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Ⅰ.労災疾病臨床研究事業費補助金 
 （総括）研究報告書 

 

 革新的高次脳機能治療法の樹立に関する研究 

      研究代表者 石内 勝吾 

 

研究要旨  革新的な高次脳機能障害の診断法と治療の労災補償行政の施策等への活用

の可能性を目的に抜本的な高次脳機能障害に対する治療法の樹立に向けて, 

大脳・小脳を含む神経回路網の機能的ネットワークの再生と同時に海馬機能

の回復が重要とする我々の仮説に基づき、脳機能イメージングの手法を駆使

して大規模ネットワーク内での相互作用の解析と同時によりスケールダウ

ンした海馬体に焦点を絞った研究を行った。 

平成２７年度は fMRI 対応 EEG system ( EGI 社 ) を用いて 75 症例 

( 86 解析) 海馬課題 804 症例の解析を施行した。tDCS 施行症例は重度及

び中等度の海馬機能障害症害例 12 例を含む 30 症例に行い、非競合的なＮ

ＭＤＡ受容体拮抗薬を用いた高次機能障害患者に対する薬物療法は 30 名に

施行した。その結果、海馬神経新生能が途絶した海馬機能障害分類で重度障

害(grade III)の患者においても顕著なスコアの改善が認められ情報処理速度、

注意機能、遂行機能などの高次脳機能の回復が随伴した。これ等の所見はヒ

トにおいて白質伝導速度の回復、実行系を司る複数の神経回路網のネットワ

ーク機能の回復が示唆される。臨床研究からは,薬物療法、経頭蓋刺激療法

( tDCS )ともに有害事象は発生しておらず高次脳機能障害患者に対するこ

れ等療法の効果と安全性を確認するため 28 年度はランダム化臨床試験を準

備する。同時に fMRI－EEG 解析から導き出された海馬機能の新たなバイ

オマーカーN1000 についてもその臨床的有用性の検証を行う。 

研究分担者氏名・所属研究機関名及 
 び所属研究機関における職名 

 

菅原健一・琉球大学医学部・講師 

渡邉孝・琉球大学医学部・講師 

外間洋平・琉球大学医学部・助教 

西村正彦・琉球大学医学部・助教 

土田幸男・琉球大学医学部・特命助教 

宇杉竜一・琉球大学医学部・大学院生 

 

Ａ．研究目的 

本研究の目的は労災による1) 交通事

故, 転倒・転落事故等によるびまん性軸

索損傷, 2) 過労により発症した心筋梗塞

や脳卒中による低酸素脳症 3) 炭塵爆発

事故による遷延化した一酸化中毒を対象

に疾患により引き起こされた高次脳機能

障害の革新的な治療法の確立を目的にす

る。 
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Ｂ．研究方法 

本研究では高次脳機能障害を小脳と海馬

および前頭前野を含む神経回路網のネット

ワーク障害として捉える仮説を提示する（C

erebellum 2015）。高性能3T MRIを用いて

安静時脳活動を評価しまた神経回路網の形

態を拡散テンソル画像を用いて視覚化した。

これらの基盤情報に基づいて経頭蓋直流電

流刺激法と薬物療法を組み合わせる最新の

ニューロリハビリを施行する事で海馬の神

経新生能を促進し, 同時に小脳・大脳・脳幹

の神経回路網を修復し脳の可塑性を高める

ことで高次機能の革新的な回復を実現する

ことを目的とした。さらに治療効果は独自

に開発した海馬機能評価法を応用して機能

的な磁気共鳴画像（ fMRI ）を用いてリア

ルタイムにモニタリングした。 

海馬機能評価法にて海馬新性能低下判明

した場合は脳の可塑性を高める方法として

安全性が高く汎用性,効果も高いtDCS(trans

cranial Direct current stimulation)（DC-STI

MULATOR Plus;neuroConn）を用い安全性

が確立している１日１回1mA, 30分間まで

左側DLPFC(dorsolateral prefrontal cortex)

を陽極刺激し右側DLPFCに陰極電極を留置

し１クール５回とし, 最大２クールまで施

行した。 

尚、海馬機能は機能的磁気共鳴画像（3T

Discovery,GE社）による独自に開発したL

ure taskを用いて海馬パターン分離及び

パターン補完を評価する事で神経新生能

力を４段階で評価した。最も重症なのは神

経新生能が途絶したGrade IIIで経頭蓋的

電気刺激法や薬物による賦活治療の適応

となる。これにより神経新生の促進が期待

できる。Grade II は神経新生能の途絶は

していないが機能低下が１ヶ月以上継続

している患者で内服薬や経頭蓋的電気刺

激法の適応である。Grade Iは1ヶ月以内の

最近の新生機能低下が示唆されライフス

タイル等の改善で根本原因を除去するだ

けで回復が期待できる。Grade0 は新生機

能が正常範囲にあるタイプである。 

本研究は患者の脳機能解析・神経心理

解析に対して倫理を重んじ患者利益を損

ない事の無いよう配慮を行なうとともに

琉球大学倫理委員会の承認を受け、患者

本人、およびその家族に対して十分な説

明を行い書面にて同意を得ている。尚、

本研究では非競合的な NMDA 受容体拮

抗薬 memantine 5mg または 10mg１日

１回の内服を原則とした。 

Ｃ．研究結果 

本年度紹介された高次脳機能障害患者は

223 例です。その内訳は頭部外傷 14 例(6%), 

脳血管障害 15例(7%),脳腫瘍 158 例(71%),そ

の他 36(16%)例であった。高次脳機能障害を

認めた患者は 57 名であり、内訳としては、

頭部外傷（4 名：7 %）脳血管障害（6 名：

11 %）、頭部外傷（4 名：7 %）、脳腫瘍（43

名：75 %）、その他（神経梅毒 2 名、血管

炎 1 名、脳症 1 名：7 %）であった。当科

では全般性認知スクリーニング検査として

MMSE（Mini-mental state examination）、

記憶機能評価に HDS-R（長谷川式簡易知能

評価スケール）、情報処理速度評価に

WAIS-R の Digit symbol test、注意・作業

記憶の評価に WAIS-R の Digit span test、

遂行機能評価に Trail Making Test、Stroop 

test、視空間構成機能評価に WAIS-R の
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Block test、Cube copying test を用いた評

価を実施し MMSE、HDS-R においてはカ

ットオフ値以下、Digit span test、Digit 

symbol test、Trail making test 、Stroop 

test においては－2SD 以下の成績を認知機

能の低下と定義している。高次脳機能障害

患者の各認知領域の低下の様相をまとめた

ところ、遂行機能の低下が最も多く（28

人：49 %）、次いで情報処理速度の低下（24

人：42 %）、視空間構成機能の低下（23 人：

40 %）、記憶機能の低下（22 人：39 %）、

全般性認知機能（16 人：28 %）、注意機能

の低下（8 人：14 %）を示していることが

明らかとなった。主な高次機能障害の症状

とその頻度に関しては、前年度同様、遂行

機能障害、記憶障害、失行・失認症、行動

と情緒の障害を症状として多く認めている。 

平成 27年度の新規治療患者数は 19例, 平成

26年度の 11例と合わせての tDCS治療患者数

は 30症例となった。16例に対してｆMRI lure 

taskにて海馬パターン分離能（lure 正答率）

及びパターン補完能(same 正答率)を評価し

た。また薬物療法の安全性および有効性の

確認を目的に非競合的なＮＭＤＡ受容体拮

抗薬memantineを用いた高次機能障害患者

に対する薬物療法は 30 名に施行し年齢

53.8±16.8 歳、男女比は 13：17 名で治療

前の海馬神経新生機能は 15.4±21.4%, こ

のうち海馬神経新生能が 0%の重度障害は

12 名でうち７名で顕著な改善があり, さら

に tDCS を併用した 5 名に関しては改善期

間が薬物療法単独（30.1±34.3%）(n=25)

に比較して 72.6±23.9% (n=5)と長く、海

馬新生能スコアでは tDCS 単独治療群 23.5

±22.6 %tDCS+memantine 併用群 43.6±

17.0%と改善した。28 年度は脳賦活学の樹

立を目的に動物モデルによる基盤解析とと

もに、最適条件の確定を行い、ランダム化

試験への準備を完了する予定である。 

Ｄ．考察 

今回症例を重ねヒトにおいて海馬歯状回部

のシナプス機能の回復が高次脳機能障害の回

復に本質的な役割を果たす可能性が示唆され

た。海馬神経新生機能が低下した高次脳機

能障害患者のtDCS治療は左側DLPFCを陽

極刺激で治療すると全例で海馬神経新生能

の回復と高次脳機能の回復が得られたばか

りではなく, さらに非競合的なＮＭＤＡ受

容体拮抗薬memantineを用いた高次機能障

害患者に対する薬物療法を併用することで

 grade IIIの海馬新生機能の途絶した患者群

においてもヒト認知機能とりわけ記憶の根

幹を形成するパターン分離能の再生を促す

事が判明した。これ等の知見は, 様々な脳疾

患で海馬機能に障害を受けている患者にお

いても神経幹細胞を神経前駆細胞へ動因を

する事で海馬機能の回復が図れるばかりで

はなく高次脳機能の賦活を実現できるとい

う臨床的なエビデンスが得られた。 

 

 
Ｅ．結論 

海馬神経新生機能が低下した高次機能障

害患者１１名にtDCSに左側DLPFCを陽極

刺激で治療すると全例で海馬神経新生能の

回復と高次脳機能の回復が得られた。非競

合的なＮＭＤＡ受容体拮抗薬memantineを

併用した患者群においては海馬機能の増強

期間の優位な延長を認めた。新規ニューロ

リハビリテーションの基盤となる脳疾患に

よる高次脳機能障害患者に対する脳賦活治



4 

 

療に関する重要な知見が得られた。 

 

Ｆ．健康危険情報 

研究代表者、研究分担者等本研究事業に参

画したものは特に研究環境の安全衛生面での

問題はなかった。研究対象者に対しては検査

時間の短縮に努めると同時にマイクロホンに

よる検査施行中の意思疎通に努め、予め承諾

を得た上でのテレビカメラによるモニターを

行い患者が安全に検査が受けられる環境の形

成に努める配慮を行い有害事象の発生はない。 

 

Ｇ．研究発表 
 
1.  論文発表 

①Cerebellar Contribution to Pattern  

Separation of Human Hippocampal Mem

ory Circuits. 

Shiroma A, Nishimura M, Nagamine H, 

Miyagi T, Hokama Y Watanabe T,  

Murayama  S, Tsutsui M, Tominaga D  

& Ishiuchi S 

Cerebellum (London, England) doi:10.1007/s123

11-015-0726-0. 2015. 

②SLC44A1-PRKCA fusion in papillary an

d rosette-forming glioneuronal tumors. 

Nagaishi M, Nobusawa S, Matsumura N,

Kono F, Ishiuchi S, Abe T, et al. 

Journal of clinical neuroscience : official journal 

of the Neurosurgical Society of Australasia doi:1

0.1016/j.jocn.2015.04.021. 

③A novel insulinotropic mechanism of w

hole grain-derived γ-oryzanol via the sup

pression of local dopamine D2 receptor 

signaling in mouse islet. 

Kozuka C, Sunagawa S, Ueda R,  

Higa M, Ohshiro Y, Tanaka H, et al. 

British journal of pharmacology doi:10.1111/bph.

13236. 2015. 

④Effect of caffeine contained in a cup o

f coffee on microvascular function in heal

thy subjects. 

Noguchi K, Matsuzaki T, Sakanashi M, 

Hamadate N, Uchida T, Kina-Tanada M,

et al. 

Journal of pharmacological sciences 127 (2): 21

7-22. doi:10.1016/j.jphs.2015.01.003. 2015. 

⑤Gamma-oryzanol protects pancreatic β-

cells against endoplasmic reticulum stres

s in male mice. 

Kozuka C, Sunagawa S, Ueda R,  

Higa M, Tanaka H, Shimizu-Okabe C,  

et al. 

Endocrinology: en20141748. doi:10.1210/en.2014

-1748. 2015. 

⑥Ca2+-permeable AMPA –type glutamat

e receptors and glioblastomas 

Ishiuchi S 

Progress in Neuro-Oncology 22-2 1-8. 2015. 

⑦Effect of caffeine contained in a cup of 

coffee on microvascular function in healthy 

subjects. 

Noguchi K, Matsuzaki T, Sakanashi M, 

Hamadate N, Uchida T, Kina-Tanada M, 

Kubota H, Nakasone J, Sakanashi M, Ueda 

S, Masuzaki H, Ishiuchi S, Ohya Y, Tsutsui 

M. 

J Pharmacol Sci. 2015 Feb;127(2):217-22. 

⑧Progression of cerebellar chronic 

encapsulated expanding hematoma during 

late pregnancy after gamma knife 

radiosurgery for arteriovenous 

malformation. 

http://scicurve.com/paper/26439485
http://scicurve.com/paper/26439485
http://scicurve.com/paper/26260115
http://scicurve.com/paper/26260115
http://scicurve.com/paper/26260115
http://www.ncbi.nlm.nih.gov/pubmed/25727960
http://www.ncbi.nlm.nih.gov/pubmed/25727960
http://www.ncbi.nlm.nih.gov/pubmed/25727960
http://www.ncbi.nlm.nih.gov/pubmed/25593781
http://www.ncbi.nlm.nih.gov/pubmed/25593781
http://www.ncbi.nlm.nih.gov/pubmed/25593781
http://www.ncbi.nlm.nih.gov/pubmed/25593781
http://www.ncbi.nlm.nih.gov/pubmed/25593781


5 

 

Watanabe T, Nagamine H, Ishiuchi S. 

Surg Neurol Int. 2014 Dec 30;5(Suppl 16):S575-9. 

⑨Identification of a novel cell-penetrating 

peptide targeting human glioblastoma cell 

lines as a cancer-homing transporter. 

Higa M, Katagiri C, Shimizu-Okabe C, 

Tsumuraya T, Sunagawa M, Nakamura M, 

Ishiuchi S, Takayama C, Kondo E, 

Matsushita M. 

Biochem Biophys Res Commun. 2015 Feb 

6;457(2):206-12.  

⑩Development of an experimentally useful 

model of acute myocardial infarction: 2/3 

nephrectomized triple nitric oxide 

synthases-deficient mouse. 

Uchida T, Furuno Y, Tanimoto A, Toyohira Y, 

Arakaki K, Kina-Tanada M, Kubota H, 

Sakanashi M, Matsuzaki T, Noguchi K, 

Nakasone J, Igarashi T, Ueno S, 

Matsushita M, Ishiuchi S, Masuzaki H, 

Ohya Y, Yanagihara N, Shimokawa H, 

Otsuji Y, Tamura M, Tsutsui M. 

J Mol Cell Cardiol. 2014 Dec;77:29-41. 

⑪Usefulness of the apparent diffusion 

coefficient (ADC) for predicting the 

consistency of intracranial meningiomas. 

Yogi A, Koga T, Azama K, Higa D, Ogawa K, 

Watanabe T, Ishiuchi S, Murayama S. 

Clin Imaging. 2014 38:802-7.  

⑫Enhanced expression of proapoptotic 

and autophagic proteins involved in the cell 

death of glioblastoma induced by synthetic 

glycans. 

Faried A, Arifin MZ, Ishiuchi S, Kuwano H, 

Yazawa S. 

J Neurosurg. 2014 120:1298-308.  

⑬神経膠芽腫に対するAktを標的とした分

子標的療法 渡邉孝, 菅原健一, 長嶺英

樹, 石内勝吾, 琉球医学会雑誌 33 (1～3)

 1～8, 2014 

⑭慢性期中枢神経障害患者への経頭蓋直流

電気刺激による治療介入が筋力と脳活動に

及ぼす効果―シングルケースによる検討― 

西村正彦, 石内勝吾, 沖縄県作業療法研

究, 

2015 

⑮固有名詞漢字の音読が保たれた失読失書

の１例, 宇杉竜一, 石内勝吾, 神経心理学,

 2015 

⑯Ibe Y, Tosaka M, Horiguchi 

K, Sugawara K, Miyagishima T, Hirato M, 

Yoshimoto Y. Resection extent of the 

supplementary motor area and 

post-operative neurological deficits in 

glioma surgery. Br J Neurosurg. 2016 

Jun;30(3):323-9 

⑰Iijima K, Hirato M, Miyagishima T, 

Horiguchi K, Sugawara K, Hirato J, Yokoo 

H, Yoshimoto Y. Microrecording and 

image-guided stereotactic biopsy of 

deep-seated brain tumors. J Neurosurg. 

2015 Oct;123(4):978-88. 

 

 

 

 

2.  学会発表 

①石内勝吾、脳の加齢と海馬新生能-特別講

演、2014年3月5日、東北大学加齢研究所 

②石内勝吾、Gliomagenesis and GRIA2 –

An Integrated vertical study  -from gene 

to disease-会長招聘講演、第５８回日本神

http://www.ncbi.nlm.nih.gov/pubmed/25562654
http://www.ncbi.nlm.nih.gov/pubmed/25562654
http://www.ncbi.nlm.nih.gov/pubmed/25562654
http://www.ncbi.nlm.nih.gov/pubmed/25265498
http://www.ncbi.nlm.nih.gov/pubmed/25265498
http://www.ncbi.nlm.nih.gov/pubmed/25265498
http://www.ncbi.nlm.nih.gov/pubmed/25265498
http://www.ncbi.nlm.nih.gov/pubmed/25082174
http://www.ncbi.nlm.nih.gov/pubmed/25082174
http://www.ncbi.nlm.nih.gov/pubmed/25082174
http://www.ncbi.nlm.nih.gov/pubmed/24678780
http://www.ncbi.nlm.nih.gov/pubmed/24678780
http://www.ncbi.nlm.nih.gov/pubmed/24678780
http://www.ncbi.nlm.nih.gov/pubmed/24678780
http://www.ncbi.nlm.nih.gov/pubmed/26760482
http://www.ncbi.nlm.nih.gov/pubmed/26760482
http://www.ncbi.nlm.nih.gov/pubmed/26760482
http://www.ncbi.nlm.nih.gov/pubmed/26760482
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経化学大会、2015年 9月 13日、大宮ソニ

ックシティ 

③石内勝吾、ロボットスーツHALを用いた

ニューロリハビリテーション-基調講演、第

4回日本脳神経 HAL 研究会、2015年12

月26日、京都国際会館 

④石内勝吾、特別講演第16回、ブレインサ

イエンス研究会｢分子を基盤とした神経機

能と病態｣ 、「神経幹細胞とグリオーマ遺伝

子から疾患までの垂直的統合研究」、2014

年6月28日、沖縄かりゆしアーバンリゾー

ト・ナハ 

⑤石内勝吾、記念講演、脳科学に基づいた

脳神経外科学の発展をめざして、Developme

nt of neurological surgery based on br

ain scienceー、群馬大学医学部脳神経外科

同門会講演、2014年6月21日、マーキュリー

ホテル前橋 

⑥石内勝吾、特別講演、脳科学に基づいた

脳神経外科学の発展をめざして、第8回奈良

脳腫瘍研究会、2014年10月3日、スイス南海

大阪  

⑦石内勝吾、シンポジウム｢放射線神経生物

学の夜明け｣、｢中枢神経系への放射線照射

によって生じる高次機能障害の評価及びそ

の予防法｣、第36回日本生物学的精神医学会

第57回日本神経化学会合同年会、2014年9月

30日、奈良県新公会堂 

⑧石内勝吾、シンポジウム中枢神経系への

放射線照射によって生じる高次機能障害の

評価及び予防法、第73回日本脳神経外科学

会学術総会、2014年10月10日、グランドプ

リンスホテル高輪 

⑨菅原健一、金城雄生、小林繁貴、長嶺英

樹、外間洋平、宮城智央、田村貴光、渡邉

孝、石内勝吾、「先天性第Ⅺ因子欠損症を合

併した中心前回膠芽腫の一例」、第 32回日

本脳腫学会学術集会、2014 年 11 月 30 日、

シェラトン・グランデ・トーキョーベイ・

ホテル（舞浜） 

⑩宮城智央、小林繁貴、金城雄生、長嶺英

樹、外間洋平、西村正彦、田村貴光、菅原

健一、渡邉孝、石内勝吾、「3次元CG支援に

よる脳神経外科」、第73回日本脳神経外科

学会学術総会、2014年10月10日、グランド
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Hyperbaric oxygenation treatment 

improves radioresponse in glioblastoma 

xenograft mouse model. The 5th 

International Society of Radiation 
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⑫田村貴光、石内勝吾、神経線維腫症 1型

に合併した椎骨動静脈瘻の治療 1例～再発

なく長期経過良好な治療例～、第 30回日本

脳神経血管内治療学会学術総会、2014年 12

月、パシフィコ横浜 

⑬田村貴光、石内勝吾、Balloon occlusion 

test in carotid body tumors、第 73回日

本脳神経外科学会学術総会、2014年 10月、

グランドプリンスホテル高輪 

⑭石内勝吾、公開シンポジウム-倫理が育む

健康・福祉に貢献する研究-招待講演、Neur

ological surgery based on brain scienc

e 2014年3月8日、OIST 

⑮西村正彦、石内勝吾、「ロボットスーツ

HAL 単関節上肢タイプによる上肢機能訓練

の有効性について」、第 49 回日本作業療法

学会、2015年 6月 20日、神戸ポートピア

ホテル・神戸国際展示場 

⑯Katagiri C. Hyperbaric oxygenation 

treatment prevent cellular hypoxic 
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response by radiotherapy in glioblastoma. 

The 6th international society of 

radiation and neurobiology conference, 

Oral presentation, Feb 2016, Nagasaki 

⑰片桐千秋、長嶺英樹、松下正之、石内勝

吾、「Hyperbaric oxygenation treatment 

effects on radioresponse in malignant 

glioblastoma.」第 58 回日本神経化学会大

会、2015、大宮、ポスター 

⑱片桐千秋、石内勝吾、「Hyperbaric 

oxygenation treatment effects on 

radioresponse in malignant 

glioblastoma.」第 74 回日本癌学会学術総

会、2015、名古屋、ポスター 

⑲渡邉孝、外間洋平、小林繁貴、金城雄生、

石内勝吾、「成長ホルモン産生下垂体腺腫

に対する内視鏡下経蝶形骨洞手術と薬物療

法を併用した治療成績」、第 25回 日本間

脳下垂体学会、2015年 2月 27日、京都 

⑳渡邉孝、外間洋平、小林繁貴、金城雄生、

石内勝吾、「琉球大学における成長ホルモ

ン産生下垂体腺腫に対する治療成績」、沖

縄間脳下垂体腫瘍研究会、2015年 4月 24

日 

⑳渡邉孝、菅原健一、金城雄生、小林繁貴、

長嶺英樹、外間洋平、宮城智央、石内勝吾、

「主要硬膜静脈洞に浸潤する髄膜腫の摘出

術」、日本脳神経外科学会第 74回学術総会、

2015年 10月 15日、札幌 

㉑Shiroma A, Kobayashi S, Kinjo Y, Hokama 

Y, Miyagi T, Sugawara K, Watanabe T, 

Tominaga D, Ishiuchi S. 

Measures cognitive function predict 
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glioma. The 6th International Society of 

Radiation Neurobiology Conference, Feb 

12-13 3016, Nagasaki. 

㉒Ibe Y, Tosaka M, Horiguchi 

K, Sugawara K, Miyagishima T, Hirato M, 

Yoshimoto Y. Resection extent of the 

supplementary motor area and 

post-operative neurological deficits in 

glioma surgery. Br J Neurosurg. 2016 

Jun;30(3):323-9 

㉓菅原健一、金城雄生、小林繁貴、長嶺英

樹、外間洋平、宮城智央、田村貴光、渡邉

孝、石内勝吾、「当院における低磁場術中

MRI を併用した脳腫瘍手術」、第15回 日本

術中画像情報学会、2015年6月20日、川崎 

㉔菅原健一、金城雄生、小林繁貴、外間洋

平、宮城智央、渡邉孝、石内勝吾、「当院に

おける低磁場術中 MRIを併用した画像誘導

手術 Image-guided surgery using low 

field intraoperative MRI system in our 

hospital」、第 167回琉球医学会例会、2015

年 10月 27日、沖縄 

㉕菅原健一、石内勝吾、「悪性脳腫瘍に対

する術中 MRIを併用した画像誘導手術」、

第 116回 四金会、2016年 2月 19日、沖

縄 

㉖菅原健一、金城雄生、小林繁貴、長嶺英

樹、外間洋平、宮城智央、田村貴光、渡邉

孝、石内勝吾、「当院における低磁場術中

MRIを併用した画像誘導手術 Image-guided 

surgery using low field intraoperative 

MRI system in our hospital」、一般社団法

人・日本脳神経外科学会第 74回学術総会、

ポスター、2015年 10月 14 日、札幌 

㉗小林繁貴， 渡邉孝， 菅原健一， 金城雄

生， 長嶺英樹， 外間洋平， 石内勝吾、「術

前診断に苦慮した、造影効果の乏しい
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Ⅱ-1.労災疾病臨床研究事業費補助金 
 （分担）研究報告書 

 

  革新的高次脳機能治療法の樹立に関する研究 

  ―ニューロリハビリテーション治療の樹立― 

     研究分担者  菅原健一, 渡邉孝 

 

研究要旨：革新的高次脳機能治療法の樹立を目的に高次脳機能障害患者に対して脳の可塑

性を高める方法として tDCS(transcranial Direct current stimulation)を用いて 1mA, 30 分間

左側 DLPFC(dorsolateral prefrontal cortex)を標的に 3 例に直流電流刺激を施行した。全例で

海馬パターン分離機能と記憶障害、注意障害等の高次脳機能障害の回復が得られた。 

 

 

Ａ．研究目的 

本研究の目的は労災による1) 交通事

故, 転倒・転落事故等によるびまん性軸索

損傷, 2) 過労により発症した心筋梗塞や

脳卒中による低酸素脳症 3) 炭塵爆発事

故による遷延化した一酸化中毒を対象に

疾患により引き起こされた高次脳機能障

害の革新的な治療法の確立を目的に経頭

蓋直流電流刺激法の確立および薬物療法

の安全性および有効性について探索を目

的とする。 

Ｂ．研究方法 

脳の可塑性を高める方法としては

rTMS(repetitive Transmagnetic 

stimulation)と tDCS(transcranial Direc 

current stimulation)があり本研究ではよ

り安全性が高く汎用性,効果も高い tDCS

を用いた。1mA, 30 分間左側

DLPFC(dorsolateral prefrontal cortex)を

標的に陽極電極を置き、反対側右側側

DLPFC に陰極電極を留置して直流電流

刺激を施行した。海馬機能評価は独自に

開発した behavioral task にて非侵襲的

に fMRI を用いてパターン分離能および

パターン補完能を算定し治療前後で比

較検証を行いました。また BOLD 機能を

パターン解析および %BOLD 変化の算

定、P1 (initial positive peak), P2 (isecond 

positive peak), N1 (initial negative peak), 

N2 (second negative peak)の amplitude, 

latency を算定し海馬歯状回新生ニュー

ロンのシナプス機能を評価した。 

Ｃ．研究結果 

平成27年度の新規治療患者数は19例平成26

年度の11例と合わせてのtDCS治療患者数は30

症例。16例に対してｆMRI lure taskにて海馬

パターン分離能（lure 正答率）及びパターン

補完能(same 正答率)を評価した。治療前のne

w 正答率,lure 正答率, same 正答率はそれ

ぞれ74.3±28.3%, 17.7±11.5%,77.1±25.4%

であった。重症度でみてみるとGrade Iが2名、

Grade IIが9名、Grade IIIが5名であった。16症

例にtDCS(左側DLPFCを陽極刺激し陰極を青を

右側DLPFCに置いた）を施行した。その結果, 

new 正答率,lure 正答率,same 正答率は82.3

±22.4%、43.1±18.1%、81.8±13.4%とすべて
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の課題で改善し特にlure正答率は有意差をも

って改善した（p<0.001）。重症度ではGrade0

は9名, Grade Iが3名, Grade IIが4名, Grade 

IIIが0名となり、Grade II, IIIの人数が減りGra

de0の正常者が大きく増えた（p<0.05）。代表

例（case 9）の海馬歯状回のactivation map

とBOLD patternを図に示す。治療前では歯状

回の活性は陰性を示し、BOLDは下向きのピー

クを示していたが、治療後は正常群と同様の

パターンに改善され、歯状回の活動性も改善

された。 

Ｄ．考察 

海馬機能は機能的磁気共鳴画像

（3TDiscovery,GE 社）による我々が独自

に開発した Lure task（添付資料；海馬評

価法参照）を用いて海馬 パーターン分離

及びパターン補完を評価する事で神経新

生能力を４段階で評価できる。最も重症な

のは神経新生能が途絶した Grade III で経

頭蓋的電気刺激法や薬物による賦活治療

の適応となる。これにより神経新生の促進

が期待できます。本症例では Case4 がこれ

に相当する。Grade II は神経新生能は途絶

はしていないが機能低下が１ヶ月以上継

続している患者群では海馬機能評価法で

神経新生能は途絶していないが長期にわ

たる新生障害がありパターン補完能の機

能異常を伴う。今回重症機能障害患者に対

して海馬神経前駆細胞の神経新生を促進

する作用が確認されている NMDA（Ｎ-メ

チル-Ｄ-アスパラギン酸）受容体拮抗薬メ

マンチンの併用効果が明らかになり治療

終了後には grade III の海馬新生能の途絶

者は皆無となり逆に grade 0 正常機能症例

が 9 名となった。重篤な副作用は生じてお

らず平成 28 年度は引き続き症例を増やし

その安全性や有効性を評価したいと考え

ている。 

 

