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緒言 

てんかんは世界で 5 億人が罹患していると推測される最も一般的な脳神経疾患のひと

つである(Beghi et al., 2019)。てんかんは海馬や大脳皮質を含む大脳の神経細胞の過剰

な興奮によって引き起こされ、繰り返しのけいれん発作や意識消失を特徴とする(Bozzi 

et al., 2018)。正常な脳では神経細胞の興奮/抑制のバランスが興奮性のグルタミン酸や

抑制性の GABA によって制御されている。遺伝学的研究により様々な遺伝子がてんか

ん関連遺伝子として同定された(Thomas and Berkovic, 2014; Magalhães et al., 2019)。

グルタミン酸トランスポーター１やグルコーストランスポーター１（GLUT1）はてん

かん原因遺伝子として知られており、変異による機能低下により脳の過剰な興奮を引き

起こす(Mattison et al., 2018; Koch and Weber, 2019)。しかしながらてんかんが起こる

メカニズムは完全には解明されていない。てんかん患者の 20％は抗てんかん薬により

発作をコントロールできない治療抵抗性である(Picot et al., 2008)。てんかんのコント

ロール不良は日常生活の制限や寿命の短縮などを起こすことから(Tian et al., 2018)、

さらなるメカニズムの解明が望まれている。 

Organic cation/carnitine transporter OCTN1(SLC22A4)は脳、腎、小腸など多様な

臓器に発現し(Tamai et al., 1997, 2000)、種々の有機カチオンや両性化合物を輸送する。

OCTN1 は薬に加えて、food-derived compound である ergothioneine（ERGO）や

stachydrine, endogenous 化合物である acetylcholine、spermine、carnitine を輸送す

る(Peltekova et al., 2004; Gründemann et al., 2005; Grigat et al., 2007; Urban et al., 
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2008; Kato et al., 2010; Pochini et al., 2012a, 2012b; Drenberg et al., 2017; Masuo et 

al., 2018)。その中で ERGO は、野生型マウス(wild-type)の血液や臓器中で µM から sub 

mM のレベルで存在する一方、octn1 遺伝子欠損マウス(Octn1-/-)では脳を含むほとんど

の組織中で検出限界以下となることから、in vivo で OCTN1 の基質として輸送される

ことが示唆されている(Kato et al., 2010)。脳において OCTN1 は神経幹細胞や神経細

胞、ミクログリアに発現し、神経分化や神経成熟、ミクログリアの活性化抑制に関与し

ていることが示唆されている(Nakamichi et al., 2012; Ishimoto et al., 2014, 2018)。一

方で基質となる ERGO は、抗うつ薬様作用、睡眠異常の改善、社交性の改善や、正常

マウスとアルツハイマー病モデルマウスでの認知機能向上に働く(Yang et al., 2012; 

Song et al., 2014; Nakamichi et al., 2016, 2020; Matsuda et al., 2020)。OCTN1 と同

じSLC22Aファミリーに属するOCT 2やOCT3の機能異常は不安行動や強迫性障害な

どの精神神経疾患に関与することが報告されている(Wultsch et al., 2009; Nina et al., 

2011)。しかしながら OCTN1 が脳でのどのような病態生理学的意義をもつのかは未解

明である。 

酸化ストレスはてんかんの発症や増悪に関与することが知られており(Pearson-smith 

and Patel, 2017)、抗酸化物質であるαトコフェノールやメラトニンは抗けいれん作用

を示す(Freitas, 2010; Banach et al., 2011)。OCTN1 の in vivo 基質 である ERGO は

抗酸化物質である。また OCTN1 の基質となるスペルミンやカルニチンには抗けいれん
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作用があり(Kumar and Kumar, 2017; Hussein et al., 2018)、同じく基質となるアセチ

