ms releases from neuronal synapses in the 
presence of noise, and in the future, it could give us more noiseless observations using an 
optimal image processing system.

5.	 Conclusions

	 The newly developed enzyme-linked photoassay is useful for the visualization of 
neurotransmitter release in brain slices.  In the immature cerebellum, the granule cells release 
glutamate slowly or rapidly at their stage of neuronal development and synaptogenesis.
	 Using a fast new system, the rapid measurement of transmitter release in a young-
adult cerebellar cortex became possible.  Crosslinkers and other device techniques 
are required for stable observations.  We suggest that the photoassay systems have 
advantages for the observation of synaptic release in several diseases.
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Abstract: Objective: Inhaled 1-bromopropane decomposes easily and releases bromine 1 

ion. However, the kinetics and transfer of bromine ion into the next generation have not 2 

been clarified. In this work, the kinetics of bromine ion transfer to the next generation 3 

was investigated by using cross-fostering analysis and a one-compartment model. 4 

Methods: Pregnant Wistar rats were exposed to 700 ppm of 1-bromopropane vapor for 5 

6 h per day during gestation days (GDs) 1–20. After birth, cross-fostering was 6 

performed between mother exposure groups and mother control groups, and the pups 7 

were subdivided into the following four groups: exposure group, postnatal exposure 8 

group, gestation exposure group, and control group. Bromine ion concentrations in the 9 

brain were measured temporally. Results: Bromine ion concentrations in mother rats 10 

were lower than those in virgin rats, and the concentrations in fetuses were higher than 11 

those in mothers on GD20. In the postnatal period, the concentrations in the gestation 12 

exposure group decreased with time, and the biological half-life was 3.1 days. 13 

Conversely, bromine ion concentration in the postnatal exposure group increased until 14 

postnatal day 4 and then decreased. This tendency was also observed in the exposure 15 

group. A one-compartment model was applied to analyze the behavior of bromine ion 16 

concentration in the brain. By taking into account the increase of body weight and 17 

change in the bromine ion uptake rate in pups, the bromine ion concentrations in the 18 

brains of the rats could be estimated with acceptable precision. 19 

 20 

Key words: 1-Bromopropane inhalation, Cross-fostering, Bromine ion concentration, 21 

One-compartment model, Animal experiment 22 

 23 

1-Bromopropane (1-BP, CAS no. 106-94-5) is widely used as a substitute for 24 

chlorofluorocarbons, which destroy the ozone layer. The toxicity of 1-BP has been 25 
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reviewed1), and the Japan Society for Occupational Health recommends an occupation 1 

exposure limit of 0.5 ppm2). Previously, we studied the effects of inhaled 1-BP vapor in 2 

male rats on the nervous3-8) and immune systems9, 10). 3 

We also studied the effects of inhaled 1-BP vapor on metabolism in male rats and 4 

reported that 1-BP rapidly decomposes and releases bromine ion in the blood11), 5 

indicating that bromine ion is a major index of 1-BP exposure. Recently, because of the 6 

health effects reported in female workers exposed to 1-BP12-14), there is concern 7 

regarding the health effects of 1-BP exposure on the next generation. Some researchers 8 

have reported results of experiments in female animals15-17); however, the kinetics of 9 

bromine ion distribution to the next generation has not been elucidated. In this study, 10 

pregnant rats were exposed to 700 ppm of 1-BP vapor, and the concentration of bromine 11 

ion in the rat brain was measured. The distribution of bromine in fetuses and 12 

cross-fostered pups was investigated. A one-compartment model was employed to 13 

analyze the behavior of bromine ion in rats. 14 

 15 

Methods 16 

Animals 17 

   Female (9-week-old) and male (10-week-old) Wistar rats were purchased from 18 

Kyudo Co., Ltd. (Saga, Japan). After acclimation in polycarbonate cages with dry chips, 19 

they were housed in pairs in animal rooms under 12-h light–dark cycle conditions at 22 20 

± 1°C and 55 ± 5% relative humidity, with free access to food and water. The presence 21 

of sperm in the vaginal smear was defined as day 0 of gestation (GD0; female rats were 22 

11 weeks old). In the inhalation study, the female rats were divided into three groups: 23 

1-BP-exposed virgin female group (n = 5), 1-BP-exposed mother group (n = 11), and 24 

the control mother group (n = 5). After the final exposure of mother rats on GD20, they 25 
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were housed in an animal room for the onset of birth. Postnatal day (PND) i.e., the day 1 

after birth, was defined as day 0 (PND0 = GD21). On PND1, a litter size of eight pups 2 

was assembled and cross-fostering17, 18) of pups was performed between mother 3 

exposure groups (n = 3) and mother control groups (n = 3). The pups were subdivided 4 

into four groups: (1) exposure group (1-BP-exposed pups were raised by their birth 5 

mother exposed to 1-BP), (2) postnatal exposure group (control pups were raised by 6 