Ｅ．結論 

海馬神経新生機能が低下した高次機能障

害患者３名にtDCSにて左側DLPFCを陽極

刺激で治療すると全例で海馬神経新生能を

反映するパターン分離機能の改善とシナプ

ス機能を反映するBOLDパターンの正常化

が得られた。また機能改善にはtDCS1mA, 

30分間左側DLPFC陽極電極刺激に加え海馬

神経前駆細胞の神経新生を促進する作用が

確認されているNMDA（Ｎ-メチル-Ｄ-アスパ

ラギン酸）受容体拮抗薬メマンチンの併用が

効果的であった。これにより有効なニューロ

リハビリテーションの治療法が確立できる

ものと思われる。 
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Ⅱ-2.労災疾病臨床研究事業費補助金 
 （分担）研究報告書 

 

革新的高次脳機能治療法の樹立に関する研究 

―高次脳機能解析― 

研究分担者  外間洋平, 宇杉竜一 

 

研究要旨：本年度紹介された高次脳機能障害患者は 28例その内訳は頭部外傷 8例(42,1%), 脳

血管障害 7例(36.8%),低酸素脳症 2例(10.5%), 蘇生後脳症 2例(10.5%)であった。神経心理学的

検査の各 domainの成績低下比率は psychomotr speed 28%,excecutive function 22%, memory 

17%,working memory 14%,attention 11%,globalcognitive function 8%でした。中等度以上の海

馬機能障害が示唆されｔＤＣＳを施行した３例に全例で海馬パターン分離機能の改善が認め

られさらに内２例で記憶障害、注意障害等の高次脳機能障害の回復が得られた。 

 

 

Ａ．研究目的 

本研究の目的は労災による1) 交通事

故, 転倒・転落事故等によるびまん性軸

索損傷, 2) 過労により発症した心筋梗塞

や脳卒中による低酸素脳症 3) 炭塵爆発

事故による遷延化した一酸化中毒を対象

に疾患により引き起こされた高次脳機能

障害の神経心理学的評価を目的とする。 

Ｂ．研究方法 

脳疾患を有する9症例（平均46.9歳、女性7、

男性2、脳腫瘍6例、くも膜嚢胞１例、線維

筋痛症１例、交通外傷１例）、健常被験者4

2名（平均34.5y ±16.9 女性21名,男性21

名）に対してDiffusion Tensor Image(DTI)

を撮像し、高次機能と神経線維束の関連を

検討した。症例は治療前後にかけて継次的

に症状の把握とDTIデータを取得した。DTI

解析方法は、GE 3T Discoveryを用いパラメ

ータとしてsingle-shot spin-echo EPI se

quence, TE=82.4,TR=9500ms, FOV=240mm, 

matrix size128*128, slice thickness=2m

m,no spacing, NEX=1, MPG=29direction,b

-value=1000s/mm2 にて撮像したデータをF

iber tracking解析ソフト（Medinria1.9）

を用いてtwo_ROI method（Wakana2007）に

基づき、帯状回、海馬傍回、錐体路、前視

床放線、上縦束、弓状束、下縦束、前頭後

頭束、鉤状束、大鉗子、小鉗子、そして新

たにFrontal Aslant Tract (以下FAT,Cata

ni2012)の左右各12線維束の拡散テンソルt

ractgraphyを作成した。描出された各神経

線維束のFA(Fractionated anisotropy)値、

MD(Mean diffusivity)値を算出し集計した。 

Ｃ．研究結果 

《語列挙とFAT》右利き健常者9名の各神経

線維束のFA値と語列挙能力との関連を調査

した。左側のFATのみ語列挙との有意な相関

関係（r=0.73,P=0.03）がみられた。また左

半球の前頭側頭葉領域の腫瘍の症例におい

てFATの描出が乏しい症例は、語列挙数も比

例して低下がみられ、左側FATと語の流暢性

との関連が示唆された（図1）。FATが通過
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する左前頭葉内側面損傷群では左背外側損

傷群とは異なり、語列挙のみが障害される

という報告（大槻2003）と一致する結果と

なった。 

《症例1》75歳女性、膠芽腫症例。左前頭葉

腫瘍により、術前DTIでは左側FATの描出が

困難で、重度の失語症によりコミュニケー

ションが極めて困難であった。術後３ヶ月

時のフォローアップ時のDTIでは左FATの描

出が可能となり、失語症状の改善がみられ、

実用的なコミュニケーション能力を獲得す

ることが出来た。特に自発話の流暢性と呼

称能力の改善が著しく、FATは流暢性との関

連を示唆した（図2）。 

《症例2》51歳女性、線維筋痛症症例。tDSC

による治療を実施後にDTIによる解析を実

施。tDCS治療後は疼痛緩和が得られ、症例

の帯状回の神経線維束のStream number（神

経線維束数）の増加がみられた（図3）。疼

痛と帯状回との関連性については以前から

報告が散見されるが、tDCSを用いた治療に

より疼痛緩和が得られた事は興味深く、疼

痛緩和と帯状回の神経線維束との関連性を

示唆する症例であった（図２）。 

Ｄ．考察 

脳疾患症例と健常被験者を対象に、左右各1

2線維束の拡散テンソルtractgraphyを作成

し、高次脳機能との関連を検討した。疼痛

緩和や言語機能の改善とともに、神経線維

束の形態的変化を捉える事が可能であった。

代表的な神経線維束に焦点を当てた解析を

継続しながら、大脳皮質の全領域間を交錯

する神経回路網についてグラフ理論を応用

した解析を用いて検討していく予定である。 

 
Ｅ．結論 

多様な脳疾患により失語症、疼痛など様々な

症状が出現する。今後, 高次脳機能障害患者

における多様な症状と白質の統合性との関連

をグラフ理論の手法を用いて解析することで

ヒト脳機能の統合性に関する理解が深まるも

のと思われる。 
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Ⅱ-3.労災疾病臨床研究事業費補助金 
 （分担）研究報告書 

 

 革新的高次脳機能治療法の樹立に関する研究 

―グラフ理論解析の応用による機能的ネットワーク解析― 

      研究分担者  西村正彦 

 

研究要旨：革新的高次脳機能治療法の樹立を目的に高次脳機能障害患者30例に対しtDCS(tra

nscranial Direct current stimulation)を用いて1mA, 30分間左側DLPFC(dorsolateral prefron

tal cortex)を標的に直流電流刺激を施行した。lure taskを施行した16例にBOLD解析を行っ

た。また安静時脳活動を利用した機能的ネットワーク解析について提示する。 

 

 

Ａ．研究目的 

本研究の目的は労災による1) 交通事

故, 転倒・転落事故等によるびまん性軸

索損傷, 2) 過労により発症した心筋梗塞

や脳卒中による低酸素脳症 3) 炭塵爆発

事故による遷延化した一酸化中毒を対象

に疾患により引き起こされた高次脳機能

障害に対する革新的な治療法の樹立をめ

ざす。本研究では高次脳機能障害を小脳

と海馬および前頭前野を含む神経回路網

のネットワーク障害として捉える仮説を

提示する（Cerebellum submission ）。

高性能3T MRIを用いて海馬の活性化と

安静時脳活動を用いて、左前頭前野の機

能的ネットワークを評価する。 

Ｂ．研究方法 

本研究では交通外傷等により高次脳

機能障害を呈した患者に対し tDCS を

用いた治療を行いました。1mA, 30 分間

左側 DLPFC(dorsolateral prefrontal 

cortex)を標的に陽極電極を置き、反対側

右側側 DLPFC に陰極電極を留置して

直流電流刺激を施行した。海馬機能につ

いては Lure task を用いて海馬の％

BOLD シグナルの変化（BOLD 機能を

パターン解析および%BOLD 変化の算

定、P1(initial positive peak), P2(second 

positive peak), N1(initial negative 

peak), N2(second negative peak)の

amplitude, latencyとグラフ理論解析を

用いた機能的ネットワーク解析を行っ

た。グラフ理論解析の方法論は、

Rubinov & Sporns (2010)を改変し、行

った。まず、安静時 fMRI データの体動

補正、標準化、平滑化処理を行う。次に

全脳 116 の関心領域(Tzourio 2002、図

3)間の相関係数 (r) を算出した。相関係

数 (r)を Fisher Z 変換にて標準化 (ｚ

値)し、各関心領域間の機能結合係数を

算出した。算出された各関心領域間の機

能結合係数から Clustering coefficient

を算出し、関心領域ごとの Clustering 
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coefficient と機結合係数をマップ上に

表示した。 

Clustering coefficient は他の脳領域と

の集合体としての機能結合を表し、この

数値が高ければ、同じ機能を持つ脳領域

の機能結合が強いことを示す。また、機

能的結合係数は関心領域と他の領域間と

の結合性の強さを示す。 

 

Ｃ．研究結果 

別紙資料の如くに30例（平成26年度11例、

平成27年度は19例）に対し、ｔDCS治療を行い、

安静時脳活動計測を行った。そのうち、ｆMR

I lure task を施行した16例のうち、メマン

チン酸塩の服用を併用した患者と服用してい

ない患者に分けてBOLD機能をパターン解析

および%BOLD変化の算定、P1(initial posit

ive peak), P2(isecond positive peak), 

N1(initial negative peak), N2(second n

egative peak)のamplitude, latencyを算

定した。健常者群36例、ｔDCSとメマンチン酸

塩服用無し群、ｔDCSにメマンチン酸塩服用有

り群のBOLDパターンとamplitude, latency

を図1に提示する。健常者群（n=36、男性36

名、女性13名、平均年齢25.2±2.9歳）のBOL

D反応では1.7±1.5秒でN1（amplitude -0.04

±0.17）が観察され、次いで4.1±1.1秒に上

向きのピークであるP1（amplitude 0.07±0.

29）が出現する。その後、陰性のピークN2（a

mplitude -0.19±0.27）が8.4±1.6秒に見ら

れる。メマンチン酸塩を服用しなかった群（男

性5名、女性5名、平均年齢43.2±19.1歳）のB

OLD反応ではN1のピークは見られず、緩やかな

上向きのカーブを描くP1（amplitude 0.5±0.

57）が4.24±2.08秒に観察され、同じく緩や

かなN2（amplitude -0.06±0.44）のカーブが

14.9±4.43秒に観察された。メマンチン酸塩

を服用しなかった群のBOLD反応のばらつきは

大きく、二峰性の峰と谷を形成している。メ

マンチン酸塩服用を併用した群（男性2名、女

性4名、平均年齢47.8±18.1歳）のBOLD反応で

は、2.28±2.1秒にN1（amplitude -0.18±0.

51）が観察され、次いで陽性のピークP1（am

plitude 0.58±0.83）が4.76±1.24秒に現れ、

最後にN2のピーク（amplitude -0.34±0.44）

が9.73±5.54秒に観察された。メマンチン酸

塩内服を併用した群のBOLDパターンはメマン

チン酸塩を服用しなかった群に比べ、健常者

に近いパターンを示したが、N1、N2のピーク

潜時はやや健常者群に比べ遅延していた。ま

た、メマンチン酸塩を服用した群、メマンチ

ン酸塩を服用しなかった群どちらのP1のampl

itudeは健常者群のピークamplitudeに比べは

高い値を示した。メマンチン酸塩を服用した

群のN1,N2ピークのamplitudeは健常者群に比

べ低い値を示した。 

図２に、交通外傷後のび慢性軸索損傷によ

り高次脳機能障害を呈した21歳男性のtDCS治

療前後のlure taskの正答率とグラフ理論解

析による機能的ネットワーク解析の結果を示

す。この症例の治療前のlure taskのnew, lu

re, sameの正答率は、それぞれ82％、13％、9

4％であった、tDCS治療後はnew正答率 87％,

 lure正答率 56％, same正答率 81％と、l

ure正答率は改善した。 

機能的ネットワーク解析の結果、治療前のc

lustering coefficientは右中心傍小葉（0.8

3）、左補足運動野（0.83）、両側の後頭葉（1.

0）が他の関心領域に比べ高い値を示し、後頭

頭頂部領域を中心としたネットワーク形成が
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見られる。tDCS治療後は、左中前頭回（0.83）、

左上前頭回内側部（0.87）、右下前頭回弁蓋

部（0.89）のclustering coefficientが高ま

り、両側の後頭葉のclustering coefficient

（0.33）は治療前に比べ低下した。左中前頭

回のClustering coefficientは治療前0.4か

らtDCS治療後に0.83に増加した。また、左中

前頭回と他の脳領域との機能結合係数は治療

前0.75であったが、tDCS治療後は0.84に増加

している。tDCS治療後は左前頭葉を中心とし

た機能的ネットワークが形成されその機能的

結合性が増強したと考えられる。 

 

Ｄ．考察 

海馬機能は機能的磁気共鳴画像

（3TDiscovery,GE社）による我々が独

自に開発した Lure taskを用いてメマン

チン酸塩の服用の有無による BOLDパタ

ーンの解析と安静時脳活動を利用した

機能的ネットワーク解析を行った。 

BOLDパターンの解析では、メマンチ

ン酸塩の内服を併用して、tDCS治療を

実施することで、海馬の血流の変化がよ

り健常者のパターンに近づくことが分

かった。これはメマンチン酸塩によって

海馬神経前駆細胞の神経新生が促進さ

れ、海馬歯状回の活動性が健常者に近似

したと思われる。したがって、海馬の血

流変化からも、tDCS 治療に NMDA（Ｎ

-メチル-Ｄ-アスパラギン酸）受容体拮抗

薬メマンチン酸塩を併用することは認

知機能の改善に有効であると思われる。 

機能的ネットワーク解析では、tDCS

治療の前後で認知機能の中枢として作

用する左中前頭回の機能的ネットワー

クの様相が変化することが分かった。治

療前、後頭葉優位のネットワークが形成

されていたが、治療後は左中前頭回を中

心としたネットワークに変化した。lure

刺激に対する反応を見ても、治療前は

sameと反応する割合が多かったが、治

療後は半数以上の刺激に対し正しく

lureと反応している。ワーキングメモ

リなどの認知機能の中枢として駆動す

る左中前頭回への経頭蓋的電気刺激は

脳内の機能的ネットワークを改変させ、

海馬パターン分離能の改善に寄与して

いると考えられえる。 

今後は、BOLDパターン分析に、グラフ解

析による機能的ネットワークの評価を加え、

経頭蓋的電気刺激法、メマンチン酸塩によ

る高次脳機能障害患者の認知機能障害の改

善について分析を進め、これらの治療法の

適応や予後予測について解析を計画する。 

 

Ｅ．結論 

海馬歯状回のBOLDパターン分析によって、

メマンチン酸塩の服用による高次脳機能障

害患者のBOLD反応が正常化することが示

された。また、機能的ネットワーク解析の

結果、左中前頭回への経頭蓋的電気刺激は

脳内のネットワークの調整に関与している

可能性がある。 
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健常者群 （n = 36） 

Latency (sec) 
Mean ± SD 

%BOLD change 
Mean ± SD 

N1 1.7±1.5 -0.04±0.17 

P1 4.1±1.1 0.07±0.29 

N2 8.4±1.6 -0.19±0.27 

N1 

P1 

N2 

A.健常被験者36名（男性36名、女性13名、平均年齢25.2±2.9歳）のlure taskにおける海馬歯状回の平均
BOLD反応グラフ。B.メマンチン酸塩服用せずｔDCS治療を受けた高次脳機能障害患者10名（男性5名、女性5
名、平均年齢43.2±19.1歳）の平均BOLD反応。C.メマンチン酸塩を服用し、ｔDCS治療を受けた高次脳機能障
害患者6名（男性2名、女性4名、平均年齢47.8±18.1歳）の平均BOLD反応。 
グラフのx軸は時間（秒）を表し、y軸はBOLD信号の変化率を表す。 
A.B.C.のグラフの青もしくは赤の実線は%BOLD signalの平均を表し、青または赤の透明色の範囲は%BOLD 
signalの標準偏差を表す。 
D, E, Fの表は健常者群、メマンチン酸塩併用無し群、メマンチン酸塩併用群それぞれの海馬歯状回における
BOLD反応の、N1,N2,P1のlatencyとamplitudeについて記した。 

図１ メマンチン酸塩の服用による海馬歯状回BOLD反応 

A. B. C. 

D. E. F. メマンチン服用なし (n = 10) メマンチン服用あり (n = 6) 健常者群 （n = 36） 
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図２ グラフ理論解析によるネットワーク解析 
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労災疾病臨床研究事業費補助金 

 （分担）研究報告書 

 

革新的高次脳機能治療法の樹立に関する研究 
―高密度（256ch）脳波計およびfMRIを用いた解析― 

研究分担者  土田幸男 

 

研究要旨：革新的高次脳機能治療法の樹立を目的に，高次脳機能障害の治療的有効性を評

価するための指標として高密度脳波計および fMRI を用いて海馬機能を反映するパターン

分離遂行中の脳活動を解析した。

健常成人 11 名，高次脳機能障害患者 2 例から海馬パターン分離機能を反映する事象関連電

位が得られた。今後，症例を増やし得られた事象関連電位所見の生物学的意味づけおよび

高次脳機能障害のバイオマーカーとなりうるか更なるデータの蓄積を行う。また高次脳機

能障害診断装置の汎用化を目的に海馬パターン分離機能を反映する事象関連電位簡易測定

法の開発を行っていく予定である。 

  

Ａ．研究目的 

本研究の目的は労災による1) 交通事

故，転倒・転落事故等によるびまん性軸

索損傷，2) 過労により発症した心筋梗塞

や脳卒中による低酸素脳症，3) 炭塵爆発

事故による遷延化した一酸化中毒を対象

に疾患により引き起こされた高次脳機能

障害について，高密度（256ch）脳波計

および fMRIを用いた高次脳機能障害の

治療的有効性を評価する脳活動の特定を

目的とする。 

 

Ｂ．研究方法 

健常成人11名（女性4名，男性7名，平

均年齢20±3歳）を対象とした。患者デー

タは20症例数の中から治療前後の比較が

可能で効果が検討できる2例を対象とし

た。 

海馬機能を測定するために独自に開発

したLure task遂行中の脳活動を，高密度

センサー脳波と fMRIを用いて同時計測

を行った。高密度センサー脳波計測は，

EGI HydoroCel Geodesic Sensor Net 

256-cannelを用いた。 fMRIは，GE 3T 

Discoveryを用いた。脳波計測のサンプリ

ング周波数は1000 Hz，Referenceは全電

極平均とした。電極インピーダンスはシ

ステム推奨の50 kΩ以下とした。計測後， 

EGI Net Station Toolsを用い，0.10Hz

のHighpassフィルタを適用，そしてMRI

計測に伴うグラディエントノイズと心拍

動のノイズを除去した。分析時はSSI 

EMSEを用いて，0.5–50 HzのBandpass，

ICAによる眼球運動ノイズ除去を適用し

た。刺激呈示前100 msから刺激呈示後

2000 msの区間を分析区間とし，刺激ご

とに加算平均を行い，事象関連電位（ERP）

を算出した。 

 

（倫理面への配慮） 

研究対象者に対しては検査時間の短縮
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に努め又随時不安の軽減目的に声かけを

している。高密度脳波型電極の取り付け

は、従来のペースト法ではなく最新型ア

レーを用いており軽く水にぬらすのみで

装着可能で所要時間の大幅な短縮が得ら

れ可能で入室から３０分弱で完了する。

またMRI撮像に関しては検査時間の短縮

に努めると同時と同時にマイクロホンに

よる検査施行中の意思疎通に努めている。

撮像時間は海馬課題タスクが7分、その後

安静時脳活動検査を行う事で5分間の休

憩ができる。安静時脳活動はこの休憩時

に撮像している。この間, 緊急時のブザ

ーを用意して常に緊急コールが出来る状

態で検査を進めている。予め承諾を得た

上でのテレビカメラによるモニターを行

い患者が安全に検査を受けられる環境の

形成に努める配慮を行っている。現在ま

でのところ有害事象の発生はない。 

 

Ｃ．研究結果 

資料1に示したLure task(似ているが

細かい部分が異なる対象物の識別能力検

査)にて，海馬パターン分離のERPを解析

した。資料2に健常者データの平均を示す。

Lureに対し，前頭部電極のERPでは刺激

呈示後約900 ms付近に陰性成分を惹起

した。これは再認記憶研究で報告されて

いる曖昧な記憶痕跡を評価する過程と類

似している（Rugg & Curran, 2007）。

側頭葉底部の活動を捉えることができる

と報告されている顔面部位電極 (海馬体

の電気活動を取得できる )のうち右側で

のERPにおいて，Lureは同様の時間帯で

陰性成分を惹起した。時間周波数分析で

は，記憶活動に関連するθ帯域（4～8 Hz）

の活動が前頭部では弱く，右顔面部位で

は強く見られた。顔面部位電極の脳活動

はLureに対する特異的な反応である可

能性を示唆している。 

より詳細な分析を行うため，fMRIデー

タを含めた個別データの検討を行った。

健常者1と2は正常範囲のLure正答率を

示した（資料3一段目）。顔面部位電極で

のERPにおいて，Lureは刺激呈示後約

1000 msに大きな陰性成分を惹起した

（資料3二段目）。時間周波数分析では，

同時間帯でθ帯域の活動が見られた（資

料3三段目）。ERP後の時間帯の分析とな

る fMRIでは，右海馬の賦活を認め，

initial dipが存在する正常なBOLD活動

が示された。 

症例1（術前）は両側前頭葉の神経膠腫

患者である。低いLure正答率を示し，

ERPの陰性成分は惹起したものの活動が

遅いことを示した。時間周波数分析では，

顕著なθ帯域活動を認めなかった。fMRI

では，右海馬の低活動を認め，initial dip

が存在しない異常なBOLD活動が示され

た。症例1（術後）では，正常範囲のLure

成績を示し，ERPにおいても， 1000 ms

に大きな陰性成分を惹起した。時間周波

数分析ではθ帯域活動を認めた。 fMRI

のデータも術前より健常者に近いデータ

となっている。 

症例2（tDCS治療前正答時）はうつ病

による認知機能低下を主訴として tDCS

治療を行った患者である（資料4）。極め

て低いLure正答率であった。正答時の

ERP陰性成分は惹起し，θ帯域の活動も

見られている。一方，大多数を占める誤

答時は，θ帯域の活動は見られるものの，
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ERPは全般的に陽性の極性を示した。症

例2（tDCS治療後）では，Lure正答率が

上昇し，ERPは顕著なピークを認めない

ものの，全般的に陰性の極性を示した。

θ帯域の活動も認められた。これらの所

見は，tDCS治療の効果を反映している可

能性を示唆している。 

 

Ｄ．考察 

脳波分析の結果から，fMRIでは検討で

きなかった脳の直接的な神経活動を検討

することができる可能性が示唆された。

これらの所見を用いることで，高次脳機

能障害の治療的有効性を評価できること

が見込まれる。今後，健常群と治療前後

の患者データを蓄積するとともに，より

簡便な脳波測定による評価の確立が望ま

れる。臨床評価や行動指標だけでは判断

しにくい海馬機能の問題を評価できる可

能性があるだろう。 

 

 

Ｅ．結論 

健常成人 11 名，患者 2 名を対象とし

た事象関連電位を解析し，顔面部位電

極の陰性電位が海馬機能の評価に有用

である可能性が示唆された。高次脳機

能障害のバイオマーカーとなりうるか

更なるデータの蓄積を行う。 

 

 



4 

 

資 料 1 海 馬 課 題 ー C erebe l l um  201 5 よ り 引 用 ―  
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資料 2 健常成人 11 名の平均 

 

Lure task平均正答率 

 

 

前頭部位電極における Lure taskのパターン分離に

対する ERP 

 

前頭部位電極における Lure taskのパターン分離

に対する時間周波数分析 

 

 

右顔面部位電極における Lure taskのパターン分離

に対する ERP 

 

 

右顔面部位電極における Lure taskのパターン分

離に対する時間周波数分析 
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Lureに対し，前頭部電極で約 900 ms付近に（赤矢印），右顔面部位電極においても同様の時間帯で陰性成分

が惹起（赤矢印）（左列）。時間周波数分析では，θ帯域（4～8 Hz）の活動が前頭部では弱く，右顔面部位で

は強く見られた（白矢印）（右列）。 



6 

 

 

 

資料 3 

 健常者 1 健常者 2 症例 1（術前） 症例 1（術前） 

Lure task 

正答率 

    
ERP 

（顔面部位電極） 

    

時間周波数分析 

（顔面部位電極） 

    

MRI 

    

% signal  

change 
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健常者 1と 2は正常範囲の Lure正答率（資料 3一段目）。顔面部位電極で約 1000 msに大きな陰性成分が惹起

（赤矢印）（資料 3二段目）。時間周波数分析では，約 1000 msでθ帯域の活動が見られた（白矢印）（資料 3

三段目）。fMRIでは，右海馬の賦活，initial dipを認めた（資料 3四段目）。 

症例 1（術前）は，低い Lure正答率，ERPの陰性成分頂点は約 1500msと遅延，θ帯域活動を認めず，fMRIで

は右海馬の低活動，initial dipが存在しなかった（三列目）。症例 1（術後）では，Lure成績は正常，1000 ms

に大きな陰性成分が惹起，θ帯域活動を認め，fMRIのデータも術前より健常者に近いデータとなった（四列目）。 
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資料 4 

 

  

 症例 2（tDCS 前正答時） 症例 2（tDCS 前誤答時）  症例 2（tDCS 後） 

Lure task 

正答・誤答率 

 
Lureに対する 

正答率 

 

Lureに対する 

反応タイプ別誤答率 

 

 
Lureに対する 

正答率 

ERP 

（顔面部位電極） 

 

 

 

 

時間周波数分析 

（顔面部位電極） 
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症例 2（tDCS治療前正答時）は極めて低い Lure正答率（6%），正答時は 750 msに ERP陰性成分およびθ帯域

の活動を認めている（一列目）。大多数を占める誤答時は，θ帯域の活動は見られるが，ERPは全般的に陽性

の極性を示した（二列目）。症例 2（tDCS治療後）では，Lure正答率が上昇，ERPは顕著なピークを認めない

ものの，全般的に陰性の極性（赤矢印），θ帯域の活動を認めた（白矢印）（三列目）。 
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ORIGINAL PAPER

Cerebellar Contribution to Pattern Separation
of Human Hippocampal Memory Circuits

Ayano Shiroma1 & Masahiko Nishimura1 & Hideki Nagamine1 & Tomohisa Miyagi1 &

Yohei Hokama1 & Takashi Watanabe1 & Sadayuki Murayama2 & Masato Tsutsui3 &

Daisuke Tominaga4 & Shogo Ishiuchi1

# The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract The cerebellum is a crucial structure for cognitive
function as well as motor control. Benign brain tumors such as
schwannomas, meningiomas, and epidermoids tend to occur
in the cerebellopontine angle cisterns and may cause compres-
sion of the posterior lateral cerebellum near the superior pos-
terior fissure, where the eloquent area for cognitive function
was recently identified. The present study examined cognitive
impairment in patients with benign cerebellar tumors before
and after surgical intervention in order to clarify the functional
implications of this region in humans. Patients with cerebellar
tumors showed deficits in psychomotor speed and working
memory compared with healthy controls. Moreover, these im-
pairments were more pronounced in patients with right cere-
bellar tumors. Functional magnetic resonance imaging during
performance of a lure task also demonstrated that cerebellar
tumors affected pattern separation or the ability to distinguish
similar experiences of episodic memory or events with

discrete, non-overlapping representations, which is one of
the important cognitive functions related to the hippocampus.
The present findings indicate that compression of the human
posterior lateral cerebellum affects hippocampal memory
function.

Keywords Posterior lateral cerebellum . Cognitive function .

Brain tumor .Memory . Hippocampus . fMRI

Introduction

Recent research has shown that the cerebellum plays an im-
portant role in cognitive and emotional functions as well as
motor control [1–4]. Studies using functional magnetic reso-
nance imaging (fMRI) have shown that the actual use of a tool
(e.g., scissors) primarily activates the anterior cerebellum,
whereas imaginary use of a tool activates the lateral posterior
lobe of the cerebellum [5]. Skilled use of the tool after learning
activates a specific area near the superior posterior fissure,
indicating that the posterior cerebellum is essential for infor-
mation processing, space representation, and some procedural
memory [6, 7] and is dependent upon the sequential relation-
ship between discrete elements, just as in the serial reaction
task. However, the acquisition of other skills does not require
the learning of sequences like prism adaptation, which can be
acquired during short-term motor learning. Human studies
have identified the important contribution of the cerebellum
to intrinsic functional connectivities [8, 9] and higher cogni-
tive functions, especially to episodic memory, working mem-
ory, and procedural memory [10–13]. Nonetheless, the rela-
tionship between the cerebellum and hippocampal circuits in
memory systems has not been fully evaluated.