ルコリンの受容体の異常は常染色体優性夜間前頭葉てんかんを起こす(Becchetti et al., 

2015)。したがって OCTN1 は、これらの基質の脳内濃度の制御を介して、てんかんの

発症や増悪に関与する可能性があると考えた。しかしながら OCTN1 とてんかんの関与

は明らかになっていない。 

そこで本研究は、OCTN1 がてんかん発作にどのような影響を及ぼすのかを解明するこ

とを目指し、てんかんモデルマウスにおける OCTN1 の役割解明を目的とした。まず、

wild-type と Octn1-/- で GABA 受容体アンタゴニストである pentylenetetrazole（PTZ）

投与によりてんかんモデルを作製し、けいれんを評価したところ、Octn1-/- マウスで

はけいれんが抑制された。そこでそのメカニズムを解明するため untargeted 

metabolomics の手法を用いて OCTN1 基質の探索を行った。その結果、食物に含まれ

る化合物である homostachydrine が新規 OCTN1 基質として同定されたため、

homostachydrine が PTZ 誘発性けいれんに与える影響を調べた。最後に OCTN1 の基

質かつ阻害剤であるERGOの投与が長期PTZ投与によるけいれんに影響を与えるか評

価した。  
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方法 

Materials 

PTZ は Sigma–Aldrich Inc. (St. Louis, MO)から購入した。ERGO と d9-ERGO はそれ

ぞれ雪国まいたけ（南魚沼、日本）の田中昭弘博士と TETRAHEDRON (Paris, France)

の Dr. Jean-Claude Yadan から提供された。他のすべての試薬は市販特級試薬を用い

た。 

 

動物 

Octn1-/-マウスは、C57BL/6J wild-type マウスとのバッククロスを 6 回以上行ったマ

ウスを実験に用いた(Ishimoto et al., 2018)。WT マウスは三協ラボから購入もしくは金

沢大学学際科学実験センター実験動物研究施設で繁殖、飼育されたものを用いた。

Octn1-/-マウスは、金沢大学学際科学実験センター実験動物研究施設で繁殖、飼育され

たものを用いた。特に記載がない場合、8 から 9 週齢のマウスを実験に用いた。生後

3-4 週目に離乳し、離乳後のマウスはすべて標準食で飼育され、水及び食餌は自由に与

えられた。動物実験は金沢大学動物実験指針に従って実施した。 

 

PTZ 急性けいれんモデルの作製 

Wild-type と Octn1-/- に 35、40、50 mg/kg の PTZ を腹腔内投与した。PTZ は投与直
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前に生理食塩水に溶解して用いた。投与後、マウスは個別にプラスチックケージにいれ、

20 分間けいれん行動を観察した。けいれんのレベルは Mizoguchi らの論文(Mizoguchi 

et al., 2011)を modify して作製したクライテリアに従いスコア化し、20 分間で見られ

た 1 番高いスコアを記録した。ここで、Stage0: No behavioral change、Stage1: 

Hypoactivity and immobility、 Stage2: Two or more isolated, myoclonic jerks、

Stage3: Generalized clonic convulsions with preservation of righting reflex、Stage4: 

Generalized or tonic-clonic seuzire with loss of righting reflex、Stage5: Death と定義

した。 2 回の投与後、PCR 測定用サンプルに 2 時間後、ELISA 測定用サンプルに 4

時間後に海馬を回収し、測定に使用するまで-80℃で保管した。Homostachydrine の

PTZ 急性けいれんに与える影響を調べる実験では、PTZ 投与の 4 時間前に麻酔下で静

脈内から homostachydrine を投与した。20 分の観察後、血漿と海馬、大脳皮質前部を

回収し、PCR と homostachydrine 濃度測定に用いた。 

 

Real-time PCR 

回収された海馬もしくは大脳皮質前部から total RNA を抽出した。視床下部より前の

大脳皮質を大脳皮質前部とした。Total RNA は標準的な ISOGEN(NIPPON GENE, 

Tokyo, Japan)もしくは RNAiso-plus(TAKARA BIO, Shiga, Japan)のプロトコルにし

たがい抽出した。cDNA は RiverTra Ace qPCR RT master mix with gDNA remover 
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(TOYOBO, Osaka, Japan) により作製し、cDNA テンプレートと各プライマー、