1-BP-exposed mother), (3) gestation exposure group (1-BP-exposed pups were raised 7 

by control mother), and (4) control group (control pups were raised by their control 8 

mother). The experimental groups are summarized in Table 1. Body weight was 9 

measured periodically. The experiments were conducted per the guidance of the Ethics 10 

Committee of Animal Care and Experimentation in accordance with The Guiding 11 

Principle for Animal Care Experimentation, University of Occupational and 12 

Environmental Health, Japan (AE03-065), which conforms to the National Institutes of 13 

Health Guide for the Care and Use of Laboratory Animals and the Japanese Law for 14 

Animal Welfare and Care. 15 

 16 

Exposure 17 

Reagent-grade 1-BP was obtained from Kanto Chemical Co., Ltd. (Tokyo, Japan). 18 

1-BP vapor was introduced into a 400-l stainless-steel exposure chamber. Details of this 19 

apparatus and procedure have been given elsewhere11). In order to study change in 20 

bromine ion in blood and brain when the condition of dysfunction of feedback 21 

inhibition (i.e., disinhibition) was confirmed, exposure concentration was designed to be 22 

700 ppm, which was higher than LOAEL (400 ppm) for disinhibition7). The actual 23 

concentration of 1-BP vapor in the chamber was 701.3 ± 5.2 ppm. In the control group, 24 

only clean air was introduced into the chamber. The exposure period was 6 h per day 25 
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between 9 a.m. and 3 p.m. throughout gestation or GD1-20 (virgin female group was 1 

exposed until GD21). Table 1 displays the age of the rats on sampling day. They were 2 

deeply anesthetized with diethyl ether and then decapitated. The brains and the 3 

stomachs with milk from only the exposure group on PND1 were gently removed and 4 

stored in a freezer. 5 

 6 

Measurement of bromine ion concentration 7 

   The brains (cerebrum and diencephalon) and stomachs (0.25 g) were homogenized 8 

with water (1.5 ml) at 0°C. The sample (1 ml) was dispensed into a vial, and 0.1 ml of 9 

dimethyl sulfate was added to convert bromine ion to methyl bromide. Then, 0.1 ml of 10 

an aqueous solution of isopropyl alcohol (0.5 volume percent) was added as an internal 11 

standard. The vial was heated at 50°C for 1 h. The bromine ion concentration was 12 

determined by measuring peak area of methyl bromide vapor in the headspace by using 13 

a gas chromatograph mass spectrometer (GC/MS, QP-5050; Shimadzu, Kyoto, 14 

Japan)11).  15 

 16 

Estimation method of bromine ion concentration 17 

As previously described, inhaled 1-BP was metabolized and bromine ions were 18 

released. In this study, the behavior of released bromine ion concentration in the brain 19 

was analyzed by using a one-compartment model19). We assumed the bromine ion 20 

uptake rate, i.e., the generation rate of bromine ion, is equal to the 1-BP uptake rate 21 

because 1-BP is decomposed quickly11) and releases bromine ion. Under this assumption, 22 

mass balance equations of bromine ion during exposure and clearance periods 23 

respectively were as follows: 24 

 25 

146



6 
 

kxR
dt
dx

−=          (1) 1 

 2 

kx
dt
dx

−=           (2) 3 

 4 

where x is the amount of bromine ion (µg); t is time (h); R is the generation rate of 5 

bromine ion (µg/h), which corresponds to the 1-BP uptake rate; and k is the excretion 6 

rate constant (1/h). From equations (1) and (2), the bromine ion concentrations C (µg/g) 7 

during exposure and clearance respectively were obtained as follows: 8 

 9 

( )kte
ρVk
RC −−= 1          (3) 10 

 11 

kteCC −= 0          (4) 12 

 13 

where V is the volume of the compartment (ml), ρ is the density of the compartment 14 

(g/ml), and 0C  is the initial concentration during clearance (µg/g). The excretion rate 15 

constant k is given by the biological half-life, 21/t (h) or 21/T (days).  16 

 17 

( ) ( ) 24days
6930

h
2ln

2121 ×
==

// T
.