Benign cerebellar tumors are isolated focal lesions that are
frequently localized in the cerebellopontine angle or around
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the superior posterior fissure and do not invade or destroy
neural networks, unlike gliomas or vascular strokes. These
tumors are essentially regional, thereby allowing a more dis-
crete estimation of the functionality of a specific region
through examination of whether the function lost before oper-
ation recovers after surgical treatment. However, although
preservation of VIIth and VIIIth cranial nerve function is pri-
oritized during neurosurgical treatment, the cognitive function
of these patients has not been evaluated. We therefore ana-
lyzed the cognitive impairment of patients before and after
surgical intervention in order to evaluate the functional in-
volvement of the posterior lateral cerebellum near the superior
posterior fissure. We found that patients with right cerebellar
tumors exhibited disturbances in psychomotor speed as exam-
ined by the digit symbol test (DST) and working memory as
examined by the digit span test (DS) when compared with
healthy controls. Nonetheless, the classical neuropsychologi-
cal domain does not really have a distinct functional anatomy.

In the current study, we analyzed the distinct human cere-
bellar contribution to memory systems under whole brain net-
work organization using the method of Global Brain
Connectivity (GBC). Several past studies have indicated that
cognition involves large-scale human brain systems with mul-
tiple interacting regions. We therefore tried to identify a prom-
inent feature of this hub of human cognition using lure task-
related and resting-state functional MRI (rs-fMRI) data. We
focused on the pattern separation ability that discriminates be-
tween similar experiences of episodic memory, a crucial com-
ponent of the hippocampal memory circuit, and used functional
MRI (fMRI) to investigate subjects performing an established
lure task [14]. Interestingly, patients with cerebellar tumors se-
lectively showed a decreased ability for pattern separation in
the lure task. We first identified nine regions related to pattern
separation ability by imposing stringency criteria based on an
activation map of lure task fMRI findings from normal volun-
teers. Blood oxygen level-dependent (BOLD) signals, which
are one of the indices of hemodynamic responses to neural
activity, were correlated to correct response rates in the lure task
associated with the activity of the following four distinct re-
gions: right and left cerebellar hemisphere (lobule VI/Crus I),
left anterior mid-cingulate cortex (aMMC), and right hippo-
campal dentate gyrus (DG). We then tested whether these re-
gions showed high GBC in the rest of the brain using rs-fMRI
data.We found that GBC correlated to a correct response rate in
the lure task was limited to three of these regions, excluding the
left cerebellar lobule VI/Crus I. Finally, we ascertained that this
correlation was altered in patients with right and left cerebellar
tumors as compared with normal healthy volunteers. We there-
fore hypothesized that the cerebellar contribution to pattern
separation ability is dependent upon integration of the right
cerebellar hemisphere (lobule VI/Crus I) associated with the
left aMMC and right hippocampal DG. The pattern changes
in the functional connectivity of patients with cerebellar tumors

may indicate an important contribution of the human cerebel-
lum to higher cognitive functions associated with hippocampal
memory systems.

Materials and Methods

Subjects

Neuropsychological assessments were carried out on 28 pa-
tients with benign cerebellar tumors (mean age 50.9±
12.1 years; 11 males, 17 females), 17 with right cerebellar
lesions (mean age 49.4±13.6 years; 8 schwannomas, 8 me-
ningiomas, and 1 epidermoid) and 11 with left cerebellar le-
sions (mean age 53.5±8.3 years; 6 schwannomas, 2 meningi-
omas, 2 epidermoid, and 1 lipoma) (Table 1), as well as on a
control group consisting of 23 healthy controls matched for
age, sex, and years of education (mean age 53.4±14.1, range
21–72 years; 9 males, 14 females). Regarding clinical histo-
ries, one patient (R19) had previously undergone gamma
knife radiosurgery, and two patients (L10 and L17) had recur-
rent tumors. Patients were excluded for the following reasons:
age under 20 or over 78 years; lesions involving non-
cerebellar cortical or subcortical regions; history of alcohol
or drug abuse; or pre-existing psychiatric disease.
Neurological examinations of gait, kinetic function-arm, ki-
netic function-leg, speech, and eye movements were conduct-
ed based on the Brief Ataxia Rating Scale [15]. All patients
showed normal performance except for two cases (R2 and R7)
who walked almost naturally, but were unable to walk with
their feet in the tandem position. The locations of the cerebel-
lar tumors are shown in Fig. 1 and Table 2. Notably, the tumor
compressed the posterior lateral cerebellum in all patients,
especially lobule VI and Crus I (Fig. 1 and Table 2). Lesion
size was measured in milliliters on preoperative MRI, accord-
ing to the formula; a×b×c /2, where a and b indicate the
longest crossed dimension of the horizontal plane, and c indi-
cates the greatest length of the tumor in the coronal plane.

Informed Consent and Approval

All patients and control subjects provided written informed
consent for this investigation. The study was approved by
the ethical committee of the University of the Ryukyus.

Experimental Design

In the preoperative stage, 28 patients with cerebellar lesions
underwent neuropsychological assessments and 19 patients
participated in the fMRI examination. The fMRI study was
conducted once before surgical treatment. In the postoperative
stage, 12 patients with right cerebellar tumors (mean age 45.0
±11.5 years, range 21–64 years; 3 males, 9 females)

Cerebellum



underwent follow-up neuropsychological assessments in or-
der to examine whether surgical intervention had an effect on

functional recovery. Detailed individual profiles are shown in
Table 1.

Table 1 Summary of 28 patients examined by neuropsychological assessment

Patient number Sex/age/handedness Diagnosis Lesion side Size of lesion (mL) Follow-up assessment fMRI study (preop)

R1 F/38/right Meningioma Right 3.41

R2 M/21/right Schwannoma Right 50.56 +

R6 M/61/right Schwannoma Right 0.27 +

R7 F/42/right Schwannoma Right 18.31 + +

R10 F/51/right Meningioma Right 6.55 + +

R11 M/64/right Epidermoid Right 2.66 + +

R12 F/34/right Meningioma Right 3.46 + +

R13 F/52/right Meningioma Right 5.85 +

R14 M/63/right Schwannoma Right 7.95 +

R15 M/76/right Schwannoma Right 5.79

R16 F/50/right Meningioma Right 5.79 + +

R17 M/49/right Schwannoma Right 3.68 + +

R18 F/40/right Schwannoma Right 11.7 + +

R19 M/60/right Schwannoma Right 5.22 +

R20 F/40/right Meningioma Right 0.42 + +

R21 F/36/right Meningioma Right 7.71 + +

R22 F/63/right Meningioma Right 13.51 +

L2 M/49/right Meningioma Left 3.82

L4 F/48/right Schwannoma Left 27.34 +

L9 F/55/right Schwannoma Left 3.18

L10 F/47/right Schwannoma Left 4.69 +

L11 F/69/right Meningioma Left 5.68 +

L12 F/59/right Epidermoid Left 3.97

L13 M/53/right Lipoma Left 0.79 +

L14 M/38/left Schwannoma Left 25.94

L15 F/62/right Schwannoma Left 0.25 +

L16 M/55/right Epidermoid Left 13.55 +

L17 F/38/right Schwannoma Left 16.89 +

B+^ indicates participation in the follow-up assessment or fMRI study

M male, F female

Fig. 1 Tumor topography of
right (middle image, n=17) and
left cerebellar tumors (right
image, n=11). Light blue line
indicates the superior posterior
fissure; yellow line indicates the
horizontal fissure in the left image
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Neuropsychological Assessment

The battery consisted of the following tests: (I) mini-mental
state examination (MMSE) [16] and modified MMSE (3MS)
[17] for global cognitive screening, (II) Trail Making Test
(TMT) [18] and Stroop test (ST) [18] for executive function,
(III) Wechsler Adult Intelligence Scale-Revised (WAIS-R)
digit span subtest (DS) [19] for working memory, (IV)
WAIS-R DST [19] for psychomotor speed, (V) partial
WAIS-R block design subtest (fifth and ninth items) [19]
and the cube-copying test for visuospatial ability. For quanti-
tative assessment of constructional ability in the cube-copying
test, the points of connection and plane-orientation errors were

evaluated. A point of connection was defined as a point at
which three lines met to form a vertex, hence subjects could
score up to eight points, since eight points of connection are
present in a cube. Each plane with two pairs of parallel lines
was evaluated in terms of the number of lines and the extent to
which they were parallel. No plane-error points were scored if
the cube was copied accurately [20]. We selected brief neuro-
psychological tests that could be performed within 1 h in order
to reduce the burden on patients in the preoperative or post-
operative therapeutic stage. As for the duration of patients’
follow-up, we carried out of the assessment within 6 months
after resection of the tumor. Patient R2 with a huge
schwannoma showed transient neurological symptoms related

Table 2 Lesion characteristics in patients with cerebellar tumors

B×^ denotes the existence of a tumor at preoperative stage. B ^ indicates the residue at postoperative stage
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to the IVth nerve. The double vision by such nerve injury
influenced cognitive performance, so we followed up the pa-
tient until recovery of its symptom.

Event-Related fMRI Study

Subjects

Twelve patients with right cerebellar tumors (mean age 46.9±
13.3 years, range 17–66 years; 3 males, 9 females), 7 patients
with left cerebellar tumors (mean age 53.3±10.1 years, range
38–69 years; 2 males, 5 females), and 30 normal healthy vol-
unteers (mean age 24.0±5.2 years, range 22–35 years; 21
males, 9 females) were enrolled in this study (Table 1). The
normal healthy volunteers that participated in the fMRI study
were different from those included in the neuropsychological
analysis. Standard values in each generation of the correct
response rate in fMRI behavioral task were not established.
Therefore, to estimate a normal value of the correct response
rate, we recruited healthy young subject. None of these pa-
tients had any signs or history of neurological or psychologi-
cal diseases. This study was approved by the ethical commit-
tee of the University of the Ryukyus with written informed
consent obtained from all participants. Subjects were all right-
handed according to the Edinburgh Handedness Laterality
Index, with a median score of 100 (range 80–100).

Experimental Paradigm

The fMRI behavioral paradigm used was a rapid event-related
fMRI design [14, 21, 22] based on an explicit three-alternative
forced choice task including novel (new), repeated (same),
and lure (similar) stimuli consisting of color photographs of
common objects. A fully randomized functional run consisted
of 108 total trials, 16 lure sets, 16 repeat sets, and 44 unrelated
novel items (foils) (Fig. 2). Forty-four foil trials, 16 trials first
presented from repeat sets, and 16 trials first presented from
lure sets were presented as the new stimuli. The same stimuli
were 16 trials, which are second presented from repeat sets.
The lure stimuli were 16 trials which are second presented
from similar sets. Each stimulus was presented for 2,500 ms
with a 0–1,000 ms interstimulus interval to prevent adaptive
stimulus responses. The number of trials separating similar
and identical pairs was randomly varied from 10 to 40 trials.
Several photographs were displayed to participants on a gog-
gles display during the session. If the photograph was first
presented in the session, participants were required to press
the red button indicating a new object. If the photograph had
been displayed before in the session, examinees were
instructed to press the blue button indicating a repeated object.
Finally, if they thought that the photograph was similar to, but
not the same as previous stimuli, they were required to press
the green button, indicating a similar but not identical object.

Responses and reaction times were recorded in a button box
(Current Designs, Inc., Philadelphia, Pennsylvania). Visual
stimuli were presented to the subjects using 800×600 resolu-
tion magnet-compatible goggles under computer control
(Resonance Technologies, Inc., Salem, Massachusetts) using
Presentation® software (Neurobehavioral Systems, Inc.,
Austin, Texas).

MRI Data Acquisitions

Anatomical and functional images were obtained using a 3-T
MRI scanner (Discovery MR750; GE Medical System,
Waukesha, Wisconsin, USA) with a 32-channel head coil
and high-order manual shimming to the temporal lobes. The
array spatial sensitivity encoding technique (a parallel imag-
ing technique) was used to acquire imaging data by reducing
geometric distortion for echo planar imaging (EPI). The ana-
tomical three-dimensional (3D) spoiled gradient recalled echo
(SPGR) sequence was obtained with a high-resolution 1-mm
slice thickness (matrix size 256×256, field of view 256×
256 mm, repetition time 6.9 ms, echo time 3 ms, flip angle
15°). T2*-weighted EPI sequencewas used tomeasure BOLD
contrast (repetition time 1,500 ms, echo time 25 ms, flip angle
70°, matrix size 128×128, field of view 192×192, in-plane
resolution 1.5×1.5 mm2, 23 slices, 3-mm thickness, 0-mm
space). A total of 303 volumeswere collected over one session
during the experiment in a sequential ascending order. A high-
resolution T2 fast spin echo (T2 FSE) sequence (repetition
time 4,300 ms, echo time 92 ms, matrix size 512×512, field
of view 192×192, in-plane resolution 0.375×0.375 mm2, 23
slices, 3-mm thickness, 0-mm space) was obtained for the co-
registration of 3D SPGR and EPI functional images. EPI func-
tional images and T2 FSE structural images were acquired in
an oblique coronal plane perpendicular to the long axis of the
hippocampus. Almost the entire hippocampus (head, body,
and tail) was included in the 23 slices. Functional images were
localized in the sagittal plane of the SPGR image to identify
the long axis of the hippocampus. Oblique coronal slices were
fitted to the principal longitudinal axis of the hippocampus
covering the entire bilateral medial temporal lobes. Firstly,
distortions of fMRI signals were corrected by array spatial
sensitivity encoding techniques, which were used to improve
temporal and spatial resolution and reduce artifacts. Secondly,
higher order shims were employed to directly compensate for
local field distortions. These methods guaranteed homogene-
ity of the magnetic field.

Preprocessing and Estimations

Functional and structural MR images of the brain were
preprocessed using the methods of realignment, temporal cor-
relation, spatial normalization, and spatial smoothing. The da-
ta were analyzed using SPM8 software (Wellcome Trust
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Centre for Neuroimaging, University College London,
London, UK). The first five volumes in each data set were
removed to ensure that the signal reached a steady state. EPI
functional images were corrected to account for the differ-
ences in slice acquisition times by interpolating the voxel time
series using sinc interpolation and resampling the time series
using the center slice as the reference point. The EPI function-
al images were then corrected for motion artifacts by realign-
ment to the first volume. A mean EPI functional image was
constructed during realignment. Co-registration was per-
formed through two processes. Both the mean EPI functional
image and the motion-corrected EPI functional images were
co-registered to the T2 FSE structural image. The co-
registered T2 FSE structural image was then co-registered to
the structural SPGR image. Next, the registration points of the
anterior and posterior horns of the lateral ventricle, top surface
of the paracentral lobule, and bottom surface of the inferior
temporal gyrus were checked in the T2 FSE structural, struc-
tural SPGR, and EPI functional images. Before spatial nor-
malization, a parameter was produced by the segmentation
process from the structural SPGR image. The structural
SPGR image and EPI functional images were spatially nor-
malized (1×1×1 mm) using the Montreal Neurological
Institute space. Finally, the images were spatially smoothed
using a Gaussian kernel with a full width at a half maximum of
3 mm. To detect the brain activation associated with a specific

task while simultaneously reducing noise, the size of the
smoothing kernel was kept at a recommended 2 to 3 times
the voxel size [23]. A high-pass filter regressor (200 s) was
included in the design matrix to exclude low-frequency
noise and artifacts. To identify the correct activation spots
of the brain, movement effects were discounted in a number
of rows (298) and columns (3 translations and 3 rotations).
For each subject, the three (new, lure, and repeated) regres-
sors were estimated by a general linear model calculated by
applying a canonical hemodynamic response function com-
bined with time and dispersion derivatives. To assess the
main effect of the lure images, as characterized by both
the hemodynamic response function and these derivatives,
an F-contrast obtained by the F test was required. Intra-
individual activation maps were calculated by F tests. We
calculated second-level group contrasts using a one-sample t
test for each regressor (new, lure, and same) from the re-
sponse of the canonical hemodynamic function. Differences
in the intensities of the activation between task conditions
were confirmed by a voxel-level threshold of p<0.001 un-
corrected, and a cluster-level threshold of FWE (family-wise
error)-corrected p<0.05. We extracted the average percent
signal change values of the regions of interest (ROIs) from
the anatomically defined AAL ROI atlas [24] and
established 3D MRI atlases [25–27] for each subject and
type of task stimuli using the MarsBar toolbox [28].

Fig. 2 fMRI behavioral task. Images of single items were presented for
2,500 ms followed by a 0–1,000 ms interstimulus interval. Novel,
repeated, and similar lure items were randomly shuffled in the task.

Upper left insets show three task buttons for new (red), lure (green),
and repeated (blue) stimuli. Lower right insets show examples of lure
pairs; Okinawa guardian lions and hibiscuses
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Global Brain Connectivity Analysis

Subjects

Twelve patients with right cerebellar tumors (mean age 46.9±
13.3 years, range 17–66 years; 3 males, 9 females), 7 patients
with left cerebellar tumors (mean age 53.3±10.1 years, range
38–69 years; 2 males, 5 females), and 15 right-handed healthy
volunteers (mean age 27.6±6.5 years, range 20–44 years; 5
males, 10 females) were enrolled in this study. The normal
healthy volunteers participating in the resting-state fMRI
study were different from those included in the neuropsycho-
logical analysis and the event-related fMRI experiment. No
participants had any signs or history of neurological or psy-
chological diseases. This research was approved by the ethical
committee of the University of the Ryukyus, and written in-
formed consent was obtained from all participants.

Acquisition of Resting-State fMRI Data

Functional and anatomical images were obtained using a GE
Discovery MR750 3.0 Tesla MRI scanner (GE Medical
System) with a 32-channel head coil. In order to minimize head
movement, the heads of each of the participants were fixed using
foam pads. In order to reduce geometric distortion in EPI, a
parallel imaging technique known as the array spatial sensitivity
encoding technique was used during imaging data acquisition.
T2*-weighted EPI images were used to measure BOLD contrast
(repetition time 2,000ms, echo time 30ms, flip angle 70°, matrix
size 64×64, field of view 256×256, in-plane resolution 4×
4 mm, 42 slices, 4-mm thickness, 0-mm space). During EPI
image scanning, participants were instructed to remain motion-
less, remain awake, relax with their eyes closed, and to try not to
think about anything in particular. A total of 150 volumes were
collected over one session in a sequential ascendingmanner (plus
5 initial discarded volumes). An anatomical three-dimensional
spoiled gradient recalled echo (3D SPGR) sequence was obtain-
ed with high-resolution 1-mm slice thickness (matrix size 256×
256, field of view 256×256 mm, repetition time 6.9 ms, echo
time 3 ms, flip angle 15°). A high-resolution T2 fast spin echo
(T2 FSE) sequence (repetition time 4,300 ms, echo time 92 ms,
matrix size 256×256, field of view 192×192, in-plane resolution
1.33×1.33 mm, 42 slices, 4-mm thickness, 0-mm space) was
obtained for the co-registration of 3D SPGR images and EPI
functional images. EPI functional and T2 FSE structural images
were acquired in an oblique axial transverse plane (tilted 30°
anterior relative to the intercommissural plane).

Preprocessing and Analysis of Resting-State fMRI Data

Following this step, fMRI preprocessing, analysis, and visual-
ization methods were conducted as implemented in SPM (8
package, http://www.fil.ion.ucl.ac.uk/spm8/) and the Bconn^

toolbox (www.nitrc.org/projects/conn). Images were corrected
for slice acquisition time within each volume, motion corrected
with realignment to the first volume, spatially normalized to the
standard MNI EPI template, and spatially smoothed using a
Gaussian kernel with a full width at half maximum of 8 mm.
3D SPGR images were co-registered with each mean EPI and
T2 FSE image, and averaged together to permit anatomical
localization of the functional connectivity at the group level.
The transformed structural images were segmented into gray
matter (GM), white matter (WM), and cerebrospinal fluid
(CSF) using a unified segmentation algorithm.

In addition to removing noise correlations present in WM
and CSF, the addition of six motion regressors (six realignment
parameters and first derivatives) controlled for correlations due
to movement. Data were filtered between 0.009 and 0.08 Hz.

Correlation Analysis with Global Brain Connectivity
and the Lure Task

A map of GBC was computed from resting-state fMRI data
using the Bconn^ toolbox (www.nitrc.org/projects/conn) [29,
30]. In the Bconn^ toolbox, correlation maps were calculated
on the basis of seed-based correlation analysis using the AAL
ROI atlas [24]. When the population correlation coefficient is
zero, the distribution of correlation coefficient is consistent
with the normal distribution. However, normal distribution
of the correlation coefficient is lost when the correlation coef-
ficient approximates to 1 [31]. Each ROI’s correlation coeffi-
cient map was transformed by Fisher’s Z transformation to Z
value maps in order to normalize the correlation coefficient.

These Z value maps were averaged together across each
subject in order to calculate GBC values. For correlation anal-
ysis of the GBC and score of the lure task, GBC values were
extracted from the ROIs that were activated by the lure stim-
ulus in the event-related fMRI experiment. The Pearson prod-
uct–moment correlation coefficient was used to calculate cor-
relations between GBC values and the correct response rates
in the lure task. When the correlation coefficient was close to
+1, the r value indicated a proportional connection between
GBC values and the scores in the lure task (positive correla-
tion). Conversely, when the correlation coefficient was close
to −1, the r value showed an inverse proportion (negative
correlation). We estimated the strength of the correlation in
five categories: negligible correlation (0.00 to 0.30 or 0.00
to −0.30), low correlation (0.30 to 0.50 or −0.30 to −0.50),
moderate correlation (0.50 to 0.70 or −0.50 to −0.70), high
correlation (0.70 to 0.90 or −0.70 to −0.90), and very high
correlation (0.90 to 1.00 or −0.90 to −1.00) [32].

Statistical Analysis

The Kruskal-Wallis test for three independent samples or the
Mann–Whitney U test for two independent samples was used
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to evaluate statistical significance in the neuropsychological
assessments and fMRI behavioral tasks, since a normally dis-
tributed population could not be assumed. Preoperative and
postoperative neuropsychological data were compared using
the Wilcoxon signed rank test. Statistical significance was
accepted at p<0.05. The chi-square test was used to evaluate
the performance in the block design subtest, since only two
items of the block design subtest were evaluated as pass/fail.

Results

Preoperative Neuropsychological Profile of Patients
with Benign Cerebellar Tumors

The results of the neuropsychological test of DST (p<0.05),
forward span of DS (p<0.05), backward span of DS (p<0.01),
and total score of DS (p<0.05) among patients with cerebellar
tumors (n=27) indicated a significant impairment as com-
pared with the control group, which was further confirmed
using the Mann–Whitney U test. To examine whether the
profile of the impairments depended on the side of the lesion,
patients with right and left tumors were compared to the con-
trol group. Performance on neuropsychological tests including
MMSE, DST, forward span of DS, backward span of DS, total
score of DS, and cube-copying test significantly differed
across groups. Patients with right cerebellar tumors performed
significantly worse than the control group on DST (p<0.001),
forward span of DS (p<0.010), backward of DS (p<0.001),
and total score of DS (p<0.05), as indicated by a post hoc
Mann–Whitney U test with Bonferroni correction (Table 3).
In contrast, there were no significant impairments in left-sided
tumors as compared to the control group (Table 3). A Mann–
Whitney U test was used to confirm that patients with right-
side tumors showed significantly lower scores on the MMSE
when compared with patients with left-side tumors (p<0.05)
(Table 3). No direct relationship was found between tumor
size and scores on neuropsychological assessments, with the
exception of the DST (r=−0.48, p<0.05). None of subjects
failed the fifth item of block design test. Chi-square analysis of
the performance of the ninth item on the block design subtest
revealed no significant difference between patients with right
or left cerebellar tumors and the control group.

Postoperative Neuropsychological Profile of Patients
with Benign Cerebellar Tumors

Since most neuropsychological tests showed a significant de-
cline in patients with right-sided tumors as compared with the
control group at the preoperative stage, 12 patients with right
cerebellar tumors were further tested 2 weeks to 18 months
after resection of the tumor in order to investigate whether
cognitive function became normalized after surgical

decompression of the posterior lateral cerebellum. T1-
weighted MRI confirmed that the decompressed cerebellum,
especially lobule VI and Crus I had completely recovered after
treatment (Table 2 and Fig. 3). Comparison of preoperative
and postoperative neuropsychological tests revealed improve-
ments in the raw scores of DST from 8.33±3.20 to 8.92±3.23,
DS forward span from 6.08±1.16 to 6.25±1.60, DS backward
span from 4.08±0.90 to 4.58±1.73, and DS total score from
9.92±3.06 to 10.83±4.59. However, no significant difference
was found between neuropsychological assessments because
of the small sample size (Table 4).

Hippocampal Function

Analysis of the reaction times for new, lure, and repeated task
revealed no significant difference across groups (Fig. 4a–c).
However, a significant decline was observed in the correct
response rates during lure tasks in patients with right cerebel-
lar tumors (13±18 %; n=12, age 53.4±13.4 years) (P=
0.0003) compared with those of normal healthy volunteers
(46.3±3.3 %; n=30, age 24.0±5.2 years). Furthermore, no
difference was found between patients with right and left cer-
ebellar tumors (30±18 %; n=7, age 53.3±10.1 years) (P=
0.25) (Fig. 4d–f).

BOLD Responses

We confirmed the BOLD signal activity in the right DG but
not left ones correlated to correct response rate of the lure task
rather than error one, nor other new and similar ones in normal
healthy volunteers. These results indicate a crucial contribu-
tion of right DG for the performance of pattern separation
ability (Fig. 5a, b). We therefore analyzed BOLD response
patterns in the right DG during lure tasks. In normal healthy
volunteers, the initial dip in the BOLD response occurred at
1.7±1.3 s (mean±S.D.) in time course, followed by a fraction-
al increase in blood flow within 3.9±4.2 s. The subsequent
signal decrease was delayed by 8.3±5.1 s, and the % BOLD
change from that of the resting state was −0.19±0.27, follow-
ed by a slope to a plateau or peak value for long pulses (>20 s)
(Table 5 and Fig. 5c). Signal fluctuation or alteration of the
BOLD pattern was found in patients with cerebellar tumors. A
delayed latency of the initial positive peak (5.3±1.9 s) with a
large amplitude of % BOLD change (0.190±0.060) subse-
quently followed by an initial dip (2.1±0.9 s) was found in
patients with right cerebellar tumors (Table 5 and Fig. 5d). For
patients with left cerebellar tumors, we found a rapid initial
peak (3.3±1.4 s) without an initial dip, followed by a slope to
a plateau value with a large S.D. value ranging from −0.18 to
0.28, indicating signal fluctuations among examinees of this
group (Table 5 and Fig. 5e).
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Correlation Analysis with Brain Activation and Lure Task

We began by detecting important regions for memory systems
on the basis of the activation maps gathered from 30 healthy
participants during the performance of a lure task involving
pattern separation, which is an important human memory
function of hippocampal circuits (Table 6). Next, we evaluated
whether neural activity measured by local BOLD signal
changes correlated to accurate response rates in the lure task
across examinees, indicating a functional role of the regions
instead of individual differences between examinees (Fig. 6a–
i). The source ROIs were defined as the right DG, left anterior
middle cingulate cortex (aMCC), and bilateral cerebellar lob-
ule VI including Crus I, based on the correlation analysis of
BOLD responses and percentage of correct responses in the
lure task (Fig. 7a, c, e). Correct identification of source ROIs
was confirmed by established 3D MRI atlases (Fig. 7b, d, f)
[24–27]. Subdivisions of the rostral cingulate cortex, hippo-
campus, and cerebellum were painted on an individual struc-
tural SPGR image using FSLview in the FMRIB Software

Library v5.0 (FMRIB Analysis Group, University of
Oxford, Oxford, UK). The parameters of the GBC were ex-
tracted from the source ROIs above.

Correlation with GBC and Pattern Separation

For the GBC measure, we assessed standard resting-state
fMRI data, and tested whether the right DG, left aMCC, and
bilateral cerebellar lobule VI including Crus I had high GBC
with the rest of the brain. The range of GBC values was from
−2.1 to 1.9 in the normal control group, while patients with
left and right cerebellar tumors showed more narrow ranges,
from −0.09 to 0.07, and −0.07 to 0.11, respectively. The
Pearson product–moment correlation coefficient was used to
assess correlations between the GBC parameters of the four
source ROIs and the percentage of correct responses in the
lure task. The control subjects (n=15) showed moderate pos-
itive correlations with the GBC of the right cerebellar lobule
VI, including Crus I (r=0.65, p<0.01), right hippocampal DG
(r=0.62, p<0.01), and left aMCC (r=0.56, p<0.05) (Fig. 8a),

Table 3 Results of neuropsychological assessment of patients with damage to the right or left cerebellar hemispheres

Test Cerebellar lesion Controls, n=23 P

Right, n=17 Left, n=11

Age, years 49.41 (13.99) 52.09 (9.48) 53.39 (14.05) n.s

Education, years 13.29 (1.90) 12.82 (2.04) 12.91 (2.39) n.s

Cerebellar lesion size, mL 8.99 (11.66) 9.65 (9.86) – n.s.

3MS 96.18 (4.37) 97.59 (2.52) 97.50 (2.14) n.s.