THUNDERBIRD SYBR qPCR Mix (TOYOBO, Osaka, Japan)を加えて Mx3005P 

(Agilent Technologies, Santa Clara, CA)で増幅させた。プライマー配列は以下の通り

（ c-fos forward, GGGACAGCCTTTCCTACTACC and reverse, 

TTGGCACTAGAGACGGACAG; Arc forward, GAGTTCTTAGCCTGTTCGGA and 

reverse, GCTCGGCACTTACCAATCT; Egr1 forward, 

AGCCTTCGCTCACTCCACTATCC and reverse, 

GCGGCTGGGTTTGATGAGTTGG; Bdnf forward, GCGGCAGATAAAAAGACTGC 

and reverse, TCAGTTGGCCTTTGGATACC; Ngf forward, 

TCTATACTGGCCGCAGTGAG and reverse, GGACATTGCTATCTGTGTACGG; 

Nt-3 forward, GGAGGAAACGCTATGCAGAA and reverse, 

GTCACCCACAGGCTCTCACT; 36B4 forward, ACTGGTCTAGGACCCGAGAAG 

and reverse, TCCCACCTTGTCTCCAGTCT）。 PCR の反応条件は以下の通り（95 °

C、15 分 → (95 °C、10 秒 → 60 °C、30 秒) x 40 サイクル）。mRNA 発現量は、

相対定量の⊿⊿Ct 法を用いて定量した。相対定量では、ハウスキーピング遺伝子であ

る acidic ribosomal phosphoprotein P0 (36B4)によって補正を行った。 

 

ELISA による BDNF タンパク質濃度の測定 
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PTZ を 2 回目に投与 4 時間後に wild-type と Octn1-/- の海馬を摘出し、測定まで-80℃

で保管した。10 mg の海馬に対して 100 μL の extraction buffer（50 mmol/L 酢酸ア

ンモニウム、1 mol/L NaCl、0.1 %  Triton X-100 を酢酸で pH 4.0 に調整）を加え、

懸濁液を氷上でソニケーション（Handy Sonic UR20-P 、TOMMY SEIKO、Japan）

を組織破片が目で確認できなくなるまで行った後、21,500 g で 30 分間、遠心した。上

清を Mature BDNF Rapid ELISA Kit（Biosensis, Thebarton, South Australia, 

Australia）を用いてキットプロトコルに基づいて BDNF 濃度を定量した。 

 

LC-QTOFMS による untargeted metabolomics 

7 週齢の Wild-type と Octn1-/-を 1 週間同一ケージで飼育した後、血漿を回収し、海馬

と大脳皮質前部を摘出し-80℃で保管した。大脳皮質の視床下部より前の部分を大脳皮

質前部とした。組織を秤量し海馬 10 mg あたり 60 µL、大脳皮質前部 10 mg あたり 50 

µL の IS を溶かしたメタノールを加えた後、ジルコニアシリカビーズ  1.2 ㎜

（Biomedical Science, Tokyo, Japan）を入れ、ビーズ式 homogenizer（Precellys 24 

homogenizer, Bertin Technologies, Montigny-le-Bretonneux, France）を用い、6,500 

rpm で 90 秒（30 秒×3 回、インターバル 30 秒）かけて homogenize した。血漿は

100 µL に対して 500 µL の IS を溶かしたメタノールを加えて vortex した。これらを

21,500 g で 10 分間遠心した上清 30 µL に 120 µL のアセトニトリルを加えた。21,500 
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g で 10 分間遠心した上清を LC-QTOFMS の測定に用いた。候補化合物の検出には、

Waters ACQUITY Arc-System と Xevo G2 TOF (Waters, Milford, MA)を接続した装

置を使った。移動相は(A) 0.1% formic acid, 10 mM CH3COONH4 in 80% H2O/20% 

AcCN (B) 0.1% formic acid, 10 mM CH3COONH4 in 5% H2O/95% AcCN を使用した。

流速は 0.4 µL/min で行なった。グラジエントは以下の通り（0-0.5min, 1% A/99% B; 

0.5-6.5min, 1% A/99% B to 50% A/50% B; 6.5-7.5 min, 50% A/50% B to 70% A/30% B; 