t
k          (5) 18 

 19 

Experimental Results 20 

   Fig. 1 shows the change in the average body weight of mother rats exposed to 700 21 

ppm of 1-BP up to GD20 and that of the pups after the exposure. The time, T (on the 22 
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horizontal axis), includes the GDs and PNDs. Litter sizes of exposed mothers and 1 

control mothers were 15.0 ± 2.8 and 14.9 ± 2.5 pups, respectively. The body weight of 2 

both mothers and pups increased rapidly. This tendency was also observed in the control 3 

group, and there was no significant difference between the exposure group and the 4 

control group. For the virgin female group, body weight did not change significantly 5 

(271.1 ± 17.0 g) during GD1-20.  6 

   Bromine ion concentration in the rat brain (µg/g-brain) exposed to 700 ppm of 1-BP 7 

on GDs is presented as symbols in Fig. 2. The bromine ion concentration in mother rats 8 

was lower than that in virgin rats, and the concentration in fetuses was higher than that 9 

in mothers. Fig. 3 shows changes in bromine ion concentration in pup brain for PNDs. 10 

The concentration in the gestation exposure group decreased between PND4 and PND8, 11 

whereas that in the postnatal exposure group increased from PND2 to PND4 and then 12 

decreased. This tendency was also observed in the exposure group, although the 13 

concentration on PND1 was lower than that on GD20 (fetus in Fig. 2). Specifically, the 14 

concentration in the exposure group was the highest just after birth, but decreased at 15 

PND1. The concentration then increased from PND1 to PND3, but decreased again with 16 

time. In the control pups, the bromine ion concentration was 11.2 ± 7.7 µg/g-brain on 17 

PND3. 18 

   The bromine ion concentration in pup stomachs with milk from the exposure group 19 

on PND1 was 830.6 ± 188.8 µg/g-stomach, which was about twice as much as that in 20 

the mother brain at GD20 (Fig. 2).  21 

 22 

Discussion 23 

   The one-compartment model was applied to analyze the bromine ion concentration 24 

in the brains of virgin females, mothers, fetuses, and pups. Equations (3) and (4) have 25 
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two parameters, the excretion rate constant k and the 1-BP uptake rate R. The excretion 1 

rate constant, k, can be easily calculated from equation (5) by using the biological 2 

half-life 21/T (days). In our previous work11), 21/T  for male rats was 4.7–15.0 days in 3 

blood and 5.0–7.5 days in urine. Therefore, 21/T = 7.0 days was used for mothers and 4 

virgin females in this study. 21/T  in pups was 3.1 days, obtained by experimental data. 5 

Equation (4) was applied to the data from PND1 for the exposure group and from PND4 6 

and PND8 for the gestation exposure group as shown in Fig. 3. 21/T = 3.1 days was also 7 

used for fetuses. The half-lives of between GD20 for fetuses and PND1 for the exposure 8 

group were excluded from the calculation because of the time lag due to birth.  9 

As shown in Fig. 2, the bromine ion concentration in the brains of mothers was 10 

lower than that in the brains of virgin females. A reason for this might be that the 11 

bromine ion concentration was diluted because of increasing body weight. The average 12 

body weight of pups, w (g), was expressed using the following equation (Fig. 1): 13 

 14 

313000280 .T.w =          (6) 15 

 16 

The average body weight of mothers, W (g), was calculated as the sum of that of virgin 17 

females (ρV = 271.1 g) and of pups, w, (interpolated value for GDs): 18 

 19 

w.W 271271 +=          (7) 20 

 21 

where 27 is the constant, which was determined to give the best fit for the experimental 22 

data as shown in Fig. 1.  23 

For virgin females, the uptake rate, R, of 2853 µg/h was obtained to give the best fit 24 
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of equations (3) and (4) for the experimental data on GD21 in Fig. 2. Therefore, R/ρV = 1 

R/W = 2853/271.1 = 10.5 µg/(h·g) for virgin females, and R/ρV = 2853/(271.1 + 27w) 2 

for mother rats was used in equation (3). For fetuses, R (bromine ion uptake rate from 3 

mothers) was assumed to be proportional to body weight, and R/ρV = R/w = 22.0 4 

µg/(h·g) was applied, which was obtained to give the best fit for the experimental data 5 

on GD20 in Fig. 2. On PNDs, suckling (exposure to bromine ion from milk) was 6 

assumed to occur at 2-h intervals. As shown in Fig. 3, the curve of bromine ion 7 

concentration in the brains of the postnatal exposure group is convex. In addition, on 8 

PND1, the concentration in pup stomachs with milk was high, and the level was higher 9 

than that in the mother brain, as calculated using the one-compartment model (486.2 10 

µg/g-brain). Therefore, we assume that the uptake rate R of pups is high at first and then 11 

decreases. In this work, R in the postnatal exposure group can be expressed by the 12 

following equation: 13 

 14 

( )321260388 −−= t.eR          (8) 15 

 16 

where 32 is the initial suckling (h) and 388 and 0.126 are the constants determined 17 

experimentally. The bromine ion concentration in the exposure group was calculated as 18 

the sum of the concentrations in the gestation exposure and postnatal exposure groups. 19 