MMSE 28.53 (2.00) † 29.73 (0.90) 29.13 (1.26) 0.034

WAIS-R Digit symbol test # 8.65 (3.57)* 11.64 (3.38) 12.04 (2.44) 0.015

WAIS-R Digit span test

Forward span 5.88 (1.05)* 6.45 (1.13) 6.86 (1.39) 0.025

Backward span 4.12 (0.86)* 4.64 (1.29) 5.43 (1.31) 0.006

Total score # 10.06 (2.70)* 11.55 (2.30) 12.08 (2.82) 0.048

TMT, s

Part A 36.94 (11.94) 34.82 (11.16) 30.74 (8.59) n.s

Part B 64.82 (22.74) 64.00 (26.20) 52.52 (19.61) n.s

Part B-A 27.88 (13.61) 29.18 (19.41) 21.78 (14.20) n.s

Stroop test, s

Reading (I) 24.94 (4.70) 22.00 (4.38) 22.78 (4.19) n.s

Naming (II) 33.24 (6.89) 30.64 (5.28) 30.35 (6.59) n.s

Interference (III) 58.41 (22.61) 48.09 (15.27) 48.04 (13.62) n.s.

III-II 25.18 (18.46) 17.45 (12.19) 17.70 (8.19) n.s.

Cube-copying test

Point of connection 7.00 (1.97) 7.45 (1.04) 8.00 0.011

Plane-drawing errors 0.41 (1.00) 0.45 (0.82) 0 n.s

Values are mean (standard deviation). # denotes scaled score (mean = 10, standard deviation = 3). P indicates a significant difference after Kruskal-Wallis
test or Mann–Whitney U test; * indicates a significant decline compared to controls (post hoc Mann–Whitney U test with Bonferroni correction,
p<0.05); † denotes a significant decline compared to patients with left lesions (post hoc Mann–Whitney U test with Bonferroni correction, p<0.05)

n.s. not significant, 3MS modified mini-mental state examination, MMSE mini-mental state examination, TMT Trail Making Test
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though no significant correlation was found in the left cere-
bellar lobule VI including Crus I (r=0.0001, p>0.05). We
found that GBC connectivity correlated to correct response
rates during lure tasks was limited to three regions including
the right cerebellar hemisphere (lobule VI/Crus I), left aMMC,
and right hippocampal DG. Herein, we raised the hypothesis

that these three regions might play a crucial role in the human
memory system, since rs-fMRI connectivity not only correlat-
ed to established structural connectivity, but also reflected
well-known functional networks [33, 34]. Thus, GBCs in
the right cerebellar hemisphere (lobule VI/Crus I), left
aMMC, and right hippocampal DG were considered as the
essential intrinsic connectivity of human cognition, statistical-
ly. In patients with left cerebellar tumors (n=7), high positive
correlations were found in the right cerebellar lobule VI in-
cluding Crus I (r=0.76, p<0.05), right DG (r=0.72, p<0.05),
and left aMCC (r=0.81, p<0.01) (Fig. 8b), while the left
cerebellar lobule VI including Crus I showed an extremely
negative correlation (r=−0.96, p<0.001). In patients with
right cerebellar tumors (n=12), significant alteration of corre-
lations were found in the right cerebellar lobule VI including
Crus I (moderate negative correlation; r=−0.64, p<0.05) and
left cerebellar lobule VI including Crus I (high negative cor-
relation; r=−0.74, p<0.01), but no correlation was found in
the right DG (r=−0.04, p>0.05) or aMCC (r=−0.11, p>0.05)
(Fig. 8c). These results might collectively indicate an impor-
tant cerebellar contribution to pattern separation.

Discussion

We examined functional involvement of the posterior lateral
cerebellum and its functional relationships with the hippocam-
pus and the prefrontal cortex including anterior mid-cingulate
cortex. Previous studies have investigated patients with cere-
bellar lesions such as tumors, strokes, and degenerative dis-
eases, which frequently damage normal brain tissues. Our
study evaluated patients with benign cerebellar tumors, be-
cause these lesions do not extensively destroy the surrounding
normal brain tissues, so that neuropsychological assessment
before and after treatment could clarify the functional involve-
ment of the decompressed area. Human cerebellar cognitive
function has been extensively studied in relation to the pre-
frontal cerebral cortex, but few studies have evaluated the
correlation between hippocampal function and the cerebellar
neocortex. Therefore, the present study also analyzed the
functional activity of the posterior lateral cerebellum in rela-
tion to the hippocampus and anterior mid-cingulate cortex.

Functional Involvement of the Posterior Lateral
Cerebellum

To the best of our knowledge, the present study presents the
first examination of the cognitive profiles of patients with
benign cerebellar tumors that compress the posterior lateral
cerebellum. Neuropsychological assessments indicated that
patients with right cerebellar tumors showed impairments in
working memory and psychomotor speed when compared
with age-matched healthy controls. Patients with right

Fig. 3 Panels of pre- and postoperative gadolinium-enhanced T1-
weighted MRI of cases R2, R6, R7, R10, R11, R12, R13, R16, R17,
R18, R20, and R21 (from top to bottom). Rows show axial and coronal
images before the operation, and axial and coronal images after the
operation (from left to right). Since Case R16 is subject to asthma, T1-
weighted MRI was performed without contrast medium
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Table 4 Neuropsychological assessment of 12 patients with right cerebellar tumors at the preoperative stage and postoperative stage

Test Preoperative assessment Postoperative assessment P

3MS 96.28 (4.99) 97.88 (2.59) n.s.

MMSE 29.17 (1.11) 29.25 (1.76) n.s.

WAIS-R Digit symbol test # 8.33 (3.20) 8.92 (3.23) n.s.

WAIS-R Digit span test

Forward span 6.08 (1.16) 6.25 (1.60) n.s.

Backward span 4.08 (0.90) 4.58 (1.73) n.s.

Total score # 9.92 (3.06) 10.83 (4.59) n.s.

TMT, s

Part A 33.58 (10.74) 36.50 (17.20) n.s.

Part B 59.50 (23.33) 59.92 (23.91) n.s.

Part B-A 25.92 (13.85) 23.42 (11.75) n.s.

Stroop test, s

Reading (I) 24.75 (2.30) 25.17 (3.79) n.s.

Naming (II) 32.42 (4.64) 33.83 (7.76) n.s.

Interference (III) 52.58 (18.92) 49.25 (14.64) n.s.

III-II 20.17 (16.08) 15.42 (9.24) n.s.

Cube-copying test

Point of connection 7.33 (1.79) 7.92 (0.29) n.s.

Plane-drawing errors 0.33 (0.89) 0 n.s.

Values are mean (standard deviation). # denotes a scaled score (mean=10, standard deviation=3). n.s. denotes not significant after a Wilcoxon singed
rank test

Fig. 4 Pattern separation task examined by fMRI. a–c. Reaction times
(RT) for new (a), lure (b), and repeated (c) tasks. Control indicates normal
healthy volunteers (n=30); RC, patients with right cerebellar tumors (n=
12); LC, patients with left cerebellar tumors (n=7). Bars indicate mean;
Dots, scores of individual cases. d–f. Percentage of correct response to

new, lure, and repeated tasks in normal healthy volunteers (d), patients
with right cerebellar tumors (e), and patients with left cerebellar tumors
(f). *** in e indicates significant decrease compared to control (p<0.001,
Mann–Whitney U test)
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cerebellar tumors also showed lower scores in MMSE than
patients with left-sided tumors. We tried to interpret these
cognitive declines with the view that the cerebellum contrib-
utes to intrinsic functional connectivity. The laterality and dis-
ease dominancy of cerebellar tumors may therefore be impor-
tant. With regard to crossed cerebello-cerebral connections,
patients with right-sided cerebellar lesion showed impair-
ments in verbal tasks, whereas patients with left-sided tumors
showed deficits in spatial tasks [35, 36]. Several studies have
suggested a similar laterality in cognitive symptoms [37–39],
and imaging studies have elucidated cerebellar topography

and lateralization effects [40, 41]. Imaging studies [40, 41]
have shown that activation peaks in language tasks were
lateralized to the right lobule VI and lobule VII. In contrast,
spatial processing showed greater left hemisphere activation,
predominantly in lobule VI [40] and lobule VII [41].
Consistent with these imaging and clinical findings, Wang
et al. [42, 43] reported cerebellar symmetry in relation to ce-
rebral intrinsic functional connectivity. They indicated a right-
lateralized cerebellar network including crus I/II and a portion
of lobule VI, which couples to a left-lateralized cerebral net-
work involving the inferior frontal gyrus, superior temporal

Fig. 5 BOLD response by pattern separation task. a–b. Bar graph
showing BOLD responses in the right and left DG for correct and error
responses of the new, lure, and same tasks in normal healthy volunteers.
Correct responses in the lure task were increased during activation of the
right DG more so than correct and error responses in other tasks (n=30)
(two-way ANOVA, F=4.52, p<0.001, multiple comparisons two-sided
test with Bonferroni-corrected critical p<0.05) (a). There was no
significant difference in % BOLD change in the left DG caused by
responses and/or tasks (two-way ANOVA, F=1.79, p=0.13) (b). y-axis

indicates the magnitude of the % BOLD change. * denotes a significant
increase compared to other conditions (p<0.05). Graphs showing the
average BOLD curve for the lure task in normal healthy volunteers (c,
n=30), that of patients with right cerebellar tumors (d, n=12), and that of
patients with left cerebellar tumors (e, n=7). The black line shows the
average BOLD curve and the gray line shows standard deviation. The x-
axis represents time course (s) of the percentage of BOLD change. The y-
axis represents the magnitude of % BOLD change, or the percentage
BOLD signal change from the resting to stimulus condition

Table 5 Latency and amplitude of BOLD in the lure task in normal healthy subjects and patients with cerebellar tumors

Peak Mean (SD) latency (second) Mean (SD) amplitude (% BOLD change)

Normal (n=30) RC (n=12) LC (n=7) Normal (n=30) RC (n=12) LC (n=7)

N1 1.7 (1.3) 2.1 (0.9) 0.2 (1.1) −0.039 (0.165) −0.074 (0.070) 0.000 (0.000)

N2 8.3 (5.1) None None −0.191 (0.272) None None

P1 3.9 (4.2) 5.3 (1.9) 3.3 (1.4) 0.074 (0.292) 0.190 (0.060) 0.140 (0.140)

RC indicates patients with right cerebellar tumors; LC, patients with left cerebellar tumors. The first negative peak is defined as N1, second negative peak
as N2, and first positive peak as P1. None indicates the absence of a peak
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gyrus, and temporal pole in the cerebral cortex. These regions
include traditional language areas in the cerebral cortex, such
that the cerebellar regions are commonly activated by
language-related tasks. In our study, patients with right cere-
bellar tumors showed lower scores on the MMSE than pa-
tients with left-side tumors. Language processing is the main
cognitive demand of the MMSE. Compression of the portions
of the right lobule VI and Crus I connected with language
areas alters the right-lateralized cerebellar network that sup-
ports language processing, which may lead to MMSE scores
in patients with right cerebellar tumors. In the working mem-
ory test, lesion studies revealed that the inferior cerebellum
was associated with performance on digit span test [13, 44].
There are laterality differences within the inferior lobe of cer-
ebellum. The left inferior lobe of cerebellum is associated with
the processing of aural information, whereas the right inferior
lobe is involved in visual information [12]. Damage to left
inferior cerebellar lobule VIII has been shown to reduce audi-
tory digit span [44]. However, Ravizza et al. [13] revealed that
performance on the auditory digit span test was unaffected by
laterality of the damaged cerebellar hemisphere. Inconsistent
with previous studies, the present study shows that patients
with right-sided tumors exhibited impairment in the perfor-
mance of the digit span test when compared with normal
healthy volunteers. Chen and Desmond [11] hypothesized
two cerebro-cerebellar networks for verbal working memory:
the frontal/superior cerebellar network involving the right cer-
ebellar lobule VI, Crus I, and Broca’s area, which is associated
with articulatory rehearsal; and the parietal/inferior cerebellar
network involving the right cerebellar lobule VIIB and inferi-
or parietal lobe, which is related to maintenance/storage of
information. In the present study, impairment on working
memory in patients with right-sided tumors might be related
to some change in the neural bases for processing verbal
working memory caused by tumor compression in the right

superior and inferior cerebellum. We also found that psycho-
motor speed was disturbed in patients with right cerebellar
tumors compared with control subjects. DST is a psychomotor
performance test thought to be affected by various cognitive
demands, such as motor skill, attention, and visuomotor coor-
dination [18]. Fronto-parietal cortical networks are related to
performance on the DST, and these activations reflect the pro-
cesses of visual searching and updating of working memory
[45]. Since patients with right cerebellar tumors also exhibited
impairment of working memory, the intrinsic functional con-
nectivity between the left fronto-parietal network coupled
with the right cerebellar hemisphere might be altered by com-
pression. We suspected that the cognitive impairments of pa-
tients with right cerebellar tumors were related to alteration of
cerebellar contributions to intrinsic functional connectivity. A
huge tumor may secondary compress the dentate nucleus of
the human cerebellar nuclei as well as direct compression of
posterior lateral cerebellum. The nucleus conjunctedwith neo-
cortex and reported an important role for human learning and
cognition [46].

We found an improvement in the raw scores of some of the
neuropsychological tests after surgical intervention associated
with anatomical normalization of the lateral posterior cerebel-
lum. At the postoperative stage of neuropsychological estima-
tion, some patients with no improvements in psychomotor
speed showed transient neurological symptoms related to the
IVth or VIth cranial nerve function. Double vision might be a
factor in preventing optimal performance. However, follow-
up neuropsychological assessments in patients with cerebellar
lesions have been limited [39, 47]. These previous findings
[39, 47, 48] might suggest that the cerebellum can recover
from pathological insult by changing the relationships of ce-
rebral connectivity. Further studies are required to identify the
detailed mechanisms behind the restoration of cognitive func-
tion following treatment of cerebellar lesions.

Table 6 Significant whole-brain activations for the lure task

Region Cluster size Peak of T value Peak coordinates

x y z

Rt. cerebellar lobule VI/Crus I 10,064 13.18 −32 −47 −33
Lt. cerebellar lobule VI/Crus I 8,572 12.96 35 −54 −22
Lt. lateral prefrontal cortex 12,393 12.25 57 10 29

Lt. caudate nucleus 4,885 11.45 13 6 11

Lt. middle cingulate gyrus 19,034 11.07 3 11 42

Rt. lateral prefrontal cortex 8,725 10.74 −49 9 25

Rt. caudate nucleus 5,150 8.73 −13 11 2

Rt. hippocampus including DG 1,859 8.51 −20 −36 −6
Rt. middle frontal gyrus 1,927 7.32 −33 2 55

Voxel-level threshold at p<0.001 uncorrected, corrected for multiple comparisons (family-wise error) to p<0.05 using a cluster threshold

Rt right, Lt left, DG dentate gyrus
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Hippocampal Memory Function in Patients
with Cerebellar Tumors

The involvement of the cerebellum in non-declarative memo-
ry has been previously investigated. Patients with focal cere-
bellar lesions showed impaired motor sequencing [10]. Such
investigations provide evidence for a cerebellar contribution
to procedural learning and support the idea that the cerebellum
is an important anatomical component for competent skill
acquisition. However, it is still unclear whether cerebellar

lesions influence hippocampal episodic memory. On the other
hand, the role of the hippocampus in episodic memory has
been extensively studied, and the DG subregion of the hippo-
campus is well known as a substrate for cognition [49].

Pattern separation is a function of the DG that transforms
similar experiences or events into discrete, non-overlapping
representations. The DG and its projections into the CA3 sub-
region have been shown to be involved in pattern separation
[14]. fMRI was used to observe the process of pattern separa-
tion by scanning normal subjects during an incidental

Fig. 6 Regions related to pattern separation ability. Graph (a to i)
showing correlation of percentage of correct responses of the lure task
and that of BOLD signals in control subjects (n=30). Hippocampus
including dentate gyrus (DG) (a), right cerebellar lobule VI including
Crus I (lobule VI/Crus I) (b), left lobule VI/Crus I (c), right lateral
prefrontal cortex (d), left lateral prefrontal cortex (e), right middle
frontal cortex (f), left middle cingulate gyrus (g), right basal ganglia (h),
and left caudate nucleus (i). The percentage of correct responses in the
lure task was significantly correlated with BOLD signals in right DG (a),
right lobule VI/Crus I (b), left lobule VI/Crus I (c), and left middle

cingulate cortex (g). No significant relationships were observed in the
percentage of BOLD signals in the right and left lateral prefrontal
cortex, right middle frontal cortex, right basal ganglia, and left caudate
nucleus. The r value indicates the correlation coefficient of the Pearson
product–moment (a–i). The p value indicates the significance level of the
correlation coefficient. When the p value is lower than 0.05, the
significance of correlation coefficient is accepted. x-axis represents the
magnitude of % BOLD change that represents the rate of BOLD signal
from stimulus to resting condition. y-axis represents the correct response
rate in the lure task
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encoding task using pictures of common objects. The present
fMRI study used a similar experimental paradigm to examine
hippocampal memory function involvement in pattern separa-
tion in patients with cerebellar tumors. The BOLD response
showed that the latency of the positive peak was significantly
increased in patients with right cerebellar tumors, and these
patients showed increases in the positive peak without any
second negative peak. Logothetis et al. [50] reported a linear
relationship between BOLD signals and neural activity. In ad-
dition, the BOLD signal was shown to represent the proportion
of the cerebral blood flow (CBF) and the cerebral metabolic
rate of oxygen (CMRO2) [51]. The factor of gain in the positive
response was interpreted as either a reduction in CBF or an
increase in CMRO2 [52]. Increases in BOLD responses are
influenced by hemodynamics and metabolism based on the
magnitude of neural response. However, the factor that exerts
influence on the increase in positive BOLD responses has not
yet been elucidated. Moreover, the physiological significance
of the post-stimulus undershoot was interpreted as a normal
decline to the resting state of neural activity [50, 53], and re-
ductions in the second negative peak may reflect alteration of
the neural responses in patients with right cerebellar tumors.

The pattern of averaged BOLD responses did not illustrate
the initial dip and post-stimulus undershoot in patients with left
cerebellar tumors, which may have been masked by the initial
dip and post-stimulus undershoot such that it could not be rec-
ognized by means of the extended standard derivation of
BOLD responses. These results indicate fluctuations in the
large BOLD signals in patients with left cerebellar tumors,
though there was not much of a difference between patients
with left and right tumors in the size of the lesion and the
compressed portion of cerebellum. Further studies are required
to examine the causal mechanism of fluctuation in the BOLD
signals of patients with left cerebellar tumors.

These findings suggest that the cells surrounding a meta-
bolic disturbance area may have provided appropriate assis-
tance to the hippocampal circuitry. The assessment of hippo-
campal memory function indicated that patients with cerebel-
lar tumors showed selective inability in a lure task, which
reflects pattern separation inability and disturbance of the gen-
erating activity of young granule cells in the DG of the hippo-
campus. This inability was found in patients with both right
and left cerebellar tumors, although performances in the other
two tasks (new and same) were equal to those of normal

Fig. 7 Identification of source ROIs in the activation maps and
topographical schemas in healthy subjects. a–f. Identification of source
ROIs in the activation maps during a lure task from healthy subjects (n=
30, voxel-level threshold at p<0.001 uncorrected, corrected for multiple
comparisons (family-wise error) to p<0.05 using a cluster threshold) (a,
c, and e). Each transparent color indicates the subdivisions of the rostral
cingulate cortex (b), right hippocampus (d), and cerebellum (f). The color
maps were painted according to references [24–27], and are explained in
details in the text. b, transparent red, yellow, green, and blue, indicate the
pMCC, posterior mid-cingulate cortex; aMCC, anterior mid-cingulate
cortex; pgACC, pregenual anterior cingulate cortex; sgACC, subgenual

anterior cingulate cortex, respectively. d, transparent red, yellow, green,
blue, light blue, and orange indicate the hippocampal dentate gyrus and
Cornu Ammonis 4 (DG/CA4); Cornu Ammonis 2 and 3 (CA2/CA3);
Cornu Ammonis 1 and 2 (CA1/CA2); subiculum (SUB); entorhinal
cortex (EC); and perirhinal cortex (PRC), respectively. f, Transparent
pink, orange, yellow, and green indicate the cerebellar vermis, and
bilateral lobule VI, Crus I, and Crus II, respectively. Anatomical
identification is specified in the text. Note that the aMCC in a, and DG/
CA4 in c, and lobule VI and/or Crus I in ewere selectively activated. The
color bar indicates t values (maximum t=13.18, white represents the
highest value). R, the right hemisphere. L, the left hemisphere
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healthy volunteers. Taken together, these findings indicate that
the selective inability in the lure task was caused by cognitive
dysfunction and not by motor impairment in patients with
cerebellar tumors. Instead, cerebellar damage seems to affect
hippocampal DG functions.

Influence on Pattern Separation Function by Global Brain
Connectivity of Posterior Lateral Cerebellum

The fMRI examination of cognitive processing observed cere-
bellar activity in the convergent area of the posterior lateral
lobe, which also regulates smooth motor control. Activations
of posterior lateral cerebellum were previously proposed as the
internal model for new tools [7]. Our present GBC study dem-
onstrated that the value was altered in patients with cerebellar

tumors compared with the normal control group. Interestingly,
the left and right values of patients with cerebellar tumors con-
verged on a narrow window. It was reported that cerebellum,
cingulate cortex, and hippocampus have high GBC values that
are included in the top 10 % of GBC [29]. High GBC areas
have more connectivity with cortical and subcortical regions
[29]. The GBC values that were restricted within the narrow
window may represent a reduction in connectivity induced by
lesions to the posterior lateral cerebellum.

Our present study also showed that the right cerebellar
lobule VI/Curs I, right DG, and left aMCC are important re-
gions for pattern separation. In particular, patients with right
cerebellar tumors showed a disruption in the correlation of
GBC to these areas associated with pattern separation func-
tion. High GBC areas are believed to integrate cortical and

Fig. 8 Correlation of GBC value and pattern separation ability. a–c.
Graphs showing correlation between the correct response rate in the
lure task and the GBC value in the right cerebellar lobule VI including
Crus I (lobule VI/Crus I), left lobule VI/Crus I, right dentate gyrus (DG),
and left anterior middle cingulate cortex (aMCC). a healthy subjects (n=

15). b patients with left cerebellar tumors (n=7). c patients with right
cerebellar tumors (n=12). The r value, the correlation coefficient of the
Pearson product–moment. The p value, the significance level of
correlation coefficient. x-axis, the value of GBC. y-axis, the percentage
of correct responses of lure task. Details are described in the text
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subcortical activity and act as global hubs influencing cogni-
tive control [29, 30]. According to resting-state fMRI analysis,
it was reported that the posterior cerebellum has a functional
connection with the prefrontal cortex, involving the anterior
cingulate cortex for cognitive functions [8, 9]. Reduction in
the GBC of patients with right cerebellar tumors not only
elicited functional dissociation of the right and left lobule
VI/Curs I from pattern separation ability but also affected
the anterior mid-cingulate cortex and hippocampus. In light
of these observations, global connectivity of the right posterior
lateral cerebellum may play an important role in pattern sep-
aration as well as cognitive functions.

Interaction between the hippocampus and cerebellum oc-
curs in the spatial domain [54]. Cerebellar impairment leads to
dysfunction of the spatial cord as recorded by place cells in the
CA1 hippocampus using L7-PKCI mice in which protein ki-
nase C-dependent long-term depression at the parallel fiber-
Purkinje cell synapses is blocked. Consequently, the cerebel-
lum assists navigation by participating in the building of the
hippocampal spatial map. Hippocampal-cerebellar interac-
tions occur during spatio-temporal prediction [55]. Patients
with right cerebellar tumors showed a high rate of error in
the lure task, as was indicated by fMRI. Just as the cerebellum
contributes to the fine tuning of coordination in skilled motor
sequences in motor control, it also contributes to cognition by
facilitating the precise discrimination of overlapping or similar
experiences among episodic memories. Newly generated
young neurons have been shown to facilitate pattern separa-
tion in the hippocampus [49]. Whether cognitive decline and
disability in pattern separation in patients with cerebellar dis-
ease only reflect functional changes in new neurons or are
instead associated with a decrease in hippocampal
neurogenesis is an interesting question that requires further
investigation.

Conclusions

The present findings show that compression of the posterior
lateral cerebellum causes impairment of cognitive function.
Surgical decompression of the cerebellum facilitated cognitive
recovery. The fMRI study demonstrated global connectivity
between the Crus I, aMCC, and hippocampus during analysis
of hippocampal memory function. The posterior lateral cere-
bellum acts as a global hub, cooperating with the hippocam-
pus and anterior mid-cingulate cortex to facilitate pattern sep-
aration ability.
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a b s t r a c t

We investigated the fused protein of solute carrier family 44 choline transporter member 1 (SLC44A1) and
protein kinase C alpha (PRKCA) in three patients with papillary glioneuronal tumors (PGNT). PGNT and
rosette-forming glioneuronal tumors (RGNT) are recently identified, unusual glioneuronal tumor variants
which were categorized as novel tumor entities in the 2007 World Health Organization classification
system. The molecular background of these tumors remains poorly understood due to the paucity of
studies. The SLC44A1–PRKCA fusion was recently detected in three cases of PGNT. We invesitgated for
the SLC44A1–PRKCA fusion protein in the three PGNT patients and a further two with RGNT using
fluorescence in situ hybridization. Two out of the three PGNT patients had a fused signal (paired
red–green signal) representing a rearrangement on chromosomes 9 and 17. A normal signal pattern
was observed in the third PGNT patient. Neither of the two RGNT patients demonstrated a fused signal.
This suggests that the SLC44A1–PRKCA fusion is a characteristic alteration in PGNT but not RGNT.
Therefore, it is a potential biomarker of PGNT. The paired red–green signal that was observed in the
PGNT patients implies the presence of a different breakpoint than that previously reported in the 9q31
and 17q24 genes.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Glioneuronal tumors of the central nervous system are rare low
grade tumors that consist of glial and neuronal cells at varying
stages of differentiation. Papillary glioneuronal tumors (PGNT)
and rosette-forming glioneuronal tumors (RGNT) have been
recently identified as unusual glioneuronal tumor variants, and
were categorized as novel tumor entities in the 2007 World
Health Organization (WHO) classification system [1]. PGNT are
characterized by a prominent pseudopapillary structure composed
of small glial cells arranged around hyalinized blood vessels along
with sheets or focal collections of synaptophysin-positive neuro-
cytes. Oligodendroglia-like cells (OLC) expressing oligodendrocyte
transcription factor (Olig2) are also sometimes present in parts of

this tumor [2,3]. RGNT display uniform neurocytes that form neu-
rocytic rosettes and/or perivascular pseudorosettes. The glial
tumor component in RGNT resembles pilocytic astrocytoma. OLC
have also been detected in inter-rosette spaces. Therefore, the
histopathology of RGNT shares common features with PGNT.

In spite of the morphological features of the glial elements,
none of the reported PGNT and RGNT patients have had a 1p19q
codeletion, KIAA–BRAF fusion, or BRAF V600E mutation [4–7]. The
molecular features and histogenesis of these glioneuronal tumors
have not yet been elucidated in detail. Bridge et al. recently
described a solute carrier family 44 choline transporter member
1 (SLC44A1)–protein kinase C alpha (PRKCA) fusion as the defining
genetic alteration in PGNT. They observed it in all three of their
PGNT patients, and investigated it with fluorescence in situ
hybridization (FISH) [8]. Although they suggested that this genetic
alteration was the defining molecular feature and may be respon-
sible for the pathogenesis of PGNT, the analysis of a larger number
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of PGNT patients is needed. In RGNT, the phosphatidylinosi
tol-4,5-bisphosphate 3-kinase catalytic subunit alpha and fibrob-
last growth factor receptor 1 mutations that are predominantly
seen in glial tumors have recently been demonstrated [7,9].
However, the SLC44A1–PRKCA fusion has not been analyzed in this
tumor type. Therefore, the aim of the present study was to confirm
the FISH findings from the previously reported PGNT patients, and
to investigate this fusion in another type of glioneuronal tumor,
RGNT.

2. Materials and methods

2.1. Tumor samples

Formalin fixed paraffin embedded (FFPE) tissue samples from
three PGNT and two RGNT patients were obtained from the follow-
ing institutions: Department of Neurosurgery, Ryukyu University,
Japan; Department of Pathology, Kyoto City Hospital, Japan;
Department of Neurosurgery, Oita University Hospital, Japan;
Department of Neurosurgery, Koshigaya Municipal Hospital;
Department of Neuropathology, Huashan Hospital, China. All of
the samples were from primarily developed intracranial tumors
and were diagnosed on the basis of the 2007 WHO Classification
[1]. All clinical samples were analyzed according to a protocol
approved by the Medical Ethics Committee of Gunma University
(based on the principles detailed in the Declaration of Helsinki).
All patient information associated with this study was obtained
in a deidentified format.