7.5-8.5 min, 70% A/30% B; 8.5-9.0 min, 70% A/30% B to 1% A/99% B; 9.0-13.5 min, 

1% A/99% B）。カラムは ACQUITY UPLC® BEH Amide (1.7 µm particle size, 2.1 mm 

I.D.×100 mm; Waters, Milford, MA)、カラム温度は 50℃、ポジティブモードで測定を

行った。スキャンレンジは m/z 50~600 とした。 

 

Untargeted metabolomics データからのピークピッキングと候補化合物の絞り込み 

測定データからの自動ピーク検出は、 MS システムの制御ソフトである

MassLynx(Waters, Milford, MA)を用いて行った。MassLynx のメタボロミクス用オ

プションアプリケーションマネージャである MarkerLynx で解析を行った。解析時の

ピーク強度の閾値は以下の様に設定した（海馬:2,000、大脳皮質前部：1,700、血漿：

400）。シグナル強度が 1 未満、それぞれのグループで 4/6 未満のサンプルにしか検出さ

れないピークはノイズとして除いた。ピーク高さを内部標準物質（gabapentin）で補
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正した。Wild-type と Octn1-/- でピーク高さの平均値を算出し、Octn1-/- のピーク高

さの平均値が wild-type に対して 1/2 倍以下か 2 倍以上に変動したピークを選び、その

中から有意な差が見られたもののみを選んだ。最後にピーク形状を目視で確認し、形状

が悪いものは除いた。LC-QTOFMS 測定で得られた parent ion の精密質量を用いて、

データベース METLIN (https://metlin.scripps.edu)と HMDB(http://www.hmdb.ca/)

を検索することにより、候補化合物の同定を試みた。 

 

Homostachydrine の合成 

Homostachydrine と d-homostachydrine は過去の報告に従い(Servillo et al., 2012)、

ピペコリン酸からヨードメタンもしくは重水素ヨードメタンと KHCO3 で処理するこ

とにより合成した。合成されたhomostachydrineは 1H-NMRとelectrospray ionization 

mass spectrometry (m/z = 157)により確認した。合成された d-homostachydrine は

1H-NMR により確認した。 

 

Product ion scan 

Wild-type 血漿サンプルと合成した homostachydrine 標品について、Nexera X2 LC 

system を接続した LCMS-8040(Shimadzu, Kyoto, Japan)を用いて product ion scan

を行った。カラムは ACQUITY UPLC® BEH Amide (1.7 µm particle size, 2.1 mm 
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I.D.×100 mm; Waters, Milford, MA)、移動相は (A) 0.1% formic acid, 10 mM 

CH3COONH4 in 80% H2O, 20% AcCN、(B)  0.1% formic acid, 10 mM CH3COONH4 

in 5% H2O, 95% AcCN を 0.4 µL/min で流した。グラジエントは以下の通り（0 to 

0.5min, 1% A/99% B; 0.5 to 3.5min, 1% A/99% B to 15% A/85% B; 3.5 to 4.5 min, 15% 

A/85% B to 35% A/65% B; 4.5 to 4.8min, 35% A/65% B to 60% A/40% B; 4.8 to 5.8min, 

60% A/40% B; 5.8 to 6.0min, 60% A/40% B to 1% A/99% B; 6.0 to 8.0min, 1% A/99% 

B）。カラム温度は 50 ℃、モードは positive、parent ion は m/z 158.00、collision energy

は-10, -20, -40 V、product ion scan レンジは m/z 50-200 で行なった。 

 