Conditions of the one-compartment model and the values of parameters obtained are 20 

listed in Table 2. Solid, broken, and dotted lines in Fig. 2 indicate calculated lines for 21 

fetuses, mothers, and virgin females, respectively. In Fig. 3, solid, broken, and dotted 22 

lines indicate calculated lines of exposure, postnatal exposure, and gestation exposure 23 

groups, respectively. The lines calculated using the proposed model could be estimated 24 

from the experimental data with acceptable precision as shown in both figures. 25 
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The calculated bromine ion uptake rates per weight, R/ρV, for adults and fetuses 1 

were 10.5 and 22 µg/(h·g), respectively. This result suggests that the bromine ion easily 2 

transfers from mothers to fetuses, and the concentration in fetuses was higher than that 3 

in mothers. R in postnatal exposure group was expressed as an exponential function, and 4 

R/ρV of 55 µg/(h·g) was obtained at initial suckling time. This value was large 5 

compared to 22 µg/(h·g), the calculated value at GD20, before birth. This suggests that 6 

uptake rate of bromine ion via milk was higher than that via the placenta, and the 7 

bromine ion concentration in the exposure group could be explained as the sum of that 8 

in the gestation and postnatal exposure groups, which is shown in Fig. 3. 9 

In summary, the results of this study suggest (1) the concentration of bromine ion in 10 

mother rats was lower than that in virgin female rats, (2) bromine ion easily transferred 11 

from mothers to fetuses and accumulated before birth, (3) bromine ion was concentrated 12 

more in milk than in the brains of the mothers, and (4) bromine ion uptake rate in pups 13 

was high immediately after birth. 14 

 15 

 16 
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Groups (n) Age (n) on sampling day

Virgin female Exposure (5) GD21 (2)

Mother Exposure (11) GD20 (3)
Control (5)

Fetus Exposure GD20 (13)

Pup† Exposure PND1 (10), PND3 (10), PND5 (5), PND7 (5)
Postnatal exposure PND2 (5), PND4 (5), PND8 (5)
Gestation exposure PND4 (5), PND8 (5)
Control PND3 (5)

Table 1. Experimental groups and ages of adult and fetal rats
 exposed to 700 ppm of 1-BP and of pups on sampling day

1-BP: 1-bromopropane, GD: gestation day, PND: postnatal day, †: Exposure = 1-BP exposed

by control mother, Control = control pups were raised by control mother
were raised by 1-BP exposed mother, Gestation exposure = 1-BP exposed pups were raised
pups were raised by their birth mother exposed to 1-BP, Postnatal exposure = control pups
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Groups T 1/2 (days) ρ V  (g) R  (µ g/h) Results

GD Virgin female 7.0 271.1 2853 Fig. 2
Mother 7.0 271.1+27w 2853 Fig. 2
Fetus 3.1 w 22w Fig. 2

PND Gestation exposure 3.1 Fig. 3
Postnatal exposure 3.1 w 388e-0.126(t -32) Fig. 3
Exposure Gestation exposure + Postnatal exposure Fig. 3

Mother 7.0 Text†

Table 2. Parameters of the one-compartment model

†: the concentration in mother brain corresponding to PND1 (486.2 µ g/g-brain),
w =0.00028T 3.31 by equation (6)
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Figure Captions 

 

Fig. 1. The average body weight of mothers (W) exposed to 700 ppm of 1-BP up to 

GD20 and that of pups (w) after exposure. 1-BP: 1-bromopropane; GD: gestation day; 

PND: postnatal day 

 

Fig. 2. Change in bromine ion concentration in rat brain exposed to 700 ppm of 1-BP on 

GDs. Symbols represent experimental data: ●, fetus; ▲, mother; △, virgin female. 

Solid, broken, and dotted lines indicate calculated lines for fetuses, mothers, and virgin 

females, respectively. 1-BP: 1-bromopropane; GD: gestation day 

 

Fig. 3. Change in bromine ion concentration in pup brain during PNDs. Symbols 

represent experimental data: ●, exposure group (1-BP exposed pups were raised by 

their birth mother exposed to 1-BP); ◇, postnatal group (control pups were raised by 

1-BP exposed mother); □, gestation exposure (1-BP exposed pups were raised by 

control mother). Solid, broken, and dotted lines indicate calculated lines for exposure, 

postnatal exposure, and gestation exposure groups, respectively. 1-BP: 1-bromopropane; 

PND: postnatal day 
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