2.2. FISH

A dual color interphase FISH analysis was performed on
5 micron thick FFPE tissue sections, using previously published
probes and methods [8,10]. Briefly, following deparaffinization

and pretreatment, the sections were incubated in 0.35% pepsin/0.01
normal hydrochloric acid for 30 min, and then in 0.1% nonionic
polyoxyethylene surfactant 40/2 � standard sodium citrate for
30 min. DNA was denatured using 70% formamide/2 � standard
sodium citrate for 5 min at 75�C. An 8 ll aliquot mixture of two
labeled probes was applied to the glass slide with a cover slip.
The latter probe was prepared from bacterial artificial chromo-
somes (RP11-1036I14 for PRKCA, RP11-95O7 for SLC44A1;
GenoTechs, Tsukuba, Japan) using a DNA purification kit (Qiagen
Plasmid Kit Midi; Qiagen, Germantown, MD, USA) and labeled using
Spectrum Green or Spectrum Orange (Vysis Nick Translation Kit;
Abbott Laboratories, Abbott Park, IL, USA). The samples were inter-
mittently irradiated at intervals of 3 s on and 2 s off (42�C; 300 W)
for 2 h using a microwave processor, and then incubated for 3
nights. 4,6-diamidino-2-phenylindole (DAPI I; 1,000 ng/ml; Vysis;
Abbott Laboratories) was used for nuclear counterstaining. The sig-
nals were evaluated in more than 200 non-overlapping intact nuclei
of the tumor cells. A previous study detected a dual fusion signal in
>68% of tumor cells in all the PGNT samples [8]. Based on this find-
ing, we intentionally defined >60% of the neoplastic cells per tissue
section as positive for a dual fusion signal.

3. Results

The microscopic examination revealed a distinctive pseudopap-
illary morphology with hyalinized vessels and glial cells character-
ized by round nuclei and scant cytoplasm in all three PGNT
samples. The neuronal cells were scattered in the interpapillary
area and were strongly immunostained by synaptophysin.
Differently sized neuronal cells, including ganglion and ganglioid
cells, were occasionally noted in each sample. Olig2-positive cells
were observed around the pseudopapillary structure (Fig. 1A–D).
Both RGNT samples displayed typical neurocytic rosettes with cen-
tral fibrillary stroma that were immunoreactive to synaptophysin.

Fig. 1. Representative morphological and immunohistochemical features from tumor sections of papillary glioneuronal tumors (PGNT; A–D) and rosette-forming
glioneuronal tumors (RGNT; E–H). PGNT showing a pseudopapillary structure (A; hematoxylin and eosin [H&E] staining) circumscribed by glial fibrillary acidic protein
(GFAP)-positive astrocytic cells (B) and scattered neuronal cells, highlighted by synaptophysin immunostaining (C). Oligodendrocyte transcription factor (Olig2)-positive cells
were present among blood vessels (D). RGNT consisted of astrocytic tumor cells (E; H&E staining) expressing GFAP (F) and neurocytes forming rosettes with a synaptophysin-
positive neuropil core (G). Rosette-forming cells expressed Olig2 (H). The scale bar in part A represents the following scales for each image: 100 lm (A); 25 lm (C); 50 lm (B,
D–H).
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The neurocytic tumor cells had small round nuclei that were
stained by Olig2, and scant cytoplasm. The glial component of
RGNT was dominated by spindle astroglial cells resembling pilo-
cytic astrocytomas (Fig. 1E–H). All the PGNT and RGNT samples
had Rosenthal fibers and eosinophilic granular bodies, and both
lacked necrosis and mitotic activity in the tumor cells.

With the dual color probe, the normal cell nuclei showed sepa-
rate red and green signals (two of each). Two out of three PGNT
samples showed one fused signal (paired red–green) representing
the rearrangement of chromosomes 9 and 17. However, neither
displayed a completely fused yellow signal (Fig. 2A). A normal sig-
nal pattern was observed in the third PGNT sample. On the other
hand, neither of the two RGNT samples demonstrated a fused sig-
nal (Fig. 2B).

4. Discussion

A novel translocation between chromosomes 9 and 17 was
recently described in three PGNT patients [8]. FISH data revealed
two juxtaposed red–green signals, indicating breakpoints in the
9q31 and 17q24 genes, and a sequence analysis of the reverse tran-
scription polymerase chain reaction-generated transcript identi-
fied the fusion point in SLC44A1 exon 15 and PRKCA exon 9.
PRKCA is a member of a family of serine and threonine-specific pro-
tein kinases that contain the BRAF gene, which is involved in
tumor-promoting signaling pathways [11]. SLC44A1 has a role in
sodium-independent choline transport and is widely expressed
throughout the nervous system in both neurons and oligodendro-
cytes [12]. The deregulation of PRKCA and/or high activity of the
SLC44A1 promoter were previously proposed to be involved in
the tumorigenesis of PGNT [8].

In our study, the fusion of chromosomes 9 and 17 was con-
firmed in two PGNT tissue samples by FISH, using one of the two
probe sets described by Bridge et al. [8]. The FISH analysis with
the other probe set did not result in an informative fluorescence
signal. One of the PGNT samples did not show the SLC44A1–
PRKCA fusion. In addition, in our samples, the fusion signals were
a paired red–green signal but not an overlapping yellow signal,
which may indicate different breakpoints than those that were
previously reported within the chromosomal regions 9q31 and
17q24. A sequence analysis previously identified two different

breakpoints on the SLC44A1 gene [8]. Further analysis is needed
to identify the localization of the different breakpoints and inves-
tigate the PGNT that didn’t have this fusion. We were unable to
perform this analysis due to the small size of the surgical
specimens.

PGNT and RGNT are characterized by a biphasic pattern with
neuronal and glial components. The neuronal component is mainly
comprised of neurocytes, similar to the central neurocytoma. In
both PGNT and RGNT, OLC are a characteristic feature and have
recently been suggested to derive from common progenitor cells
with the neurocytes [10]. Therefore, the cellular characteristics of
the neuronal component in RGNT bear some similarities to those
of the neuronal components in PGNT. The SLC44A1–PRKCA fusion
may be histopathologically associated with papillary formation,
which is a characteristic of PGNT but not RGNT.

In summary, PGNT and RGNT have recently been categorized as
unusual variants of glioneuronal tumors, with molecular features
that remain poorly understood. We verified the existence of the
recently identified SLC44A1–PRKCA fusion in two out of our three
PGNT patients. The fusion was not present in either of the RGNT
patients, which adds support to its potential as a biomarker for
PGNT.
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BACKGROUND AND PURPOSE
γ-Oryzanol, derived from unrefined rice, attenuated the preference for dietary fat in mice, by decreasing hypothalamic
endoplasmic reticulum stress. However, no peripheral mechanisms, whereby γ-oryzanol could ameliorate glucose
dyshomeostasis were explored. Dopamine D2 receptor signalling locally attenuates insulin secretion in pancreatic islets,
presumably via decreased levels of intracellular cAMP. We therefore hypothesized that γ-oryzanol would improve high-fat diet
(HFD)-induced dysfunction of islets through the suppression of local D2 receptor signalling.

EXPERIMENTAL APPROACH
Glucose metabolism and regulation of molecules involved in D2 receptor signalling in pancreatic islets were investigated in
male C57BL/6J mice, fed HFD and treated with γ-oryzanol . In isolated murine islets and the beta cell line, MIN6 , the effects
of γ-oryzanol on glucose-stimulated insulin secretion (GSIS) was analysed using siRNA for D2 receptors and a variety of
compounds which alter D2 receptor signalling.
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KEY RESULTS
In islets, γ-oryzanol enhanced GSIS via the activation of the cAMP/PKA pathway. Expression of molecules involved in D2

receptor signalling was increased in islets from HFD-fed mice, which were reciprocally decreased by γ-oryzanol. Experiments
with siRNA for D2 receptors and D2 receptor ligands in vitro suggest that γ-oryzanol suppressed D2 receptor signalling and
augmented GSIS.

CONCLUSIONS AND IMPLICATIONS
γ-Oryzanol exhibited unique anti-diabetic properties. The unexpected effects of γ-oryzanol on D2 receptor signalling in islets
may provide a novel; natural food-based, approach to anti-diabetic therapy.

Abbreviations
[Ca2+]i, cytosolic Ca2+ concentration; CCK-8, cholecystokinin-octapeptide; DAT, dopamine transporter; GLP-1,
glucagon-like peptide 1; GSIS, glucose-stimulated insulin secretion; GTT, glucose tolerance test; HFD, high-fat diet; IHC,
immunohistochemical; siRNA, small interfering RNA; TH, L-tyrosine hydroxylase; VMAT2, vesicular monoamine
transporter 2

Introduction
Dopamine is a major catecholamine neurotransmitter that
controls a wide range of biological processes important in
neurological, cardiovascular and metabolic homeostasis. Pre-
vious reports have demonstrated that in patients with Par-
kinson’s disease, glucose metabolism was markedly impaired
by treatment with L-DOPA, a dopamine precursor, in a dose-
dependent manner (Sirtori et al., 1972; Marsden and Parkes,
1977). Importantly, molecules involved in dopamine receptor
signalling are expressed in both murine and human pancre-
atic islets (Rubi et al., 2005; Simpson et al., 2012). Notably, a
recent study on isolated pancreatic islets from humans dem-
onstrated that pancreatic islet-derived dopamine did attenu-
ate insulin secretion in an autocrine or paracrine fashion via
its receptors (Simpson et al., 2012). In particular, studies in
dopamine D2 receptor knockout mice suggest a critical role
of dopaminergic suppression in function and replication
of pancreatic beta cells during development in mice
(Garcia-Tornadu et al., 2010).

It is well recognized that two distinct signalling pathways
contribute to the control of insulin secretion from pancreatic

beta cells, namely the ATP-sensitive K+ channel-dependent
pathway (triggering pathway) and the cAMP/PKA pathway
(amplifying pathway) (Henquin, 2000; Kahn et al., 2006).
Two major incretin hormones, glucagon-like peptide 1
(GLP-1) and glucose-dependent insulinotropic polypeptide,
are crucial regulators for glucose-stimulated insulin secretion
(GSIS) through an increase in intracellular cAMP level,
thereby activating the cAMP/PKA pathway. On the other
hand, dopamine is known to substantially decrease intracel-
lular cAMP level mainly via D2 receptors in striatum and
pituitary gland in the brain in rats, pigs and humans (Missale
et al., 1998; Vallone et al., 2000).

Based on the notion that chronic feeding with a high fat
diet (HFD) causes dysfunction of pancreatic islets and results
in whole body glucose dysmetabolism (Giacca et al., 2011),
we hypothesized that dopamine receptor signalling would be
activated locally in pancreatic islets from HFD-fed mice,
thereby causing dyshomeostasis of islet functions, at least
partly, through a decrease in intracellular cAMP level. On the
other hand, it has been shown that expression of genes
involved in D2 receptor signalling in the brain reward system
(e.g. striatum, ventral tegmental area) was considerably
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decreased in HFD-induced obese rodents, resulting in pro-
found addiction to fatty foods (Li et al., 2009; Johnson and
Kenny, 2010). This finding suggested that decreased local
synthesis of dopamine in the brain could be relevant to this
deviation in feeding behaviour.

γ-Oryzanol, derived from unrefined rice, is a unique bio-
active substance, consisiting of a mixture of ferulic acid esters
with phytosterols or triterpene alcohols (Lerma-Garcia et al.,
2009; Kozuka et al., 2013). An earlier study in humans
demonstrated that replacement of white rice by brown rice
reduced the incidence of type 2 diabetes mellitus (Sun et al.,
2010). Based on this report and our interventional trial assess-
ing the metabolically beneficial impact of brown rice on
pre-diabetic obese humans (Sun et al., 2010; Shimabukuro
et al., 2014), we recently reported in mouse experiments that
γ-oryzanol acted directly on the hypothalamus and attenu-
ated preference for dietary fat by decreasing hypothalamic
endoplasmic reticulum (ER) stress, thereby ameliorating HFD-
induced obesity (Kozuka et al., 2012). We also demonstrated
that long-term administration of γ-oryzanol considerably
ameliorated HFD-induced glucose dyshomeostasis, indepen-
dently of body weight and food intake (Kozuka et al., 2012).
Moreover, although γ-oryzanol (3.2 mg·g−1 body weight)
given orally to mice was distributed predominantly to the
brain (83.8 mg per 100 g tissue); it also accumulated particu-
larly in the pancreas (3.5 mg per 100 g tissue) 1 h after
supplementation (Kozuka et al., 2015). However, the full
mechanism whereby γ-oryzanol ameliorates glucose dysme-
tabolism throughout the body remained to be elucidated.

In rats, γ-oryzanol increased the dopamine content of the
medial basal hypothalamus (Ieiri et al., 1982). This effect was
suppressed by an inhibitor of L-tyrosine hydroxylase (TH),
the rate-limiting enzyme in dopamine synthesis (Ieiri et al.,
1982), suggesting a potential interaction of γ-oryzanol
between dopamine metabolism and signalling via dopamine
receptors. Based on all these findings, we tested if γ-oryzanol
would improve dysfunction of pancreatic islets through the
inhibition of D2 receptor signalling in murine experimental
models.

Methods

Animals
All animal care and experimental procedures were approved
by the Animal Experiment Ethics Committee of the Univer-
sity of the Ryukyus (Nos. 5352, 5718 and 5943). All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 204 animals were used in the experiments described here.

Eight-week-old male C57BL/6J mice obtained from
Charles River Laboratories Japan, Inc. (Kanagawa, Japan) were
housed at 24°C under a 12 h/12 h light/dark cycle. The mice
were allowed free access to food and water.

Administration of γ-oryzanol
γ-Oryzanol (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) was dissolved in 0.5% methyl cellulose solution.
γ-Oryzanol (20, 80 or 320 μg·g−1 body weight) was delivered

into the stomach by a gavage needle every day during feeding
with a HFD (Western Diet; Research Diets Inc., New Brun-
swick, NJ, USA) for 13 weeks. HFD and HFD containing 0.4%
γ-oryzanol were manufactured as pellets by Research Diets
(Research Diets Inc.). Daily intake of γ-oryzanol by mice, as
estimated by mean food intake, was approximately 320 μg·g−1

body weight. The doses of γ-oryzanol were determined as
described (Kozuka et al., 2012).

Metabolic parameters
Whole blood was taken from the tail vein and blood glucose
was measured using an automatic glucometer (Medisafe Mini;
Terumo, Tokyo, Japan). Occasional blood samples were taken
from the retro-orbital venous plexuses or tail vein. Plasma
insulin, glucagon and active GLP-1 levels were measured
using ELISA kits (Shibayagi Co. Ltd., Gunma, Japan; Wako Pure
Chemical Industries, Ltd.; and Morinaga Institute of Biologi-
cal Science, Inc., Tokyo, Japan). For glucose tolerance tests
(GTTs), mice were intraperitoneally injected with 2.0 g·kg−1

glucose after an 18 h fast. Blood glucose levels were measured
at the indicated times.

Sub-diaphragmatic vagotomy
Sub-diaphragmatic vagotomy, or sham surgery, was per-
formed as described earlier (Miyamoto et al., 2012) and mice
were used for experiments 2 weeks after the surgery. To test
the success of the vagotomy, we assessed the satiety induced
by CCK-8 (Bachem, Bubendorf, Switzerland), which is medi-
ated by the abdominal vagus nerves (Smith et al., 1981;
1985). Sham-treated and vagotomized mice were injected i.p.
with PBS or 8 μg·kg−1 CCK-8 after an 18 h fast.

Immunohistochemical (IHC) analyses
The pancreas was carefully dissected and fixed in 4% para-
formaldehyde, embedded in paraffin and sectioned. The
paraffin-embedded sections were stained with haematoxylin
and eosin or immunostained for insulin (A0654; Dako Japan,
Tokyo, Japan), glucagon (A0565; Dako Japan), somatostatin
(AB5495; Merck Millipore, Billerica, MA), dopamine trans-
porter (DAT) (AB1591P; Merck Millipore) and TH (AB152;
Merck Millipore). The mean size and ratio of glucagon-
positive α-cells, DAT-positive and TH-positive cell areas to the
total islet area were calculated based on >100 islets per group
using Photoshop (Adobe, San Jose, CA, USA).

Isolation of pancreatic islets and assessment
of insulin/glucagon secretion
Pancreatic islets were isolated from mice by collagenase diges-
tion (Liberase TL; Roche Diagnostics GmbH, Mannheim,
Germany) and purified on a Histopaque gradient (Histopaque
1077; Sigma-Aldrich, St Louis, MO, USA) as described by
Zmuda et al., (2011). Insulin secretion from isolated islets and
from a murine pancreatic beta cell line, MIN6 cells, (Miyazaki
et al., 1990), was measured as described earlier (Wei et al.,
2005). Briefly, the islets were incubated with or without
γ-oryzanol (0.2, 2 or 20 μg·mL−1), forskolin (10 mM), Rp-8-Br-
cAMPS (10 μM), H-89 (10 μM), haloperidol (1, 10 μM; Wako
Pure Chemical Industries, Ltd.), a D2 receptor antagonist,
10 μM L-DOPA, a dopamine precursor, or 5 μM quinpirole,
a potent D2 receptor agonist (Sigma-Aldrich), for 1 h, and
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stimulated with glucose for an additional 1 h with or without
γ-oryzanol, haloperidol, L-DOPA or quinpirole. The doses of
each compound were decided as described (Simpson et al.,
2012). MIN6 cells and an α-cell line (α-TC cells) were seeded
at a density of 2.0 × 105 cells·mL−1 on 24-well plates. After
48 h of culture, MIN6 cells were incubated with Krebs–Ringer
bicarbonate buffer (KRB; composition; 119 mM NaCl, 4.74
mM KCl, 2.54 mM CaCl2, 1.19 mM MgCl2, 1.19 mM KH2PO4,
25 mM NaHCO3, 0.5 % BSA, 25 mM HEPES, pH 7.4.) contain-
ing 2.5 mM glucose for 2 h, subsequently incubated in KRB
with or without γ-oryzanol (0.2, 2 or 10 μg·mL−1) for 1 h. The
cells were also incubated with a series of insulin secretagogues
with or without γ-oryzanol for 2 h. α-TC cells were incubated
with KRB containing 16.7 mM glucose for 1 h, subsequently
incubated with or without palmitic acid (0.25 or 0.5 mM;
Sigma-Aldrich), γ-oryzanol (2 or 10 μg·mL−1) or haloperidol
(10 μM) for 2 h. Insulin or glucagon secretion was normalized
by cellular protein content. Levels of cAMP and PKA activity
were determined by the cyclic AMP EIA Kit (Cayman Chemi-
cal, Ann Arbor, MI, USA) and PKA kinase activity kit (Enzo
Life Sciences, Farmingdale, NY, USA) respectively. To measure
insulin content of islets, 10 islets were placed in 1 mL of
acid-ethanol (90 mM HCl in 70% ethanol). Insulin was
extracted overnight at −20°C after sonication, as previously
described (Ariyama et al., 2008). The acid-ethanol extract was
neutralized with 1 M Tris (pH 7.5) and insulin levels were
measured using an ELISA kit.

Measurement of cytosolic Ca2+ concentration
([Ca2+]i) in isolated islets
[Ca2+]i in isolated islets was measured by fura-2 micro-
fluorometry as described (Nakata et al., 2010). Briefly, islets
on coverslips were incubated with 1 μM fura-2/
acetoxymethylester (Dojin Chemical Co., Kumamoto, Japan)
for 1 h at 37°C in KRB containing 2.8 mM glucose with or
without γ-oryzanol or haloperidol. Islets were subsequently
mounted in a chamber and superfused at a rate of 1 mL·min−1

at 37°C in KRB with or without γ-oryzanol or haloperidol.
Fluorescence following excitation at 340 nm (F340) and that
at 380 nm (F380) was measured, and [Ca2+]i was expressed by
the ratio (F340/F380).

RNA interference
The small interfering RNA (siRNA) for D2 receptors (the Drd2
gene) and a control scrambled siRNA were designed and pur-
chased from Sigma-Aldrich. Pancreatic islets and MIN6 cells
were transfected with each siRNA using Lipofectamine RNAi/
MAX (Life technologies, Tokyo, Japan) according to the
manufacturer’s protocol. Insulin secretion from MIN6 cells
was normalized against cellular DNA content.

Agonist activity assay
Recruitment of β-arrestin to GPCRs, induced by γ-oryzanol
was tested by the PathHunter β-Arrestin Assay obtained from
DiscoveRx (Fremont, CA, USA). Luminescence was analysed
with Envision (PerkinElmer, Waltham, MA, USA) and % activ-
ity was expressed as the relative luminescence units of 10 μM
γ-oryzanol in comparison with that of each positive ligand.
Antagonist activity (% inhibition) was measured against
approximately EC80 concentrations of agonists. Duplicate

data were obtained. The Z-factor, a parameter of quality
control in high throughput screening assays (Zhang et al.,
1999), was determined by the following equation: Z-factor =
1 − 3(SDsample + SDcontrol)/|meansample − meancontrol|. SDsample and
SDcontrol refer to standard deviation of sample and positive
control regions respectively.

Western blotting
Western blotting was performed as described (Tanaka et al.,
2007) with antibodies against D2 receptors (AB5084P; Merck
Millipore), DAT, TH and β-actin (ab6276; Abcam, Cambridge,
MA, USA).

Quantitative real-time PCR
Gene expression was examined as described (Kozuka et al.,
2012). Total RNA was extracted using Trizol reagent (Life
technologies) and cDNA was synthesized using an iScript™
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Quantita-
tive real-time PCR was performed using a StepOnePlusTM Real-
Time PCR System and Fast SYBR Green Master Mix (Life
Technologies). The mRNA levels were normalized against
Rn18s (18S rRNA). The primer sets used for the quantitative
real-time PCR analyses are summarized in Table 1.

Table 1
The primer sets used for quantitative real-time PCR analysis

Gene
GenBank
Accession No. Primer (5′–3′)

Drd2 (D2R) NM_010077 f CCA TTG TCT GGG TCC
TGT CC

r GTG GGT ACA GTT GCC
CTT GA

Drd3 (D3R) NM_007877 f GCA GTG GTC ATG CCA
GTT CAC TAT CAG

r CCT GTT GTG TTG AAA
CCA AAG AGG AGA GG

Slc6a3 (DAT) NM_010020 f GCA CTA CTT CTT CTC
CTC CT

r CCT GAA GTC TTT ACT
CCC TTC C

Th (TH) NM_009377 f CCC TAC CAA GAT CAA
ACC TAC C

r GAG CGC ATG CAG TAG
TAA GA

Slc18a2
(VMAT2)

NM_172523 f GTC TGT CTA TGG GAG
TGT GTA T

r GGG TAC GGC TGG
ACA TTA TT

Rn18s
(18S rRNA)

NR_003278 f TTC TGG CCA ACG GTC
TAG ACA AC

r CCA GTG GTC TTG GTG
TGC TGA

Forward and reverse primers are designated by f and r respec-
tively. D2R, dopamine D2 receptor; D3R, dopamine D3 receptor.
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Data analysis
Data are expressed as the mean ± SEM from n independent
experiments. One-way ANOVA and repeated-measures ANOVA

followed by multiple comparison tests (Bonferroni/Dunn
method) were used where applicable. Student’s t-test was used
to analyse the differences between two groups. Differences
were considered significant at P < 0.05.

Results

γ-Oryzanol acts directly on pancreatic islets
and enhances GSIS in vivo
As a first step in exploring the effects of γ-oryzanol on GSIS in
chow-fed mice, the effects of a single oral dose of γ-oryzanol
(320 μg·g−1 body weight) on blood glucose and insulin levels
were examined during i.p. GTTs (ipGTTs). γ-Oryzanol aug-
mented GSIS and significantly enhanced glucose tolerance
even in normal mice (Figure 1A,B). γ-Oryzanol showed a trend
towards a decrease in the plasma GLP-1 level, but the change
was not statistically significant (P = 0.11) (Figure 1C). To see if
γ-oryzanol would enhance GSIS independently of GLP-1
receptors, we evaluated, using PathHunter β-arrestin assays,

the agonist activities of γ-oryzanol on GLP-1 receptors and on
two other GPCRs, GPR119 and GPR120, both of which
potently stimulate GLP-1 secretion from intestine (Hirasawa
et al., 2005; Chu et al., 2007; Lauffer et al., 2009). γ-Oryzanol
did not show agonist activities on these GPCRs [0% of
exendin-4, a potent GLP-1 receptor agonist, Z-factor (a param-
eter of quality control in high throughput screening assays)
(Zhang et al., 1999) was 0.81; 9% of oleoylethanolamide, a
potent GPR119 agonist, Z-factor was 0.41; −2% of GW 9508, a
potent GPR120 agonist, Z-factor was 0.75 respectively].

To exclude the possibility that γ-oryzanol augments GSIS
via a central mechanism, we carried out sub-diaphragmatic
vagotomy in mice. Cholecystokinin-octapeptide (CCK-8)
reduced the food intake in 1 h by 63% in sham-operated
mice, while sub-diaphragmatic vagotomy abolished the
satiety effect of CCK-8 (Figure 1D), indicating that the
vagotomy was successful. In both sham-operated and vagoto-
mized mice, a single oral dose of γ-oryzanol significantly
lowered the blood glucose levels and the AUC of glucose
during ipGTTs (Figure 1E). Noticeably, in both sham-operated
and vagotomized mice, γ-oryzanol markedly increased
plasma insulin levels and the AUC of insulin during ipGTTs
(Figure 1F). These results suggest that γ-oryzanol acted
directly on the pancreatic islets to enhance GSIS.
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Figure 1
γ-Oryzanol enhances GSIS in mice. (A–C, E, F) Mice on a chow diet were treated with a single oral dose of γ-oryzanol (320 μg·g−1). The
concentrations and AUCs of blood glucose (A, E), plasma insulin (B, F) and plasma active GLP-1 (C) during ipGTTs (n = 8) are shown. Chow-fed
mice (A–C) and vagotomized mice (Vag) (E, F) were analysed. (D) Satiety effects of CCK-8 were tested in sham-treated mice (Sham) and
vagotomized mice (Vag). Sub-diaphragmatic vagotomy abolished the satiety effect of CCK-8. *P < 0.05, **P < 0.01 versus unoperated or
sham-operated mice treated with vehicle (Vehicle or Sham-Veh). ††P < 0.01 versus vehicle-treated vagotomized mice (Vag-Veh). Data are
expressed as means ± SEM.
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γ-Oryzanol enhances GSIS through activation
of the cAMP/PKA pathway via the
suppression of D2 receptor signalling
In both isolated murine islets and MIN6 cells, γ-oryzanol
markedly enhanced GSIS in a dose-dependent fashion
(Figure 2A,E). Furthermore, in both cellular systems,
γ-oryzanol significantly increased intracellular cAMP levels
and PKA activity (Figure 2B,C,F,G). Similarly, augmentation
of PKA activity by γ-oryzanol was abolished by H-89, a PKA
inhibitor (Figure 2C,G). To explore the underlying mecha-
nism, isolated murine islets and MIN6 cells were exposed to
(i) forskolin, which increases intracellular cAMP level; (ii)
Rp-8-Br-cAMPS, a cAMP antagonist; or (iii) H-89 respectively.
In both cellular systems, γ-oryzanol augmented forskolin-
enhanced insulin secretion (Figure 2D,H), while both Rp-8-
Br-cAMPS and H-89 abolished such stimulatory effects of
γ-oryzanol on GSIS (Figure 2I–K). These findings suggest that
γ-oryzanol reinforces GSIS via the cAMP/PKA amplifying
pathway in pancreatic islets.

On the other hand, haloperidol, a D2 receptor antagonist,
significantly enhanced GSIS (Figure 3A) through the eleva-
tion of intracellular cAMP (Figure 3B) but γ-oryzanol showed
no additive effect with haloperidol (Figure 3C,D), supporting
the notion that γ-oryzanol increased intracellular cAMP levels
and enhanced GSIS through suppression of D2 receptor sig-
nalling. Furthermore, both L-DOPA, a dopamine precursor,
and quinpirole, a potent D2 receptor agonist, abolished
γ-oryzanol-induced enhancement of GSIS (Figure 3E–G). Of
note, the inhibition by L-DOPA and quinpirole was
concentration-dependent (Figure 3F,G). To further confirm
the involvement of D2 receptor signalling in enhancing GSIS
by γ-oryzanol, Drd2 was silenced in vitro by incubating the
tissues or cells with specific siRNA for 2 days. In both pan-
creatic islets and MIN6 cells treated with Drd2 siRNA, the
expression of Drd2 was attenuated by 71.4 ± 0.1% and 69.5 ±
0.1% compared with scrambled siRNA-treated cells respec-
tively (Figure 3H,K). There were no significant changes in the
expression of Drd3 (dopamine D3 receptor) in both systems
(Figure 3H,K). Either γ-oryzanol or haloperidol enhanced
GSIS accompanied by the elevation of intracellular cAMP
level in cells treated with the scrambled siRNA. In contrast, in
Drd2 siRNA-treated cells, γ-oryzanol and haloperidol did not
increase GSIS and intracellular cAMP level (Figure 3I,J,L).
These results suggest that γ-oryzanol augments GSIS via the
suppression of D2 receptor signalling in pancreatic beta cells.
Of note, data from the PathHunter β-arrestin assays suggested
that there was no significant agonist or antagonist activities
of γ-oryzanol for any of the dopamine receptors (Table 2).