MRM 測定 

Homostachydrine、homostachydrine-d の測定は Exera X2 LC system を接続した

LCMS-8040(Shimadzu, Kyoto, Japan)を用いて行った。カラムは ACQUITY UPLC® 

BEH Amide (1.7 µm particle size, 2.1 mm I.D.×100 mm; Waters, Milford, MA)。移

動相は(A) 0.1% formic acid, 10 mM CH3COONH4 in 80% H2O, 20% AcCN、(B)  0.1% 

formic acid, 10 mM CH3COONH4 in 5% H2O, 95% AcCN を 0.4 µL/min で流した。グ

ラジエントは以下の通り（0 to 0.5min, 1% A/99% B; 0.5 to 3.5min, 1% A/99% B to 15% 

A/85% B; 3.5 to 4.5min, 15% A/85% B to 35% A/65% B; 4.5 to 4.8min, 35% A/65% B 

to 60% A/40% B; 4.8 to 5.8min, 60% A/40% B; 5.8 to 6.0min, 60% / 40% B to 1% 
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A/99% B, 6.0 to 8.0min, 1% A/99% B）。ERGO-d 測定のグラジエントは以下の通り（0 

to 0.5min, 1% A/99% B, 0.5 to 1.5min, 1% A /99% B to 25% A/85% B; 1.5 to 6.3 min, 

25% A/85% B;  6.3 to 7.0 min, 25% A/85% B to 60% A /40% B; 7.0 to 8.0 min, 60% 

A/40% B; 8.0 to 8.2 min, 60% A/40% B to 1% A/99% B; 8.2 min to 11.5 min, 1% A/99% 

B）。 Cephalexin の測定は Exera X2 LC system を接続した LCMS-8040 を用いて行

った。カラムは a Cosmosil C18-MS-II packed column (3 mm particle size, 2.0 mm 

I.D.×50 mm; Nacalai Tesque, Kyoto, Japan)。移動相は(A) 0.1% formic acid, H2O、(B)  

0.1% formic acid,100% AcCN を 0.4 µL/min で流した。測定のグラジエントは以下の通

り（0 to 0.3 min, 99% A/1% B; 0.3 to 2.8 min, 99% A/1% B to 5% A/95% B; 2.8 to 3.4 

min, 5% A/95% B; 3.4 to 4.5 min, 5% A/95% B to 99% A/1% B）。Homostachydrine の

precursor ion は m/z 158.00、product ion は m/z 58.00。Homostachydrine-d の

precursorはm/z 164.00、product ionはm/z 64.15。ERGO-dのprecursor はm/z 239.15、

product ion は m/z 127.00。Cephalexin の precursor ion は m/z 348.00、product ion

は m/z 157.90。homostachydrine、homostachydrine-d, ERGO-ｄに対する内部標準

gabapentin の precursor ion は m/z 172.05, product ion は 154.15。Cephalexin に対

する内部標準の verapamil の precursor ion は m/z 455.20、product ion は 165.05 に設

定した。 

 



12 

 

臓器中 homostachydirine 測定 

Wild-type と Octn1-/- は一晩絶食し、血漿と各臓器を回収した。血漿、臓器サンプル

に内標の gabapentin 入りメタノールを加え、それぞれボルテックスもしくはビーズ式

homogenizer を用いて 90 秒 homogenize した。21,500 g、4 ℃で 10 分間遠心し、上

清を回収後、もう一度遠心し、上清を測定に用いた。 

 

Homostachydrine の取り込み実験 

HEK293 細胞にヒト OCTN1 遺伝子(hOCTN1)もしくはベクター(pcDNA3)のみを安定

発現させた HEK293/hOCTN1 と HEK293/mock 細胞を poly-l-lysine コートした 4 ウ

ェルディッシュに 3.8×104 cells/cm2で播種した。培地は Dulbecco’s modified Eagle’s 

medium に 10％FBS と抗生物質（ペニシリン K、ストレプトマイシン）を加えたもの

を用いた。播種から 48 時間後に培地を新しいものに交換した。播種から 72 時間後、

培地を除き、トランスポートバッファー(123 mM NaCl, 4.8 mM KCl, 5.6 mM glucose, 

1.2 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 20 mM HEPES, 4.2 mM 

NaHCO3/NaOH, pH 7.4)で wash したのち 10 分間プレインキュベーションした。時間

依存性取り込み試験では 10 µM の homostachydrine-d を含んだトランスポートバッフ

ァーを加えて反応を開始し、所定の時間に ice-cold バッファーで 3 回 wash した。濃度

依存性試験では以下の様に homostachydrine-d と homostachydrine を含んだトラン
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スポートバッファーを添加し、15 秒後に ice-cold buffer を約 7 倍容積加えることによ