γ-Oryzanol increases insulin biosynthesis and
[Ca2+]i in islets
Elevation of intracellular cAMP enhances the biosynthesis of
insulin (Fehmann and Habener, 1992) and insulin secretion
induced by increased [Ca2+]i in the presence of insulinotropic
glucose concentrations (Yada et al., 1993). We therefore
assessed the effect of γ-oryzanol and haloperidol on the bio-
synthesis of insulin and its secretion in response to increased
[Ca2+]i in murine-isolated islets. Both γ-oryzanol and halop-
eridol significantly increased intracellular insulin contents
and the [Ca2+]i response (Figure 4). Of note, both γ-oryzanol

and haloperidol enhanced the first phase of [Ca2+]i responses
to high glucose (Figure 4B,C). These results also reinforce the
notion that γ-oryzanol increases intracellular cAMP levels and
subsequently enhances GSIS through suppression of D2 recep-
tor signalling.

γ-Oryzanol suppresses D2 receptor signalling
in pancreatic islets from HFD-fed mice
Following treatment of γ-oryzanol (320 μg·g−1 per body
weight per day) for 13 weeks, glucose level in mice on a HFD
was 1280 ± 50 mg·L−1, which was significantly decreased
compared with those in mice on the HFD alone (1570 ±
80 mg·L−1, P < 0.01). Body weight in mice fed HFD with
γ-oryzanol was 31.7 ± 0.8 g, which was comparable to that in
mice fed HFD alone (30.4 ± 1.2 g). Areas of islet cells stained
with antibody to TH, the rate-limiting enzyme of dopamine
synthesis (Figure 5A), and antibody to DAT, which mediates
dopamine uptake (Figure 5B), were increased in pancreatic
islets from HFD-fed mice, whereas the stained areas were
markedly decreased after treatment with γ-oryzanol. Conse-
quently, the ratio of TH-positive or DAT-positive cell areas to
the total islet area was significantly increased in HFD-fed
mice, and was substantially decreased by the treatment with
γ-oryzanol (Figure 5C,D). IHC analyses suggested that TH was
localized in beta cells, while DAT was not confined to α-cells,
beta cells or δ-cells (Figure 6).

We assessed protein and mRNA expression levels of genes
involved in D2 receptor signalling including D2 receptors
(Drd2), TH (Th), DAT (Slc6a3) and the vesicular monoamine
transporter type 2 (VMAT2; Slc18a2), which transports dopa-
mine into vesicles. In pancreatic islets from HFD-fed mice,
the mRNA levels of Drd2, Th and Slc6a3 were considerably
elevated, while that of Slc18a2, also known as a functional
marker of insulin production (Harris et al., 2008), was mark-
edly decreased (Figure 5E–H). Importantly, administration of
γ-oryzanol depressed the mRNA levels of these genes
(Figure 5E–H). In parallel with mRNA levels, protein levels of
D2 receptors, TH and DAT were concomitantly decreased by
γ-oryzanol (Figure 5I–L).

γ-Oryzanol decreases glucagon secretion from
murine islets
γ-Oryzanol significantly decreased glucagon levels in plasma
of HFD-fed mice (Figure 7A) and in media of isolated islet
cultures (Figure 7B). To test the possibility that γ-oryzanol
directly acted on α-cells, a murine α-cell line, α-TC cells, was
treated with γ-oryzanol. As shown in Figure 7C, glucagon
secretion from α-TC cells was reduced, concentration-
dependently, by glucose. It should be noted that mRNA level
of Drd2 in α-TC cells was extremely low, compared with those
in isolated islets and MIN6 cells, while that of Drd3 was about
the same in the three types of cells (Figure 7D,E). In α-TC
cells, γ-oryzanol and haloperidol did not affect glucagon
secretion in both basal and palmitate-stimulated conditions
(Figure 7F,G). IHC analyses of pancreatic islets from mice on
a HFD demonstrated that γ-oryzanol augmented the intensity
of insulin staining, while attenuating the average size of
pancreatic islets, as well as the ratio of α-cells to the total islet
area (Figure 7H–J). These results raised the possibility that
γ-oryzanol reduced the increased secretion of glucagon via
mechanisms independent of α-cells.
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Figure 2
γ-Oryzanol enhances GSIS through activation of the cAMP/PKA pathway in murine isolated islets and MIN6 cells. Murine isolated islets (A–D, I)
and MIN6 cells (E–H, J, K) were treated with the indicated concentrations of γ-oryzanol (Orz; 0.2, 2, 10 or 20 μg·mL−1). (A, E) Insulin secretion
was assessed following 25 mM glucose treated in murine-isolated islets (n = 10) (A) and MIN6 cells (n = 8) (E). (B, C, F, G) γ-Oryzanol (Orz; 0.2
or 2 μg·mL−1) increased intracellular cAMP levels (B, F) and PKA activity (C, G) following 25 mM glucose in islets (n = 12) (B, C) and MIN6 cells
(n = 8) (F, G). (D, H) Effects of γ-oryzanol (Orz; 0.2 or 2 μg·mL−1) on insulin secretion enhanced by 10 μM forskolin in islets (n = 10) (D) and MIN6
cells following 2.5 mM glucose (n = 8) (H). (I–K) GSIS by 25 mM glucose was suppressed by 10 μM Rp-8-Br-cAMPS or 10 μM H-89 in islets (n =
10) (I) and MIN6 cells (n = 8) (J, K) treated with γ-oryzanol (Orz; 2 μg·mL−1). Islets used in each experiment were isolated from eight mice, and
they were pooled and divided into indicated number of groups. *P < 0.05, **P < 0.01 versus vehicle (Veh)-treated islets. ††P < 0.01 versus cells
treated with vehicle (Veh) and γ-oryzanol (2 μg·mL−1). n.s., not significant. Data are expressed as means ± SEM.
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Figure 3
γ-Oryzanol enhances GSIS through the suppression of D2 receptor signalling in murine isolated islets and MIN6 cells. (A, B) Haloperidol (1, 10 μM)
increased insulin secretion (A) and intracellular cAMP levels (B) in isolated islets following 25 mM glucose (n = 12). (C, D) γ-Oryzanol (Orz;
2 μg·mL−1) and haloperidol (10 μM) had no additive effect on insulin secretion (n = 12) (C) and intracellular cAMP levels (n = 24) (D) in isolated
islets following 25 mM glucose. Islets used in each experiment were isolated from six mice, and they were pooled and divided into indicated
number of groups. (E) Insulin secretion enhanced by the indicated concentrations of γ-oryzanol (Orz; 0.2 or 2 μg·mL−1) was suppressed by 10 μM
L-DOPA or 5 μM quinpirole and in isolated islets (n = 10; islets isolated from 12 mice were pooled and divided into indicated number of groups).
(F, G) Insulin secretion in isolated islets treated with γ-oryzanol (Orz; 2 μg·mL−1) was suppressed by the indicated concentrations of L-DOPA (0.1,
1, 10 or 100 μM) (F) or quinpirole (0.05, 0.5, 5 or 50 μM) (G) (n = 10–14; islets isolated from eight mice were pooled and divided into indicated
number of groups). *P < 0.05, **P < 0.01 versus islets treated with vehicle (Veh). †P < 0.05, ††P < 0.01 versus islets treated with vehicle (Veh) and
γ-oryzanol. (H–L) Isolated pancreatic islets (H–J) and MIN6 cells (K, L) were treated with Drd2 siRNA. (H, K) Level of mRNA expression for Drd2
and Drd3. The levels were normalized against those of Rn18s. **P < 0.01 versus scrambled siRNA-transfected islets or cells (Scr). (I, L) Insulin
secretion in siRNA-treated islets (I) and MIN6 cells (L) was not enhanced by γ-oryzanol (Orz; 2 μg·mL−1) or haloperidol (10 μM) (n = 15–20). (J)
γ-Oryzanol (Orz; 2 μg·mL−1) and haloperidol (Halo; 10 μM) had no effect on intracellular cAMP levels in siRNA-treated islets (n = 10). Islets isolated
from eight mice were pooled and divided into indicated number of groups. **P < 0.01 versus scrambled siRNA-transfected islets treated with
vehicle (Veh). n.s., not significant. Amount of insulin secretion from MIN6 cells was normalized against the cellular protein content. Data are
expressed as means ± SEM.
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Discussion and conclusions
The major findings in the present study are summarized by
the scheme shown in Figure 8. Here, we have demonstrated
that, in mice, γ-oryzanol acted directly on pancreatic islets
and enhanced GSIS in vivo and in vitro (Figures 1 and 2). Such
a reinforcement of GSIS by γ-oryzanol was mediated by the
local activation of the cAMP/PKA amplifying pathway
(Figures 2 and 4). Along with chemical agonists for a variety
of fatty acid receptors, cAMP/PKA amplifying pathways in
pancreatic beta cells are promising drug targets for the treat-
ment of type 2 diabetes (Drucker, 2006; Rayasam et al., 2007;
Ohishi and Yoshida, 2012). In this context, γ-oryzanol may be
potentially useful as an alternative or a partner of combina-
tion therapies with incretin-related drugs.

To our knowledge, the present study is the first to dem-
onstrate that protein and mRNA expression of molecules
involved in D2 receptor signalling was considerably elevated
in pancreatic islets from mice fed on a HFD. Moreover, sup-
plementation with γ-oryzanol corrected the dysregulation of
these molecules in vivo (Figure 5). As increased signal trans-
duction by D2 receptors in pancreatic beta cells suppresses
the secretion of insulin (Rubi et al., 2005; Simpson et al.,
2012), such an effect of γ-oryzanol may be beneficial for
individuals with glucose intolerance and type 2 diabetes. To
date, how transcription of Drd2 is regulated is largely unde-
fined. It is possible that consensus element of NF-κB in the
promoter region of Drd2 (Bontempi et al., 2007) is related to
the HFD-induced dysregulation of D2 receptors in isolated
islets. Apart from the direct action of γ-oryzanol on pancre-
atic islets, it is also possible that improvement of hypergly-
caemia per se may influence the expression of molecules
involved in D2 receptor signalling. In this context, further
studies are necessary to elucidate fully the molecular mecha-
nisms involved.

Intriguingly, in HFD-induced obese rodents, expression of
genes involved in D2 receptor signalling in the brain reward
system (e.g. striatum, ventral tegmental area) was clearly
decreased, resulting in a profound addiction to fatty foods (Li

et al., 2009; Johnson and Kenny, 2010). Furthermore, recent
studies in rodents demonstrated that HFD-induced decre-
ment in D2 receptor expression in the brain reward system
was closely associated with the hyper-methylation in the
promoter region of the Drd2 gene (Vucetic et al., 2012).
Studies are ongoing in our laboratory to investigate whether
there is HFD-induced epigenetic dysregulation of the D2

receptor signalling in pancreatic islets or beta cells.
In isolated islets and MIN6 cells, experiments with RNA

interference for Drd2 and with exogenous D2 receptor
ligands demonstrated that γ-oryzanol augmented GSIS via
the suppression of D2 receptor signalling (Figure 3).
Enhancement of GSIS by γ-oryzanol was suppressed by
L-DOPA (Figure 3E,F), while γ-oryzanol has neither agonist
nor antagonist activities at D2 receptors (Table 2). These
findings suggest that γ-oryzanol has inhibitory effects on
local dopamine synthesis.

In the pathophysiology of diabetes mellitus, exaggerated
secretion of glucagon from pancreatic α-cells contributes to
the vicious cycle of glucose dyshomeostasis (Holst, 2007). We
demonstrated that γ-oryzanol substantially ameliorated the
exaggerated secretion of glucagon in both HFD-fed mice and
murine-isolated islets (Figure 7). As D2 receptors are confined
to beta cells in pancreatic islets in mice (Rubi et al., 2005), our
data raise the possibility that γ-oryzanol would not directly
affect glucagon secretion from α-cells. To support this notion,
we demonstrated in an α-cell line, α-TC cells, that γ-oryzanol
and haloperidol did not affect glucagon secretion in either
basal or palmitate-stimulated conditions (Figure 7F,G). The
secretion of glucagon is known to be regulated by the central
and peripheral nervous system as well as intra-islet paracrine
factors including insulin, GABA and somatostatin (Ishihara
et al., 2003; Kawamori et al., 2009; Walker et al., 2011). For
instance, postprandial glucagon release is strongly suppressed
by GLP-1 and the effect of GLP-1 is mediated, at least partly,
by somatostatin (Holst, 2007; Seino et al., 2010). In this
context, our results raise the possibility that γ-oryzanol
may reduce increased secretion of glucagon via α-cell-
independent, intra-islet paracrine factors.

Table 2
Agonist or antagonist activities of γ-oryzanol for dopamine receptors (DRD1–DRD5)

Agonist Antagonist

% Activity Z-factor % Inhibition Z-factor

DRD1 0 0.73 10 0.84

DRD2L 1 0.79 −5 0.81

DRD2S 2 0.81 5 0.91

DRD3 13 0.48 −13 0.79

DRD4 1 0.86 −2 0.77

DRD5 −2 0.75 9 0.87

Percentage of activity in γ-oryzanol for each dopamine receptor was calculated relative to the basal or maximal agonist values of dopamine.
Percentage of inhibition by γ-oryzanol for each dopamine receptor was calculated relative to the basal or EC80 values for dopamine (antagonist
activity). GPCR targets: DRD1, dopamine D1 receptor; DRD2L, long form of the dopamine D2 receptor; DRD2S, short form of the dopamine
D2 receptor; DRD3, dopamine D3 receptor; DRD4, dopamine D4 receptor; DRD5, dopamine D5 receptor.
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Regarding the effects of γ-oryzanol on food intake in mice,
we previously reported that γ-oryzanol did not affect the total
amount of food intake (chow: 16.8 ± 0.5 g per week, HFD:
16.4 ± 0.4 g per week, HFD + γ-oryzanol: 16.2 ± 0.5 g per

week). However, γ-oryzanol does reduce the preference for
fatty foods in mice (Kozuka et al., 2012). Based on these
findings, in the current experimental settings, the insulino-
tropic effects of γ-oryzanol on pancreatic islets should be
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Figure 4
γ-Oryzanol increases intracellular insulin contents and [Ca2+]i in murine isolated islets. (A) γ-Oryzanol (Orz; 0.2, 2 or 20 μg·mL−1) and haloperidol
(Halo; 10 μM) increased intracellular insulin contents (n = 14). (B, C) The representative [Ca2+]i responses to 8.3 mM glucose in islets incubated
with γ-oryzanol or haloperidol. Both 2 μg·mL−1 γ-oryzanol (B) and 10 μM haloperidol (C) potentiated the first-phase [Ca2+]i response to 8.3 mM
glucose in murine single islet. The peak amplitude of [Ca2+]i responses was significantly enhanced by γ-oryzanol (Orz; 0.2, 0.5 or 2 μg·mL−1) (B)
(Veh, n = 8, Orz 0.2, n = 12, Orz 0.5, n = 5, Orz 2, n = 3; islets isolated from three mice were pooled and divided into indicated number of groups)
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**P < 0.01 versus vehicle (Veh)-treated islets. Data are expressed as means ± SEM.
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Figure 5
γ-Oryzanol suppresses the expression of molecules involved in D2 receptor signalling in murine pancreatic islets from mice fed HFD. (A, B) IHC
analyses of pancreatic islets from HFD-fed mice treated with γ-oryzanol (Orz). Paraffin-embedded sections were stained with anti-TH (A) or
anti-DAT (B) antibodies. Scale bar, 20 μm; magnification, ×400. (C, D) The ratios of TH-positive (C) and DAT-positive (D) cell area to the total islet
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TH (J) and DAT (K) in pancreatic islets from HFD-fed mice were decreased by γ-oryzanol (n = 6). Protein levels were determined by Western
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(Veh)-treated HFD-fed mice. Data are expressed as means ± SEM.
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largely attributed to its direct mechanism. Moreover, as
demonstrated in Figure 1, oral administration of γ-oryzanol
to mice fed chow diet did not increase plasma GLP-1
level. The results of β-arrestin assays also support the notion
that γ-oryzanol did not act as a ligand for GLP-1 receptor.
Notably, secretion of GLP-1 is controlled strongly by a
vagal nerve-mediated central mechanism (Drucker, 2006).
However, even in vagotomized mice, γ-oryzanol markedly
increased the plasma insulin levels during ipGTTs (Figure 1).
These data suggest that γ-oryzanol acts directly on pancreatic

islets and enhances GSIS independently of GLP-1 receptor
signalling. Furthermore, we recently demonstrated that
γ-oryzanol protects beta cells against ER stress-induced apop-
tosis in HFD-fed mice (Kozuka et al., 2015). Taken together,
γ-oryzanol exhibited metabolically beneficial effects on
glucose homeostasis in a GLP-1 independent, unique insuli-
notropic manner.

The present study unveiled the mechanism, at least in
part, whereby γ-oryzanol protects pancreatic islets against
HFD-induced dysfunction and augments GSIS via the

MergeDATInsulin

DATGlucagon Merge

THInsulin MergeA

B

C

D
SomatostatinDAT

mµ 02mµ 02

5 µm 5 µm 5 µm
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Figure 6
TH was localized in beta cells, whereas DAT was not confined to α-cells, beta cells or δ-cells. IHC analyses of pancreatic islets from HFD-fed mice.
Paraffin-embedded sections were co-stained with anti-TH (red) and anti-insulin (green) (A), anti-DAT (red) and anti-insulin (green) (B), or anti-DAT
(red) and anti-glucagon (green) (C) antibodies. Scale bar, 5 μm; magnification, ×600. (D) Serial paraffin-embedded sections were stained with
anti-DAT and anti-somatostatin antibodies. Scale bar, 20 μm; magnification, ×400.
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Figure 7
γ-Oryzanol ameliorates increased secretion of glucagon in HFD-fed mice and from murine isolated islets. (A) Plasma glucagon levels in HFD-fed
mice treated with the indicated doses of γ-oryzanol (Orz) after a 4 h fast (20, 80 or 320 μg·g−1 per body weight per day; n = 6). (B) Glucagon
secretion in isolated pancreatic islets was decreased by γ-oryzanol (Orz; 0.2 or 2 μg·mL−1) following the exposure to 25 mM glucose (n = 10; islets
isolated from three mice were pooled and divided into indicated number of groups). (C) Glucagon secretion was stimulated by indicated
concentrations of glucose (0, 1, 5, 10 and 25 mM). Amount of glucagon secretion was normalized against the cellular protein content. (D, E)
Expression level of Drd2 and Drd3 in isolated islets, MIN6 and α-TC cells. Levels of mRNA expression for Drd2 (D) and Drd3 (E) in three types of
cells (n = 12). The mRNA levels were determined by real-time PCR. The levels were normalized against those of Rn18s. **P < 0.01 versus islets,
††P < 0.01 versus MIN6 cells. (F, G) In α-TC cells treated with γ-oryzanol (Orz; 2 or 10 μg·mL−1) or haloperidol (10 μM), glucagon secretion was
assessed following 5 mM glucose (F) or palmitate (0.25 and 0.5 mM following 16.7 mM glucose (G). *P < 0.05, **P < 0.01 versus HFD-fed mice,
islets, or α-TC cells treated with vehicle (Veh). (H) IHC analyses of isolated pancreatic islets from HFD-fed mice treated with γ-oryzanol (Orz;
320 μg·g−1·day−1). Serial paraffin-embedded sections were stained with haematoxylin and eosin (H&E) (upper panel) or anti-insulin (middle panel),
anti-glucagon (lower panel) antibodies. Scale bar, 50 μm; magnification, ×200. (I, J) The mean sizes of islets (I) and ratios of glucagon-positive
α-cell areas to the total islet area (J) were calculated (n = 6–8). *P < 0.05, **P < 0.01 versus chow-fed mice. ††P < 0.01 versus HFD-fed mice treated
with vehicle (Veh). Data are expressed as means ± SEM.
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attenuation of local D2 receptor signalling in mice. This series
of unexpected actions of γ-oryzanol may lead to a novel,
natural food-based preventive treatment for type 2 diabetes.
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a b s t r a c t

Recent epidemiological studies have demonstrated that coffee drinking is associated with reduced
mortality of cardiovascular disease. However, its precise mechanisms remain to be clarified. In this study,
we examined whether single ingestion of caffeine contained in a cup of coffee improves microvascular
function in healthy subjects.

A double-blind, placebo-controlled, crossover study was performed in 27 healthy volunteers. A cup of
either caffeinated or decaffeinated coffee was drunk by the subjects, and reactive hyperemia of finger
blood flow was assessed by laser Doppler flowmetry. In an interval of more than 2 days, the same
experimental protocol was repeated with another coffee in a crossover manner. Caffeinated coffee intake
slightly but significantly elevated blood pressure and decreased finger blood flow as compared with
decaffeinated coffee intake. There was no significant difference in heart rate between caffeinated and
decaffeinated coffee intake. Importantly, caffeinated coffee intake significantly enhanced post-occlusive
reactive hyperemia of finger blood flow, an index of microvascular endothelial function, compared with
decaffeinated coffee intake.

These results provide the first evidence that caffeine contained in a cup of coffee enhances micro-
vascular function in healthy individuals.
© 2015 Japanese Pharmacological Society. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Coffee is the most widely consumed beverage in the world (1).
Coffee contains a variety of pharmacologically active ingredients,
and it has long been argued whether coffee drinking is beneficial or
harmful for cardiovascular disease (2e4). Recently, a large cohort
study, in which more than 400,000 participants were prospectively
followed up for 13 years, has demonstrated that coffee

consumption is associatedwith reducedmortality of cardiovascular
disease (5). Moreover, a meta-analysis of 23 prospective studies has
provided quantitative evidence that coffee intake is inversely
related to cardiovascular disease mortality (6). These findings
suggest the beneficial cardiovascular actions of coffee. However, its
precise mechanisms remain to be elucidated.

The vascular endothelium synthesizes and releases several
vasodilating substances, such as prostacyclin, nitric oxide, and
endothelium-derived hyperpolarizing factors (EDHF). Evaluation of
endothelial function has been shown to provide important prog-
nostic information in patients with cardiovascular disease, as evi-
denced by the facts that the severity of endothelial dysfunction can
predict future cardiovascular events (7, 8) and that improvement of
endothelial function by pharmacological interventions reduces the
risk of cardiovascular disease. Acute effects of caffeine, a major
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pharmacologically active ingredient of coffee, on human endothe-
lial function of large conduit arteries have been examined in several
previous studies by using ultrasound-based measurement of
brachial artery diameter during post-occlusive reactive hyperemia.
However, the results of those studies are quite inconsistent (9e13).
It is generally accepted that flow-dependent dilation of conduit
arteries is mediated primarily by nitric oxide (14), while in the
microcirculation EDHF rather than nitric oxide have been suggested
to play a major role in the reactive hyperemic response (15).
Microvessels, but not large arteries, regulate tissue blood blow and
systemic blood pressure, and thereby play a key role in the circu-
latory system. However, no study has ever addressed the effect of
caffeine on microvascular function.

Based on the above background, we examined in this study the
effect of single ingestion of a cup of caffeinated and decaffeinated
coffee on finger microvascular function in healthy subjects by laser
Doppler flowmetry.

2. Methods

2.1. Subjects

We recruited twenty-seven healthy subjects (13 men and 14
women; 22e30 years old [mean age, 23.7 ± 2.2]; mean body
weight, 58.4 ± 15.1 kg; mean height, 162.9 ± 9.6 cm) in our uni-
versity, and the subjects who wanted to take part in the study
voluntarily were investigated. Subjects taking any medication or
smokers were excluded from the study, and the experiments were
performedwhen the subjects werewell conditioned. All volunteers
were asked to abstain from caffeine-contained beverages at least
12 h before the study. All subjects gave written informed consent,
and invasive experiments including blood sampling were approved
by the Clinical Trial Ethics Committee of the University of the
Ryukyus, according to the declaration of Helsinki and the ethical
standard.

2.2. Study design

A double-blind, placebo-controlled, crossover study was per-
formed. All participants were examined on two separate days in a
quiet temperature-controlled room. Instant coffee of 2 g with or
without caffeine (Taster's Choice™, Nestl�e, Vevey, Switzerland)
was prepared with 150 ml hot water. Neither sugar nor milk was
added. A cup of the caffeinated or decaffeinated coffee was
ingested in each subject. Hemodynamic variables and reactive
hyperemic response were measured before and every 15 min
after coffee intake. In a pilot study, we were not able to continue
this experiment more than 75 min because some subjects com-
plained of strong pain due to repeated cuff-compression or a
fixed position of the test arm. Thus, we set the experiment time
for 75 min. In an interval of more than 2 days, the same exper-
imental protocol was repeated with another coffee in a crossover
manner. Blood pressures were measured at the brachial artery
using a sphygmomanometer (BP-103i, Nihon Colin, Komaki,
Japan). A manchette was placed around the right upper arm, and
a mean value of three measurements was used for the statistical
analyses. Heart rate was obtained from the sphygmomanometer.
The subjects were in a sitting position throughout the
experiments.

2.3. Assessment of microvascular function

Finger blood flow was measured by a laser Doppler flowmeter
(ALF21, Advance, Tokyo, Japan). A flow-probe (type C) was placed at
the tip of the left index finger or thumb. Blood flow was calculated

by measuring Doppler shifts derived frommoving erythrocytes per
photon and the mean photon frequency. As the number of Doppler
shifts is proportional to the erythrocyte volume and velocity, blood
flow is the product of linearized volume and velocity (16). Post-
occlusive reactive hyperemia of finger blood flow was assessed as
an index of microvascular endothelial function. A cuff was placed
on the left upper arm, and reactive hyperemia of finger blood flow
was induced by inflating a cuff for 1 min in order to interrupt
arterial blood flow and then deflating it. Peak hyperemic flow was
defined as the highest blood flow immediately after cuff deflation.
Reactive hyperemia was calculated according to the following
equation:

Reactive hyperemia (%) ¼ [(peak hyperemic flow � resting
flow)/resting flow] � 100

2.4. Measurement of caffeine and catecholamine levels

Venous blood samples were collected before and 30 min after
coffee ingestion in five volunteers. The plasma caffeine levels and
caffeine contents in decaffeinated and caffeinated coffee were
analyzed by high performance liquid chromatography (HPLC; LC-
10AD, Shimadzu, Kyoto, Japan) (17). Plasma catecholamine levels
were measured by SRL Inc. (Tokyo, Japan) using the HPLC method.

2.5. Statistical analysis

Statistical analyses were performed by a two-way ANOVA fol-
lowed by a Bonferoni/Dunn post hoc test. When paired or unpaired
data were compared, a paired or unpaired Student's t-test,
respectively, was applied. The computer software StatView-J 5.0
(SAS Institute Japan Ltd, Tokyo, Japan) was used for the statistical
analyses. A value of P < 0.05 was considered to be statistically
significant. Results are expressed as mean ± SD.

Reproducibility of laser Doppler flowmetry was expressed as
within-subject coefficients of variability. In our laboratory, the
intra-day variability for finger blood flowwas 6.3% (range: 0e27.1%)
and that for reactive hyperemia assessed by laser Doppler flow-
metry was 21.6% (0e54.2%), and the day-to-day variability for
finger blood flow was 26.2% (0e76.1%) and that for reactive hy-
peremiawas 33.7% (0e102%). According to the previous studies, the
coefficient of variance < 35% can be deemed acceptable (18).

3. Results

3.1. Caffeine content in decaffeinated and caffeinated coffee and
plasma caffeine levels before and after coffee intake

Caffeine content in decaffeinated vs. caffeinated coffee was
markedly different (1.37 ± 0.09 vs. 54.5 ± 3.4 mg, respectively)
(Fig. 1A). Before coffee intake, plasma caffeine levels were identical
between subjects with decaffeinated and caffeinated coffee intake.
However, 30 min after coffee intake, plasma caffeine levels were
markedly increased in the subjects with caffeinated coffee intake
(from 0.75 ± 0.85 to 1.57 ± 1.30 mg/ml, P < 0.05), but not in those
with decaffeinated coffee intake (from 0.76 ± 0.57 to 0.77 ± 0.60 mg/
ml) (Fig. 1B).

3.2. Effects of caffeinated coffee intake on blood pressure and finger
blood flow

Before coffee intake, there were no significant differences in
baseline hemodynamic variables (i.e., systolic, diastolic, and mean
blood pressures, finger blood flow, vascular resistance, or heart
rate) in the subjects with decaffeinated and caffeinated coffee
intake (Table 1). However, caffeinated coffee intake, but not
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decaffeinated coffee intake, caused slight but significant elevations
of systolic, diastolic andmean blood pressures bymaximally 2.7, 3.2
and 2.8 mmHg, respectively (each P < 0.01, Fig. 2). Furthermore,
caffeinated coffee intake significantly reduced finger blood flow (as
assessed by laser-Doppler flowmetry, P < 0.01, Fig. 3A) and signif-
icantly increased vascular resistance of the finger vascular bed
when compared with decaffeinated coffee intake (P < 0.01, Fig. 3B).
On the other hand, there was no significant difference in heart rate
in the subjects with decaffeinated and caffeinate coffee intake
(Fig. 3C).

3.3. Effects of caffeinated coffee intake on reactive hyperemia of
finger blood flow

Before coffee intake, post-occlusive reactive hyperemia of finger
blood flow, an index of microvascular endothelial function, were
comparable between the subjects with decaffeinated and caffein-
ated coffee (8.7 ± 4.3 and 10.0 ± 3.4 ml/min/100 g, respectively).
However, caffeinated coffee intake significantly enhanced post-
occlusive reactive hyperemia of finger blood as compared with
decaffeinated coffee intake (P < 0.01, Fig. 4).

3.4. Plasma catecholamine levels

Plasma norepinephrine levels did not significantly differ be-
tween the subjects with decaffeinated and caffeinated coffee intake
at baseline (336 ± 132 vs. 317 ± 165 pg/ml) and at 30 min after the
intake (271 ± 95 vs. 272 ± 125 pg/ml). Plasma epinephrine levels
also did not significantly alter between the subjects with decaf-
feinated and caffeinated coffee intake at baseline (35.8 ± 12.5 vs.
33.3 ± 18.5 pg/ml) and at 30 min after the intake (32.0 ± 11.2 vs.
25.8 ± 13.5 pg/ml). The respective plasma catecholamine levels did
not significantly change before and after coffee intake.

4. Discussion

To the best of our knowledge, this is the first study examining
the acute effect of caffeine on endothelial function in the human
finger cutaneous microcirculation. The present study demonstrates
that an intake of caffeine contained in a cup of coffee may cause a
favorable effect onmicrovascular endothelial function assessed by a
noninvasive laser Doppler flowmetry method in Japanese young
healthy subjects.

4.1. Pressor effect of caffeine

In the present study, the plasma caffeine concentration after
caffeinated coffee intake attained 1.6 mg/ml. This concentration of
caffeine has been shown to act as an antagonist of adenosine A1/A2A
receptors (19, 20). As adenosine causes vasodilation in most
vascular beds (21), caffeine would induce an increase in vascular
resistance. Thus, slight but significant rises in blood pressure
observed after caffeinated coffee intake in the present studymay, in
part, be caused by an increase in basal vascular tone derived from
the adenosine antagonism of caffeine, as found by an early study
(22). In addition, a direct stimulatory effect of caffeine on myocar-
dial contractility (23) might be involved in a significant increase in
blood pressure seen after caffeinated coffee intake.

4.2. Effect of caffeine on microvascular function

The present finding that caffeine ingestion, even at a small dose
(54.5 mg ¼ less than 1 mg/kg), improves microvascular endothelial
function is consistent with a previous study (24) using venous oc-
clusion plethysmography demonstrating that the acute adminis-
tration of caffeine at an extremely large dose (300 mg) augments
vasodilator responses of forearm vessels to intra-arterial infusion of
the endothelium-dependent agonist acetylcholine.

In contrast to our study, however, two previous reports using
ultrasound-based measurement of brachial artery diameter during
post-occlusive reactive hyperemia demonstrated that caffeinated
coffee ingestion impaired endothelial function in healthy volun-
teers (9, 12). In addition, two other studies showed that acutely
administered caffeine had no effect on endothelial function
assessed by the brachial artery vasoreactivity measurement (10,
11). Although the reason for conflicting with our data cannot be
fully explained at present, it seems plausible that the difference in
the type of vessels used for assessing vascular function was mainly
involved. Laser Doppler flowmetry employed in the present study
measures microvascular function in cutaneous arterioles and cap-
illaries, whereas the ultrasound-based measurement of brachial
artery diameter reflects ‘macrovascular’ function in large conduit

Fig. 1. Caffeine contents in a cup of decaffeinated and caffeinated coffee (A) and plasma caffeine levels before and 30 min after single intake of caffeinated and decaffeinated coffee
(B). Data are expressed as mean ± SD. *P < 0.05 between before and after coffee intake by a paired t-test.

Table 1
Baseline characteristics in subjects with decaffeinated and caffeinated coffee intake.

Variables Decaffeinated Caffeinated P value

Systolic BP (mmHg) 104.9 ± 12.4 106.2 ± 11.2 0.346
Diastolic BP (mmHg) 58.0 ± 8.3 59.1 ± 6.6 0.297
Mean BP (mmHg) 73.6 ± 8.8 74.8 ± 7.6 0.264
Finger blood flow (ml/min/100 g) 23.6 ± 7.7 23.3 ± 7.9 0.916
Vascular resistance (unit) 3.43 ± 1.15 3.67 ± 1.63 0.543
Reactive hyperemia (%) 40.8 ± 25.4 50.3 ± 27.1 0.125
Heart rate (bpm) 74.6 ± 9.4 74.3 ± 8.6 0.815

BP ¼ blood pressure, Vascular resistance ¼ vascular resistance of the finger vascular
bed (finger blood flow/mean BP), Reactive hyperemia (%) ¼ 100 � (post-occlusive
increase in finger blood flow)/(baseline finger blood flow).

K. Noguchi et al. / Journal of Pharmacological Sciences 127 (2015) 217e222 219



arteries. Indeed, some previous studies have described that brachial
artery responses to reactive hyperemia do not correlate with
microvascular function as measured by agonist infusion studies or
laser Doppler flowmetry (25, 26). It is generally considered that
flow-dependent dilation of conduit arteries is mediated primarily
by nitric oxide (14). By contrast, contribution of nitric oxide to post-

occlusive reactive hyperemia in microvessels appears minimal (27,
28). Instead, EDHF may have a major role in the reactive hyperemic
response in the microcirculation (15). Although the nature and
mechanisms of EDHF remain uncertain, EDHF response has been
proposed to be divided into two broad categories as follows: the
first (classical) EDHF pathway is associated with endothelial cell
hyperpolarization due to the opening of endothelial calcium-

Fig. 2. Effects of caffeinated and decaffeinated coffee intake on systolic (A), diastolic
(B) and mean (C) blood pressures (BP). Data are expressed as mean ± SD. **P < 0.01
between caffeine (�) and caffeine (þ) by ANOVA.

Fig. 3. Effects of caffeinated and decaffeinated coffee intake on finger blood flow (A),
vascular resistance of the finger vascular bed (B), and heart rate (C). Data are expressed
as mean ± SD. **P < 0.01 between caffeine (�) and caffeine (þ) by ANOVA.
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activated Kþ-channels, and the second EDHF pathway does not
require endothelial hyperpolarization but involves the endothelial
release of factors that hyperpolarize vascular smooth muscle cells
by opening various myocyte Kþ-channels such as calcium-activated
Kþ-channels (29). Experimental studies with animal and human
vessels have demonstrated that the activation of vascular smooth
muscle Ca2þ-activated Kþ channels probably contributes to the
EDHF component of reactive hyperemia in microvessels (30, 31).
Thus, microvascular endothelial function assessed by laser Doppler
flowmetry may reflect the bioavailability of endothelium-
dependent hyperpolarization via the activation of Ca2þ-activated
Kþ channels in the endothelium and/or vascular smooth muscles.

4.3. Possible mechanisms involved in the beneficial effect of caffeine
on microvascular function

In addition to the action on adenosine receptors, caffeine has
been known to have a variety of pharmacological properties,
including inhibition of phosphodiesterase (32), and calcium release
from intracellular calcium stores via ryanodine-sensitive calcium
channels (33). Interestingly, several electrophysiological experi-
ments have displayed that caffeine at concentrations ranging from
10�6 to 10�3 M evokes calcium-dependent hyperpolarization in
endothelial cells and vascular smooth muscle cells as a result of
increased outward Kþ current (34e36). These data suggest that
caffeine-induced release of calcium from intracellular calcium
stores elicits the activation of calcium-activated Kþ-channels in
these cells. Considering that EDHF, unlike nitric oxide, has a major
role in microvascular reactive hyperemia, it is possible that caffeine
has the potential to augment the reactive hyperemic response of
microvessels through amplifying hyperpolarization caused by
EDHF. This may explain a favorable effect of caffeine on microvas-
cular endothelial function in the present study, because the plasma
concentration of caffeine was estimated to be nearly 10�5 M
(Fig. 1B). It is intriguing that previous experiments in rats have
shown that treatment with blockers of calcium-activated Kþ-
channels dose not affect baseline blood pressure or vascular
conductance but attenuates vasodilator responses of resistance
vessels produced by endothelium-dependent vasodilators such as
acetylcholine (37, 38). These findings indicate that calcium-
activated Kþ-channels contribute little to the regulation of basal
blood pressure but participate in responses to endothelial

stimulation, and may be related to the present results that caffeine
intake produced enhancement of microvascular endothelial func-
tion in spite of the occurrence of a slight increase in baseline blood
pressure.

Several clinical studies (13, 39e41) have shown that caffeine
exerts acute beneficial metabolic effects such as increased con-
centrations of adiponectin, a marker of anti-inflammatory and
insulin-sensitizing effects (42). In addition, a cross-sectional study
has reported that coffee consumption is inversely associated with a
plasma marker of inflammation (C-reactive protein) and that of
endothelial dysfunction (E-selectin) (43). Thus, these preferable
properties of caffeine, besides the effect on endothelial function,
may partly account for the beneficial cardiovascular effect of long-
term coffee consumption.

4.4. Study limitations

Our study has some potential limitations to be considered. First,
the number of subjects examined in this study may have been so
small as to provide conclusive proof, although statistically signifi-
cant effects were found. Second, the long-term effects of caffeine
ingestion on endothelial function remain unknown. Third, we did
not ask female subjects about the menstrual cycle, and it is thus
unknown to what extent its phases affected the finger blood flow
response. Finally, assessment of microvascular function was per-
formed solely in Japanese healthy young volunteers. We have not
yet elucidated whether or not caffeinated coffee intake ameliorates
microvascular endothelial function not only in healthy subjects but
also in patients with cardiovascular disease. These issues remain to
be examined in future studies.

5. Conclusion

Our double-blind, placebo-controlled, crossover study has
demonstrated, for the first time, that caffeine at the amount con-
tained in a cup of coffee may cause improvement of microvascular
endothelial function in healthy subjects.
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�-Oryzanol Protects Pancreatic �-Cells Against
Endoplasmic Reticulum Stress in Male Mice
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Endoplasmic reticulum (ER) stress is profoundly involved in dysfunction of �-cells under high-fat
diet and hyperglycemia. Our recent study in mice showed that �-oryzanol, a unique component of
brown rice, acts as a chemical chaperone in the hypothalamus and improves feeding behavior and
diet-induced dysmetabolism. However, the entire mechanism whereby �-oryzanol improves glu-
cose metabolism throughout the body still remains unclear. In this context, we tested whether
�-oryzanol reduces ER stress and improves function and survival of pancreatic �-cells using murine
�-cell line MIN6. In MIN6 cells with augmented ER stress by tunicamycin, �-oryzanol decreased
exaggerated expression of ER stress-related genes and phosphorylation of eukaryotic initiation
factor-2�, resulting in restoration of glucose-stimulated insulin secretion and prevention of apo-
ptosis. In islets from high-fat diet-fed diabetic mice, oral administration of �-oryzanol improved
glucose-stimulated insulin secretion on following reduction of exaggerated ER stress and apopto-
sis. Furthermore, we examined the impact of �-oryzanol on low-dose streptozotocin-induced di-
abetic mice, where exaggerated ER stress and resultant apoptosis in �-cells were observed. Also in
this model, �-oryzanol attenuated mRNA level of genes involved in ER stress and apoptotic sig-
naling in islets, leading to amelioration of glucose dysmetabolism. Taken together, our findings
demonstrate that �-oryzanol directly ameliorates ER stress-induced �-cell dysfunction and subse-
quent apoptosis, highlighting usefulness of �-oryzanol for the treatment of diabetes mellitus.
(Endocrinology 156: 1242–1250, 2015)
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�-Oryzanol is a unique bioactive substance exclusively
and abundantly found in brown rice (1), comprising of

a mixture of ferulic acid esters with phytosterols or trit-
erpene alcohols (2). We recently reported that �-oryzanol
decreases endoplasmic reticulum (ER) stress in hypothal-
amus and attenuates the preference for dietary fat, thereby
ameliorating high-fat diet (HFD)-induced obesity in mice
(3). In accordance with this finding, our recent clinical
studies highlight metabolically beneficial impact of brown
rice on prediabetic obese humans (4). However, the entire
mechanism whereby brown rice prevents type 2 diabetes
still remains obscure.

In subjects with type 2 diabetes, exaggerated ER stress
in pancreatic islets is linked to progressive �-cell dysfunc-
tion and resultant apoptosis (5). Recent studies clarified
the importance of IL-1� and nucleotide-binding oligomer-
aization domein like receptor family, pyrin domain-con-
taining 3 inflammasome in ER stress-induced apoptosis in
�-cell (6, 7). In response to unfolded proteins, 3 kinds of
ER transmembrane proteins, including protein kinase R-
like ER kinase, activating transcription factor-6, and in-
ositol-requiring enzyme-1, are initially activated (8). Be-
sides inositol-requiring enzyme-1�, protein kinase R-like
ER kinase/eukaryotic initiation factor-2� (eIF2�) signal-
ing strongly augments active form of IL-1� via activation
ofnucleotide-bindingoligomeraizationdomein like recep-
tor family, pyrin domain-containing 3 inflammasome,
and expression level of Il1b, leading to apoptosis (7). Of
note, an antidiabetic incretin hormone, glucagon-like pep-
tide-1 (GLP-1) protects �-cells against ER stress-induced
apoptosis via the cAMP/protein kinase A (PKA) pathway
(9). These findings led us to hypothesize that �-oryzanol
would protect �-cells against ER stress-induced apoptosis.
Notably, exendin-4, a long-acting GLP-1 agonist, also ame-
liorates glucose intolerance in diabetic rats via the prolifer-
ation of �-cells (10). In this context, using murine pancreatic
�-cell line MIN6 (11) as well as HFD- or streptozotocin
(STZ)-induced diabetic murine models, we tested whether
�-oryzanol would improve dysfunction of pancreatic islets
through reduction of ER stress and enhancement of �-cell
proliferation.

Materials and Methods

Animals
Eight-week-old male C57BL/6J mice obtained from Charles

River Laboratories Japan, Inc were housed at 24°C under a 12-
hour light, 12-hour dark cycle. The mice were allowed free access
to food and water. Body weights were measured weekly. All
animal experiments were approved by the Animal Experiment
Ethics Committee of the University of the Ryukyus (No. 5352,
5718).

Administration of �-oryzanol
�-Oryzanol (Wako Pure Chemical Industries, Ltd) was orally

administrated as described (3). Briefly, �-oryzanol was dissolved
in 0.5% methyl cellulose solution. �-oryzanol (20, 80, or 320
�g/g body weight) was delivered into the stomach by a gavage
needle every day during feeding with a HFD (Western Diet; Re-
search Diets, Inc) for 13 weeks. For perform immunohistochem-
ical (IHC) analyses, mice were treated for 6 months. The doses
of �-oryzanol used were as described (3).

Metabolic parameters
Blood samples were taken from the retro-orbital venous plex-

uses. Plasma insulin and proinsulin levels were measured using
ELISA kits (Shibayagi Co, Ltd and Morinaga Institute of Bio-
logical Science, Inc). For oral glucose tolerance tests, the mice
were orally administrated with 2.0 g/kg body weight glucose
after an 18-hour fast. Blood glucose levels were measured at the
indicated times.

Treatment of STZ
To create a model of augmented ER stress in pancreatic �-cells

(12, 13), mice were single injected with low-dose STZ (100 �g/g
body weight ip; Sigma-Aldrich) after 4 hours of fasting. �-Oryza-
nol (320 �g/g body weight�1 d�1) was orally administrated daily
for 14 days 1 day before the treatment of STZ.

Assessment of tissue distribution of �-oryzanol
At 1 hour after the single oral administration of �-oryzanol

(3.2 mg/g body weight), tissues were sampled, and their total
lipids were extracted according to the procedure of Folch and
Lebaron (14). Tissue contents of �-oryzanol were quantified by
HPLC (LC-20AT, SPD-20AV; Shimadzu) with UV detection at
315 nm using XBridge C18 column (particle size 5 �m; Waters).

Isolation of pancreatic islets and assessment of
insulin secretion

Pancreatic islets were isolated from mice by collagenase di-
gestion (Liberase TL; Roche Diagnostics GmbH) and purified on
a Histopaque gradient (Histopaque 1077; Sigma-Aldrich) as de-
scribed (15). Amount of insulin secretion from MIN6 cells, a
representative murine pancreatic �-cell line (11), were seeded at
a density of 2.0 � 105 cells/mL on 24-well plates. After 48 hours
of culture, the cells were incubated with Krebs-Ringer bicarbon-
ate buffer containing 2.5mM glucose for 2 hours, subsequently
incubated in Krebs-Ringer bicarbonate buffer with or without
�-oryzanol (0.2, 2, or 10 �g/mL) for 1 hour. Insulin secretion was
normalized by cellular protein content.

Assessment of cell viability and apoptosis
MIN6 cells were treated with tunicamycin and �-oryzanol for

24 hours. Cell viability was evaluated by a colorimetric proce-
dure with Cell Count Reagent SF (Nacalai Tesque, Inc). To assess
the extent of apoptosis, cells were stained with Hoechst 33342
and propidium iodide (PI). Morphological changes of the nuclei
were observed under a fluorescence microscope. Caspase-3 ac-
tivity was determined by Caspase-Glo 3/7 Assay (Promega) at 24
hours after the treatment.
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Luciferase reporter assay
The potential chaperone activity of ferulic acid was inves-

tigated as described (3).

Western blotting
Western blotting was performed as described (16) with an-

tibodies against eIF2� and phospho-eIF2� (9722 and 9721; Cell
Signaling Technology) (17) (see Table 1). Protein extracted from
MIN6 cells treated with or without tunicamycin were used a
positive or negative control, respectively.

Quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen)

and cDNA was synthesized using an iScript cDNA Synthesis kit
(Bio-Rad). Quantitative real-time PCR was performed using a
StepOnePlus Real-Time PCR System, Fast SYBR Green Master
Mix and TaqMan Fast Advanced Master Mix (Applied Biosys-
tems). The mRNA levels were normalized by 18S rRNA (Rn18s).
Primers used were summarized in Supplemental Table 1.

IHC analyses
The dissected pancreas was fixed in 4% paraformaldehyde, em-

bedded in paraffin, and sectioned. The sections were immunostained
for insulin (N1542; Dako Japan), phospho-eIF2�, cleaved caspase-3
(9661; Cell Signaling Technology), and proliferating cell nuclear anti-
gen(PCNA)(13110;CellSignalingTechnology)(18)(seeTable1).The
ratiosofinsulin-positiveandcleavedcaspase-3-positiveareatothetotal
islet area were calculated based on more than 65 islets per group using
Photoshop (Adobe).

Statistical analysis
Data are expressed as the mean � SEM. One-way ANOVA,

repeated-measures ANOVA, and repeated-measures ANOVA
followed by multiple comparison tests (Bonferroni/Dunn
method) were used where applicable. Student’s t test was used
to analyze the differences between 2 groups. Differences were
considered significant at P � .05.

Results

Tissue distribution of �-oryzanol after oral
administration in mice

Based on a previous report showing that orally ad-
ministrated �-oryzanol was rapidly absorbed from the

intestine and reached a maximum plasma concentration
in less than or equal to 1 hour (2), tissue contents of
�-oryzanol were assessed at 1 hour after single oral ad-
ministration of �-oryzanol (3.2 mg/g body weight). As
reported (2), �-oryzanol was distributed dominantly in the
brain, whereas �-oryzanol was also accumulated consid-
erably in pancreas comparable with kidney and adipose
tissue (Figure 1A). On the other hand, little accumulation of
�-oryzanol was observed in liver (Figure 1A). Considering
that metabolites of �-oryzanol were distributed mainly in
liver (2), it is likely that �-oryzanol is metabolized by liver.

�-Oryzanol ameliorates ER stress-induced �-cell
dysfunction both in vitro and in vivo

To examine the possible effect of �-oryzanol on ER stress
in �-cells, we assessed the expression levels of ER stress-
responsive genes, including Ddit3 (CCAAT/enhancer-
binding protein-homologous protein [Chop]), Dnajb9 (ER
resident DNAJ 4 [ERdj4]), and spliced form of X box bind-
ing protein 1 (Xbp1s). In islets, mRNAs of ER stress-re-
sponsive genes were substantially increased after 13 weeks
of HFD feeding (Figure 1B). Noticeably, oral administra-
tion of �-oryzanol significantly decreased the expression
levelsofERstress-responsivegenes in islets fromHFD-fedmice
(Figure1B).AlsoinMIN6cells,incrementofexpressionofthese
genes induced by tunicamycin was reversed by the supplemen-
tation of �-oryzanol (Figure 1C). Similarly, phosphorylation of
eIF2� in response to ER stress was markedly reduced by
�-oryzanol in pancreatic �-cells both in vivo (Figure 1D) and in
vitro (Figure 1E). �-Oryzanol also decreased mRNA level of
Il1b in islets from HFD-fed mice and tunicamycin-treated
MIN6 cells (Figure 1, B and C). As reported (19), glucose-stim-
ulated insulin secretion (GSIS) was significantly decreased in
MIN6 cells treated with tunicamycin (Figure 1F). In contrast,
both�-oryzanoland4-phenylbutyrate (4-PBA),apotentchem-
ical chaperone, restored GSIS even in tunicamycin-treated cells
(Figure 1F).

In addition, to explore whether ferulic acid, a partial
structure of �-oryzanol, would also decrease ER stress, we
examined its possible effect on the activities of reporter

Table 1. Antibodies Used for Western Blots and IHC Analyses

Peptide/
Protein
Target

Antigen
Sequence
(If Known) Name of Antibody

Manufacturer, Catalog Number,
and/or Name of Individual
Providing the Antibody

Species Raised in;
Monoclonal or
Polyclonal

Dilution
Used

Insulin Guinea pig antiinsulin Dako Japan, N1542 Guinea pig polyclonal 1:3 (IHC)
eIF2� eIF2� Antibody Cell Signaling Technology, 9722 Rabbit polyclonal 1:500 (WB)
Phospho-eIF2�

(Ser51)
Phospho-eIF2�

(Ser51) antibody
Cell Signaling Technology, 9721 Rabbit polyclonal 1:500 (WB),

1:500 (IHC)
Cleaved

caspase-3
Cleaved caspase-3

(Asp175) antibody
Cell Signaling Technology, 9661 Rabbit polyclonal 1:1000 (IHC)

PCNA PCNA (D3H8P)
XP rabbit mAb

Cell Signaling Technology, 13110 Rabbit monoclonal 1:200 (IHC)
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genes carrying ER stress-responsive cis-acting elements
such as ER stress-responsive elements and unfolded pro-
tein response element upstream of the luciferase gene.
Consequently, ferulic acid did not suppress the tunicamy-
cin-induced activation of the cis-acting elements in lu-
ciferase reporter assays in human embryonic kidney 293
cells (Supplemental Figure 1), suggesting the importance
of full-structure of �-oryzanol as a chemical chaperone.

�-Oryzanol ameliorates ER stress-induced
apoptosis in �-cells

To further investigate whether �-oryzanol prevents ER
stress-induced apoptosis in �-cells, MIN6 cells were stained

with Hoechst 33342 and PI. Although
the number of apoptotic cells (PI-neg-
ative cells with chromatin condensa-
tion) was increased by replenishing tu-
nicamycin, �-oryzanol ameliorated
the ER stress-induced apoptosis in tu-
nicamycin-treated MIN6 cells (Figure
2, A and B). �-Oryzanol also reduced
the caspase-3 activity in tunicamy-
cin-treated MIN6 cells (Figure 2C).
To explore antiapoptotic potential
of �-oryzanol in vivo, expression
levels of apoptosis-related genes,
including caspase-3 (Casp3), B cell
leukemia/lymphoma 2 (Bcl2), and
Dffb (caspase-activated DNase
[CAD]), were examined. In islets
from HFD-fed mice, mRNA levels
of apoptosis-related genes were
substantially decreased by the
treatment with �-oryzanol (Figure
2D). Observed changes in mRNA
levels were reproduced in tunica-
mycin-treated MIN6 cells (Supple-
mental Figure 2). IHC analyses also
showed that positive cells for phos-
pho-eIF2� (ER stress marker), cleaved
caspase-3 (apoptosis marker), or
PCNA (proliferative marker) were in-
creased in HFD-fed mice, whereas the
changes were restored by the treat-
ment of �-oryzanol (Figure 2, E and
H). The quantification of cleaved
caspase-3-positive area to total is-
let area as well as cleaved caspase-
3-positive �-cell area to total �-cell
area further reinforced the notion
above (Figure 2, G and I). More-
over, �-oryzanol augmented the in-
tensity of insulin staining and in-

creased the ratio of insulin-positive area to total islet
area in mice on a HFD (Figure 2, E and F). In HFD-fed
mice, �-oryzanol dose dependently lowered plasma in-
sulin level (vehicle, 511 � 73 pg/mL; �-oryzanol 20 �g/g
body weight�1 d�1, 358 � 58 pg/mL; �-oryzanol 80
�g/g body weight�1 d�1, 351 � 100 pg/mL; and
�-oryzanol 320 �g/g body weight�1 d�1, 262 � 34 pg/
mL, 18-h fasting) and the proinsulin/insulin ratio, a
marker of �-cell function (20) (Figure 2J), further sup-
porting the notion that �-oryzanol protects �-cells
against ER stress in vivo.
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Figure 1. �-Oryzanol (Orz) ameliorates ER stress-induced �-cell dysfunction. A, Tissue contents of
Orz (mg/100 g tissue) were examined at 1 hour after single oral administration of Orz (3.2 mg/g body
weight) in C57BL/6J mice (n � 10–70; 3 independent experiments). Epi, epididymal fat; SQ, sc fat;
Mes, mesenteric fat; BAT, brown adipose tissue. HFD-fed mice were treated with Orz (320 �g/g body
weight�1 d�1) for 13 weeks, and pancreatic islets were isolated. MIN6 cells were treated with
tunicamycin (0.5 �g/mL) and Orz (0.2 or 2 �g/mL) or 4-PBA (PBA) (5mM) for 24 hours. B and C,
Expression levels of ER stress-responsive genes such as Chop, ERdj4, Xbp1s, and Il1b in pancreatic
islets from HFD-fed mice (B) (n � 6) and tunicamycin-treated MIN6 cells (C) (n � 10). The levels were
determined by real-time PCR and normalized by those of Rn18s. D and E, Phosphorylation (Ser51) of
eIF2� (p-eIF2�) in pancreatic islets from HFD-fed mice (D) and tunicamycin-treated MIN6 cells (E) (n �
6). F, Effects of Orz on GSIS in tunicamycin-treated MIN6 cells. Data are expressed as mean � SEM.
*, P � .05; **, P � .01, vs chow-fed mice or control cells (Cont); †, P � .05; ††, P � .01, vs vehicle-
treated HFD-fed mice or cells treated with tunicamycin and vehicle (Veh).
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Figure 2. �-Oryzanol (Orz) ameliorates ER stress-induced �-cell apoptosis. A–C, Effects of Orz (0.2 or 2 �g/mL) or 4-PBA (PBA) (5mM) on apoptotic
nuclear morphological changes visualized by staining with Hoechst 33342 and PI (A), viability (B), and caspase-3 activity (C) in tunicamycin-treated MIN6
cells (n � 8–10). D, Expression levels of mRNA for Casp3, Bcl2, and CAD (Dffb) in pancreatic islets from Orz-treated HFD-fed mice (320 �g/g body
weight�1 d�1; n � 6). E, IHC analyses of isolated pancreatic islets from HFD-fed mice treated with Orz (320 �g/body weight�1 d�1). Serial paraffin-
embedded sections were stained with antiinsulin, antiphospho-eIF2�, anticleaved caspase-3, and anti-PCNA antibodies. Scale bar, 20 �m; magnification,
�400. F and G, The ratios of insulin-positive area (F) and cleaved caspase-3-positive area (G) to the total islet area were calculated (n � 3; 108–144
islets). Data are expressed as mean � SEM. **, P � .01, vs chow-fed mice; ††, P � .01, vs HFD-fed mice treated with vehicle (Veh). H, Paraffin-
embedded pancreatic sections were costained with antiinsulin (green) and anticleaved caspase-3 (red) antibodies. Scale bar, 20 �m; magnification, �600.
I, The ratio of cleaved caspase-3-positive �-cell area to total �-cell area was calculated (n � 3; 108–118 islets). J, Proinsulin/insulin ratio in Orz-treated
HFD-fed mice (20, 80, or 320 �g/g body weight�1 d�1; n � 6). Data are expressed as mean � SEM. *, P � .05; **, P � .01, vs chow-fed mice or control
cells (Cont); †, P � .05; ††, P � .01, vs vehicle-treated HFD-fed mice or cells treated with tunicamycin and vehicle (Veh).
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�-Oryzanol ameliorates �-cell dysfunction and
apoptosis in STZ-treated mice

To endorse the protective effects of �-oryzanol on �-cell
in vivo, we administrated �-oryzanol orally to low-dose

STZ-induced diabetic mice. Treatment of low-dose STZ
induces the partial destruction of pancreatic �-cell and
insulinopenia (12), leading to exaggerated ER stress in
�-cell by increased demand of insulin (21). In low-dose

STZ-treated mice, fasting plasma in-
sulin level was significantly decreased
(Figure 3A), resulting in the elevation
of fasting blood glucose levels (Figure
3B). In this model, �-oryzanol signifi-
cantly ameliorated glucose dysme-
tabolism (Figure 3, A–C) and aug-
mented considerably plasma insulin
levels (Figure3A). IHCanalysesbyan-
tibody against insulin revealed that in-
sulin-positive �-cell area was consid-
erably decreased in islets of STZ-
treated mice, whereas the decrement
was restored by �-oryzanol (Figure 3,
DandE). In isletsofSTZ-treatedmice,
intensity of phospho-eIF2� and
cleaved caspase-3-positive cells were
also increased, indicating that ER
stress and resultant apoptosis were
augmented by the treatment of STZ
(Figure 3, D and G). The cleaved
caspase-3-positice area to total islet
area as well as cleaved caspase-3-pos-
itive �-cell area to total �-cell area fur-
ther reinforced the notion above (Fig-
ure 3, F and H). Of note, phospho-
eIF2�, cleaved caspase-3, and PCNA
were colocalized in �-cells (Supple-
mental Figure 3). In this experimental
setting, �-oryzanol increased insulin-
positive area and decreased the inten-
sities of phospho-eIF2� and cleaved
caspase-3-positive area in islets (Fig-
ure 3, D–H), whereas �-oryzanol did
not increase PCNA-positive prolifer-
ating cells (Figure 3D). Expression
levels of genes involved in ER stress
signaling and apoptosis were signifi-
cantly decreased by �-oryzanol in is-
lets fromSTZ-treatedmice (Figure3I).

�-Oryzanol has no effect on gene
expression related to �-cell
survival and proliferation in HFD-
or STZ-induced diabetic mice

Toexplore thepotentialof�-oryza-
nol on �-cell survival and prolifera-
tion, we assessed the expression levels
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Figure 3. �-Oryzanol ameliorates �-cell dysfunction and apoptosis in STZ-treated mice. A–C, Effects
of �-oryzanol (320 �g/g body weight�1 d�1) on plasma insulin levels (A) (n � 7) and blood glucose
levels (B) (n � 7) after a 4-h fasting were measured at 2 weeks after the STZ treatment. Blood glucose
levels and the AUC of blood glucose during the oral glucose tolerance test (C) (n � 7). D, IHC
analyses of pancreatic islets from STZ-treated mice treated with �-oryzanol. Serial paraffin-embedded
sections were stained with antiinsulin, antiphospho-eIF2�, cleaved caspase-3, PCNA antibodies. Scale
bar, 20 �m; magnification, �400. E and F, The ratios of insulin-positive area (E) and cleaved caspase-
3-positive area (F) to the total islet area were calculated (n � 2; 84–111 islets). G, Paraffin-embedded
pancreatic sections were costained with antiinsulin (green) and anticleaved caspase-3 (red) antibodies.
Scale bar, 20 �m; magnification, �600. (H) The ratio of cleaved caspase-3-positive �-cell area to total
�-cell area was calculated (n � 2; 66–116 islets). (I) Expression levels of mRNA for Chop, ERdj4,
Xbp1s, Casp3, Bcl2, and Dffb (CAD) in pancreatic islets from STZ-treated mice (n � 5). The mRNA
levels were determined by real-time PCR and normalized by those of Rn18s. Data are expressed as
mean � SEM. *, P � .05; **, P � .01, vs chow-fed or control (Cont) mice; †, P � .05; ††, P � .01, vs
STZ mice treated with vehicle (Veh).
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of genes related to �-cell survival and proliferation, including
pancreatic and duodenal homeobox 1, v-maf mu-
sculoaponeurotic fibrosarcoma oncogene family, protein A,
neurogenin 3, Ins1, Ins2, and cyclin-dependent kinase inhib-
itor 1A (22) in islets from HFD-fed mice and STZ-treated
diabetic mice. In HFD-fed mice, mRNA levels of these
genes showed a trend to increase, whereas the trend was
cancelled by �-oryzanol (Figure 4A). Also in STZ-
treated mice, �-oryzanol did not increase the expression
levels of these genes (Figure 4B). In tunicamycin-treated
MIN6 cells, there was no change in mRNA levels of
these genes (Supplemental Figure 4).

Discussion

In the present study, we demonstrated that �-oryzanol
ameliorated ER stress-induced �-cell apoptosis and glu-
cose intolerance in both HFD-fed mice and STZ-treated
mice (Figures 1–3 and Supplemental Figure 3). Also in
MIN6 cells, tunicamycin-induced ER stress and after ap-
optosis were restored by �-oryzanol (Figures 1 and 2 and
Supplemental Figure 2). On the other hand, �-oryzanol
did not show apparent effects on �-cell survival and pro-
liferation both in vivo and in vitro (Figure 4 and Supple-
mental Figure 4), suggesting that �-oryzanol ameliorates
�-cell function mainly via reduction of ER stress-induced

apoptosis. ER stress plays a critical role in regulating func-
tion of �-cells and in the pathophysiology of type 2 dia-
betes (5, 23). Excess free fatty acid, chronic inflammation,
and hyperglycaemia are known to provoke ER stress in
�-cells, leading to suppression of insulin biosynthesis, im-
paired GSIS, and resultant apoptosis (23). Even without
apparent reduction of �-cell mass, isolated pancreatic is-
lets from HFD-fed mice showed a pronounced aggrava-
tion of GSIS (24). We recently demonstrated that �-oryza-
nol acts as a chemical chaperone in primary murine
neuronal cells (3). In the present study, we demonstrated
that �-oryzanol reduced ER stress also in pancreatic
�-cells, thereby improving GSIS and preventing apoptosis
from �-cells both in vivo and in vitro (Figures 1–3 and
Supplemental Figures 2 and 3). These data suggest that
�-oryzanol has therapeutic potential for the prevention
and treatment of type 2 diabetes. Importantly, ferulic acid,
a partial structure of �-oryzanol, did not exhibit the chap-
erone activity in luciferase reporter assays (Supplemental
Figure 1). These findings reinforce the significance of full
structure of �-oryzanol in its variety of biological actions.

A series of previous studies showed that elevation of
intracellular cAMP by GLP-1, forskolin, and 3-isobutyl-
1-methyl xanthine prevent �-cells from apoptosis (9, 25,
26). For example, �-cell apoptosis induced by palmitate,
a potent inducer of ER stress, is rescued by GLP-1 through
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Figure 4. Effect of �-oryzanol on expression levels of genes related to �-cell survival and proliferation factors in diabetic mice. Expression
levels of mRNA for pancreatic and duodenal homeobox 1 (Pdx1), v-maf musculoaponeurotic fibrosarcoma oncogene family, protein A
(Mafa), neurogenin 3 (Ngn3), Ins1, Ins2, and cyclin-dependent kinase inhibitor 1A (Cdkn1a) in pancreatic islets from �-oryzanol-treated HFD-
fed (A) (n � 6) or STZ-treated mice (B) (n � 5). The mRNA levels were determined by real-time PCR and normalized by those of Rn18s. Data
are expressed as mean � SEM. *, P � .05; **, P � .01, vs chow-fed or control (Cont) mice; †, P � .05; ††, P � .01, vs HFD-fed or STZ mice
treated with vehicle (Veh).
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activation of the cAMP/PKA pathway in rat �-cell line,
RINm5F (9). On the other hand, via the decrease in in-
tracellular cAMP level, dopamine provokes apoptosis in
various types of neuronal and lactotrope cells (27, 28). We
recently found that �-oryzanol enhances GSIS through ac-
tivation of the cAMP/PKA pathway by suppression of do-
pamine D2 receptor signaling (C. Kozuka, S. Sunagawa,
R. Ueda, M. Higa, Y. Ohshiro, H. Tanaka, C. Shimizu-
Okabe, C. Takayama, M. Matsushita, M. Tsutsui, S.
Ishiuchi, M. Nakata, T. Yada, J. Miyazaki, S. Oyadomari,
M. Shimabukuro, and H. Masuzaki, unpublished data).
To our knowledge, the present study is the first demon-
stration that �-oryzanol directly improves the survival and
function of murine pancreatic islets in a similar manner to
GLP-1. Experiments to explore the potential target mol-
ecule for �-oryzanol are underway in our laboratory.

The present study unveiled the enigma on the molecular
mechanism whereby �-oryzanol protects pancreatic islets
in a diabetic status. Because the phenotype of ER stress-
based genetic models of diabetes such as Akita mice is
extremely severe (29, 30), we used HFD- and STZ-induced
diabetic mice. We think it critical to assess the impact of
�-oryzanol on glucose metabolism in models relevant to
life style-related human diseases. Our novel findings that
�-oryzanol acts as a potent ER stress eraser in pancreatic
�-cells may open a fresh avenue for natural food-based
approaches toward the prevention and treatment of type
2 diabetes in humans.
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Abstract
　Glioblastoma cells release and exploit glutamate for proliferation and migration by autocrine or paracrine loops 
through Ca2+-permeable・-amino-3-hydroxy-5-methyl-4-isoxazolepropionate -type glutamate receptors (CP-AMPAR). 
Here we show the molecular mechanism behind glioblastoma cells expressing CP-AMPAR, and refer to its role for 
gliomagenesis.

Key words : calcium-permeable AMPA type glutamate receptor, glioblastoma, invasive growth behavior, gliomagenesis
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はじめに
　
　グルタミン酸は、ヒトの認知、知覚、記憶および学習な
ど興奮性シナプス伝達に関与する重要な興奮性伝達物質
である。一方、脳虚血、外傷、てんかん、神経変性・代
謝疾患など中枢系の様々な疾患において、細胞外に過剰
放出されたグルタミン酸は、興奮毒性という共通の現象を
引き起こし病勢の根幹に関与することが古くから知られて
いる。これらの現象の背景に重要な役割を果すのがグルタ
ミン酸受容体の中のイオンチャネル型受容体（ionotropic 
glutamate receptor; iGluR）に分類されるNMDA（N-methyl-
D-aspartic acid）型 と AMPA（α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate）型受容体である。NMDA
型受容体を介するカルシウムの急速な細胞内流入が病態
生理としてよく知られている一方で AMPA 型グルタミン
酸受容体は一般的に不透過型として理解されてきた。近年、
カルシウム透過性（calcium permeable）AMPA（CP-AMPA）
型受容体の存在が認識され、このチャネルが多彩な疾患
の病態生理に重要な役割を果たす事が判明し注目されて
いる。本稿では脳腫瘍ことに神経膠芽腫における役割に
ついて概説する。

グルタミン酸受容体

１）グルタミン酸受容体の分類
　グルタミン酸受容体は、イオンチャネル型受容体

（ionotropic glutamate receptor; iGluR）と代謝調節型受
容体（metabotropic glutamate receptor; mGluR）の２種
類に大別される。イオンチャンネル型受容体（iGluR）は
さらにアゴニスト特異性により、NMDA 型、AMPA 型
とカイニン酸型の３つのサブタイプに分類され、リガン
ドが同定されていない Orphan 型もその分子構造の相同
性からこの中に入る。AMPA 型受容体は GluA1-4 の４
つのサブユニットから形成され、受容体はこれらのサブ
ユニットの単独または様々な組み合わせからなる４量体
で形成されている。カルシウム透過性という機能的観点
からは GRIA2 遺伝子にコードされる GluA2 サブユニッ
トの発現の有無が重要である。すなわち、GluA2 発現
の無い場合は、カルシウム透過性を示し、逆に GluA2
が発現しているとカルシウム不透過性となる。GluA2
の変異体は GluA2（Q）と呼ばれている。野生型または編
集型 GluA2 はイオン透過性に関わる細胞膜の M2 部（Q/
R 部位）がアルギニンで陽性に帯電しているため細胞外
のカルシウムをほとんど通さないが、変異型または未編
集型 GluA2（Q）はグルタミンで中性であるために、陽イ
オンであるカルシウムとは反撥せずチャネルは強いカル
シウム透過性を示すことになる（Table. 1）。AMPA 型
受容体のチャネルの透過性を考える上で GRIA1 遺伝子
にコードされる GluA1 受容体の細胞膜への trafficking
機構も重要である。これは cGMP-dependent kinase II 
（cGKII）依存性に GluA1 のリン酸化が促進されることに
より生じる。

Amino acid sequences of the M2 segments of 
AMPA receptor subunits.

GluA1 NE-FGIFNSLWFSLGAFMQQGC-DIS
GluA2 NE-FGIFNSLWFSLGAFMRQGC-DIS
GluA3 NE-FGIFNSLWFSLGAFMQQGC-DIS
GluA4 NE-FGIFNSLWFSLGAFMQQGC-DIS

Q/R site

Table 

Table. 1   The size of four AMPA receptor subunits including GluA1,GluA2, GluA3, and GluA4 are similar in 
approximate 900 amino acids, and they share high amino acid sequence identity. Importantly, receptor 
permeability for calcium is depend upon a transmembrane portion of the AMPA receptor GluA2 subunit 
called Q/Rsite.  A glutamine residue （Q; CGA） in M2 is encoded in the genes for GluRA1, A3, and GluA4, 
however, GluA2 contains an arginine （R; CGG） at this position termed the Q/R site indicating by voxel in 
the figure. This codon change due to the adenosine （A）-to-guanosine （G） alteration is generated by site-
directed nuclear RNA editing, and mature brain contained abundant edited form of GluA2, and the 
unedited immature GluA2,namely GluA2（Q） was present in fetal brain. A point mutagenesis at the Q/R 
site from guanosine （G）-to-adenosine （A） transformed GluA2（R） to GluA2（Q）, which in contrast induces 
high calcium permeability.
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　以上まとめると従来カルシウム透過性を示すイオン型
グルタミン酸受容体はもっぱら NMDA 型受容体と考え
られ AMPA 型受容体は不透過とされてきたがカルシウ
ム透過性を示す CP-AMPA 型受容体の存在が近年確認
された。その分子機構として 1）GRIA2 遺伝子のサイレ
ンシングによる GluA2 発現が欠落した場合 2）mRNA 翻
訳機構の異常から GluA2（Q）が発現する場合 3）GluA1
の細胞膜への trafficking が促進された場合の 3 型が認
められる。CP-AMPA 型受容体と脳腫瘍ことに神経膠
芽腫との関連について次項で述べてみたい。
　
２） 脳腫瘍細胞での発現様式とその機能
　1990 年代から、新鮮な手術摘出腫瘍より準備された
初代培養系においてグルタミン酸やカイニン酸の投与に
より電気生理学的応答や細胞内カルシウムの上昇の現象
が捉えられ 1）、これらの応答は AMPA 型グルタミン酸
受容体の拮抗薬 CNQX により抑制されるという知見が
報告された。2001 年には神経細胞に豊富に認められる
NMDA 受容体遺伝子サブユニット NR1、NR2A、NR2B、
NR2C や AMPA 型受容体 GluA2 サブユニットは神経膠
芽腫においては、神経細胞に比較して著しくその発現が
低下しているという報告がなされた 2）。2002 年に著者
らは、手術にて摘出した腫瘍細胞の初代培養とその樹立
株の解析から AMPA 型グルタミン酸受容体が神経膠芽
腫に発現していることを報告した 3）。解析した 16 例中
12 例症例で GluA2 の蛋白発現がないこと、またカルシ
ウム測光による解析から腫瘍細胞は 100μM の AMPA 
agonist にて細胞内カルシウムの上昇を認め AMPA 型
受容体拮抗薬 NBQX でこの反応が完全に遮断される事
から機能的にカルシウム透過性であることを示した。ま
た独自に樹立したヒトグリオーマ細胞を用いた in vitro
および in vivo 疾患モデルにおいて、編集型 GluA2 の強
制導入により腫瘍の移動性と増殖性が阻害され、逆に変
異型 GluA2（Q）を強制発現させると遊走性の亢進と細胞
死の抑制が認められたことより、このチャネルを介する
カルシウムの流入によって引き起こされる緩徐な細胞内
カルシウムの上昇が腫瘍細胞の浸潤と増殖に関与してい
ることをはじめて明らかにした（Fig. 1 & Fig. 2）。16 症
例中 4 例、2 割の症例で mRNA レベルでの未編集型と
編集型の共発現が見られた。このように神経膠腫細胞が
発現する AMPA 型受容体は GluA2 サブユニットを欠く
ものと、GluA2 の変異体 GluA2（Q）を発現するもの 4）と
がありいずれもその受容体の機能はカルシウム透過型で
ある。さらに摘出腫瘍から培養され樹立された培養株で
は GluA2 が消失し GluA1 の発現が有意となる。これは
bFGF（basic fibroblast growth factor）や PDGF（platelet 

derived growth factor） な ど の 様 々 な environmental 
cue により GluA1 の trafficking が促進された事による
と考えられている。
　

神経膠芽腫の浸潤性増殖に対する
治療への応用

　
１） グルタミン酸 / カルシウム透過性 AMPA 型受容体

/Akt シグナリング
　グリオーマに対する分子標的治療としては上皮増殖因
子受容体（EGFR）5）、血管内皮増殖因子（VEGF）、血小
板増殖因子受容体（PDGFR）6） などに対する拮抗薬や中
和抗体が臨床応用されている7）。成長因子（GF）を介する
チロシンキナーゼの活性化は最終的には Akt のリン酸
化を促進する 8）, 9）, 10）。分子標的剤は成長因子（GF）を介
するチロシンキナーゼの活性化を抑制することにより
Akt の脱リン酸化を目指すものである。神経膠芽腫細胞
に発現するカルシウム透過性 AMPA 型グルタミン酸受
容体は、Akt のリン酸化に関与し glutamate-AMPA 受
容体 -Akt pathway を通じて新たな増殖と浸潤を促進す
る 11）。 神 経 膠 芽 腫 で は、EGFR か ら の シ グ ナ ル が
phosphatidylinositol-3-OH kinase （PI3K） を 活 性 化 し
phosphatidylinositol（ 4 , 5 ）- biphosphate（ P I P 2 ） は
phosphatidylinositol（3,4,5）-triphosphate（PIP3） に 変 換
され、phosphatase/tensin homolog on chromosome 10
（PTEN）欠失がさらにこの変換を促進する 12）, 13）, 14）, 15）。
PIP3 は Akt をリン酸化する。Akt のリン酸化は kinase 
domain に あ る Thr-308 と C-terminal regulatory 
alignment の Ser-473 部位により制御され、それぞれ
PDK-1、PDK-2 16）がそのリン酸化にかかわる。神経膠
芽腫では、通常 PDK-1 は常時リン酸化されており、
GF-PI3K-PDK1-Akt signaling はグリオーマの浸潤性
増殖に関与している。PI3K 阻害剤である wortmannin
や LY294002 を高濃度で投与すると Akt のリン酸化は
抑制される。著者らは高濃度の PI3K 阻害剤下でも、
AMPA 受容体を刺激すると Akt のリン酸化が認められ
る こ と を 見 出 し、glutamate-AMPA 型 受 容 体 -Akt 
pathway という新たな cascade を突き止めた。この
pathway は現在分子標的の主たる対象となっている
tyrosine kinase を介する PI3K-PDK117）を介して Akt を
活性化する経路の側副路と考えている。tyrosine kinase
を標的とした各種拮抗薬を用いた治療では短期間で大多
数の症例で治療不応、薬剤耐性が認められ 18）、その一
因を説明するものと思われる。実際に AMPA 型受容体
に対する拮抗薬 YM872 と増殖因子 PDGFR, c-kit に対
す る 拮 抗 薬 AG1296 を 併 用 し て 使 用 す る と ヒ ト
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glioblastoma の動物モデルで効果的に増殖抑制が達成さ
れた 19）。
　
２）グルタミン酸産生の機序
　神経伝達物質であるグルタミン酸は神経細胞のシナプ
ス前極から分泌され、シナプス後極のグルタミン酸受容
体を興奮させる。余剰のグルタミン酸は先に述べたよう
に強い興奮毒性をもたらすため、正常星細胞のグルタミ

ン酸トランスポーターによって厳密に排除される。実際
グリオーマ細胞はグルタミンからグルタミン酸を de 
novo で産生する事が出来る。樹立培養株では、グルタ
ミン酸を透析することでグルタミンおよびグルタミン酸
を含まない培養液中で発育させると、数日で培養液中の
グルタミン酸とグルタミンはともに 100μM 以上の濃度
に達する 11）。またアミノ酸がなくともブドウ糖があれ
ば TCA サイクルを回してグルタミン酸を産生すること

Fig. 1   Effects of manipulation of AMPA receptors on tumor growth.  a, Effects of various treatments on 
growth rate of tumors grafted into the subcutaneous tissue of nude mice:  injection of PBS （vehicle 
as control for application of YM872, a non-competitive AMPAR antagonist,  inverted triangles）; 
expression of GluA2（Q） （open squares）;  injection of AxCALNLGluA2 without AxCANCre 
（vector as control for expression of GluA2 and GluA2（Q）, filled circles）; expression of GluA2（Q） 
plus application of YM872 （open triangles）; expression of GluA2 （filled diamonds）; application of 
YM872 （filled squares）; and expression of GluA2 plus application of YM872 （filled triangles）.  For 
each treatment, 12 animals were used.  Each plot represents the mean ± s.e.m. （n = 12） of the 
tumor volume.  b, Plots of tumor volumes measured 22 days after inoculation.  For each treatment, 
raw data obtained from 12 animals are plotted.  * indicates significant difference at p<0.001 relative 
to control （either vehicle or vector）.  c-f, Histology of tumor tissues treated with the vehicle （c） 
and YM872 （d）, and of those to which the GluR2 gene was delivered （e, f）.  c, d and e, HE 
staining.  f, Immunostaining with anti-GluA2 antibody.  g-h, HE staining （g） and immunostaining 
with anti-GluA2 antibody （h） in tumor tissues to which the GluA2（Q） gene was delivered.  i, HE 
staining of tumor tissues expressing GluA2（Q） and treated with YM872.  j,  HE staining of tumor 
tissues expressing GluA2 and treated with YM872.  The tissues in c-j were taken 22 days after 
tumor inoculation.  Scale bar in j 50 μm for c-j. Note in a ＆ b, GluR2 equally means GluA2.
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ができる。細胞外シスチンを投与すると細胞外グルタミ
ン酸濃度が上昇する事から腫瘍細胞膜に存在するシスチ
ン・グルタミン酸エクスチェンジャーの関与も指摘され
ている 20）。このチャネルの拮抗薬は潰瘍性大腸炎やク
ローン病の治療薬であるサラゾピリンであり、脳腫瘍動
物モデルで抗腫瘍効果が確認されている 21）。Glutamate 
transporter 1（GLT1）22）や excitatory amino acid 
transporter 2（EAAT-2）23） などのグルタミン酸トラン
スポーターの発現低下が悪性度の高いグリオーマでは認
められており、細胞外グルタミン酸の過剰状態に拍車を

かけることになる。実験的に GLT1 や EAAT-2 を強制
発現させると腫瘍増殖が抑制される。以上より、グリオ
ーマ細胞は細胞外にグルタミン酸を放出して周囲の脳組
織を興奮性神経細胞死させることで空間拡大に利用する
だけでなく、グルタミン酸をリガンドとして自ら受容体
を賦活化しオートクラインおよびパラクラインに増殖と
浸潤に悪用する事で浸潤性増殖を促進することが判明し
た 11）。神経細胞体の中には mM 単位のグルタミン酸が
存在するため興奮性神経細胞死に陥った細胞から細胞外
にこぼれ落ちるグルタミン酸を利用してグリオーマはさ

a b

d f

e g

c V

V

Figure 2

Fig. 2   Effects of GluA2 expression on tumor transplantation.  a-c, Histopathology of the tumor formed 
by transplantation of cultured glioblastoma cells into the nude mouse.  The tumor was 
characterized by pleomorphism （a）, necrosis with pseudopalisading （b）, and microvascular 
proliferation （c）. ‘v’ indicates tumor vessels （HE staining）.  d, Tumor formation at 9 days after 
transplantation of 2 × 105 cultured glioblastoma cells into the subcortical area of the nude 
mouse cerebrum.  The cultured cells had been infected with AxCAGFP and AxCALNLGluA2 
each at MOI 5 for expression of GFP （green） two days before transplantation, and stained by 
PI（red）. e, Higher magnification view of the boxed area in d. f, Cells at 14 days after 
transplantation of 2 × 105 cultured glioblastoma cells.  The cultured cells had been infected with 
AxCAGFP and AxCALNLGluR2 together with AxCANCre each at MOI 5 for expression of 
both GFP and GluR2 two days before transplantation.  g, Higher magnification view of the boxed 
area in f.  Note apoptotic nuclear morphology caused by expression of GluR2.  Scale bar in g 
represents 50μm for a, e and g, 100μm for b, 75μm for c, 1500μm for d, and 1000μm for f. 
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らに脳深部へと浸潤する。最近 , シナプス間隙から分泌
される Neuroligin-3 も PI3-K-mTOR を活性化すること
で glutamate 同様にグリオーマの増殖を促進することが
報告されている 24）。

発生母細胞に関する研究
　
　以上概説したように、我々はイオン共役型グルタミン
酸受容体の一つであるカルシウム透過性 AMPA 型受容
体が悪性神経膠腫の増殖と遊走に重要な役割を担うこと
を解明してきた 3）, 11）, 25） 。最終項では、グリオーマの発
生母細胞及び gliomagenesis に関する我々の仮説に言及
したい。悪性グリオーマの発生母細胞に関しては文献的
に神経幹細胞およびグリア前駆細胞が提示されている。
神経幹細胞からがん幹細胞への逸脱を惹起する最初の分
子メカニズムの正体が何かが解明されれば根治療法の樹
立につながるはずである。先に述べた AMPA 型受容体
のカルシウム透過性に重要な役割を担う GluA2 受容体
は 正 常 細 胞 で は 胎 生 初 期 に RNA editing に よ り
CAG:glutamine（Q）codon が CGG:arginine（R）codon に
変化することで受容体膜様部（Q/R site）における中性の
グルタミンから陽電荷のアルギニンへの変換により同じ
く陽イオンを有するカルシウムを不透過にさせるという
分子機構により制御されていることを述べた。すなわち
正常細胞では胎生初期には未編集型 GluA2Q であるが
誕生後には RNA editing により全て GluA2R の翻訳型
となるわけである。またヒト生検材料を用いた解析から
は神経膠芽腫がカルシウム透過性を獲得する分子機構に
ついては GluA2（Q）を保有するものが 2 割、残り 8 割は
GRIA2 の pre-mRNA level での epigenetic なサイレン
シングにより GluA2 を欠く AMPA 受容体が形成される
場合である。これ等の変化は腫瘍内で起こるわけである
が、腫瘍の階層的構築を考慮すると、本来カルシウム不
透過型の AMPA 型受容体を有する正常神経幹細胞が機
能的な変容を引き起こし CP-AMPA 型に改変する事で
増殖と遊走の亢進を来たした細胞群がグリオーマ幹細胞
ではないかと思われる。さらにこの GluA2 のサイレン
シングの機序に関しては REST（Repressor element-1 
silencing transcription factor）が重要である。REST は
同時にミトコンドリアの電子輸送に重要な cytochrome 
C oxidase が GRIA2 同様に抑制される事が判明してい
る 26）。エネルギー代謝経路とグルタミン酸受容体遺伝
子双方に共通の repressor の同定は発生母細胞レベルに
おけるがん化のメカニズムの理解を促進し今後根本治療
の理論的背景の形成につながる可能性を秘めており大変
興味深い。

終わりに
　
　AMPA 受容体拮抗薬は、てんかん、パーキンソン病
などの神経疾患ですでに臨床治験が施行されているので
安全性が確認されている薬剤が複数存在し臨床応用が可
能である。実際 AMPA 型受容体拮抗薬は前臨床試験で
抗腫瘍効果を持つことが判明しており3）, 11）、神経膠芽腫
治療剤として有望であることが認識され、より安全性が
高く治療効果の高い薬剤の開発と臨床治験が行われた。
AMPA 型受容体拮抗剤はその構造によりキノキサリン
ジ オ ン 型（YM872,　NBQX）27）、 ピ リ ド チ ア ジ ン 型
（YM928）28）、 ベ ン ゾ ジ ア ゼ ピ ン 型（GYKI52466,　
Talampanel）29）の 3 系統に分類される。グリオーマに対
する抗腫瘍効果は著者らの研究開発からいずれの系統の
薬剤でも同等の薬効が確認されている。AMPA 型受容
体拮抗薬はまた、競合的拮抗薬と非競合的拮抗薬に分類
される。前者では、作用時間が短く多量なグルタミン酸
の存在するところでは薬効が低下する。悪性度の高いグ
リオーマでは、特に浸潤最先端部では、グリオーマ細胞
から直接放出されるグルタミン酸と細胞死に陥った神経
細胞より漏れ出す過剰なグルタミン酸が高濃度に認めら
れることから、非競合的拮抗薬が浸潤機構の病態生理を
考えると有利である。より合理的に CP-AMPA 型受容
体を選択的に拮抗する化合物もあるが毒性や安全性から
臨床治験にはあがってきておらず現時点での実用化は成
功していない。経口非競合的拮抗薬タランパネルについ
ては米国にて 2005 年 12 月から 2007 年 7 月に登録され
た 72 例の初発神経膠芽腫患者に対して多施設共同によ
る第 2 相試験が行われた 30）。症例は、平均年齢 60 歳（37
歳 -85 歳）で 70 歳以上が 17% と高齢者が多く、平均
KPS 90（70-100）、生検のみの症例が 23% 含まれている
にも拘らず平均生存中央値は 17.9 ヶ月、比較対照群で
は 14.6 ヶ月と良好な生存期間の延長をもたらした。現
行の悪性グリオーマの標準治療剤はいずれもがん幹細胞
から派生する多様な clonal progeny を攻撃対象とする
薬剤が用いられているが今後はがん幹細胞自体を標的に
する、さらに踏み込んで正常幹細胞からがん幹細胞への
逸脱を予防する治療剤の創出も望まれる。
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