り反応をストップさせたのち、速やかに細胞を ice-cold バッファーで 3 回 wash した。

薬液の組成は以下の通り（Homostachydrine-d 5 µM, homostachydrine-d 5 µM + 

homostachydrine 20 µM, homostachydrine-d 5 µM + homostachydrine 100 µM, 

homostachydrine-d 6 µM + homostachydrine 300 µM, homostachydrine-d 12 µM + 

homostachydine 600 µM, homostachydrine-d 20 µM + homostachydrine 1mM）。細胞

を乾かした後、300 µL の水とともに細胞をセルスクレーパーで回収し、ソニケーショ

ンで細胞を破壊した。サンプルは内標（gabapentin）を含んだアセトニトリルを加え

て 21,500 g、4 ℃で 10 分間遠心し、上清をもう一度遠心して上清を測定に用いた。

LSMS-8040(Shimadzu, Kyoto, Japan)を用いて homostachydrine-d を測定した。

ERGO 阻害試験では 1 µM の ERGO-d と様々な濃度の homostachydrine を含んだトラ

ンスポートバッファーで 5 分インキュベートした。LSMS-8040 で ERGO-d の細胞内濃

度を測定した。タンパク濃度はブラッドフォード法で測定した。 

 

Homostachydrine の血漿中濃度推移 

Wild-type と Octn1-/- は一晩絶食し、homostachydrine-d を静脈内、もしくは経口投

与した。一定時間後に静脈から血液を回収し、血漿を回収後、測定まで-80 ℃で保存し

た。血漿に内標を含んだメタノールを加えて 21,500g、4℃で 10 分間 遠心し、上清を
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回収後、もう一度遠心し、上清を測定に用いた。投与後 1、5、10 分のサンプルはあら

かじめ水で 10 倍に希釈してから用いた。LSMS-8040 を用いて homostachydrine-d を

測定した。血漿中濃度プロファイルから moment 解析を用いて動態パラメーターを算

出 し た 。 モ ー メ ン ト 解 析 の プ ロ グ ラ ム は

https://www.pharm.kyoto-u.ac.jp/byoyaku/Kinetics/download.html#chuui から入手

した。 

 

Homostachydrine の尿中排泄 

Wild-type と Octn1-/- を代謝ケージに入れて慣らし飼育した。24 時間後、生理食塩水

に溶解した homostachydrine-d を 1 mg/kg 静脈内投与、もしくは 3 mg/kg 経口投与

し、ただちに代謝ケージで尿の回収を始めた。実験のコントロールとして、セファレキ

シン 50 µmol/kg を homostachydrine-d と同じ薬液に溶解し投与した。尿の回収開始

後 24 時間で尿の回収チューブを交換し、さらに 24 時間後にもう一度尿を回収するこ

とで、48 時間までの尿を回収した。尿中の homostachydrine-d と cephalexin の濃度

を、LSMS-8040 を用いて測定し、回収した尿量と投与量から尿への排泄率を算出した。 

 

PTZ-induced kindling 

Wild-type と Octn1-/- に 1 日おきに 35 mg/kg の PTZ を腹腔内投与し、けいれんを観
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察した。スコアは PTZ 急性けいれんと同様とした。マウスが途中でけいれんにより死

亡した場合はそれ以降を Stage5 として扱った。ERGO が PTZ-induced kindling に与

える影響を調べるために 7 週齢の wild-type に 50 mg/kg の ERGO を毎日投与した。

ERGO 投与開始から 1 週間後に PTZ の投与を開始した。PTZ の投与中も ERGO の投

与は継続したが、ERGO 投与時のイソフルラン麻酔の影響を避けるため、PTZ 投与と

ERGO 投与が重なる日は PTZ 投与のあとに ERGO を投与した。11 回目の PTZ の投与

後、海馬と大脳皮質前部を回収した。海馬、大脳皮質前部サンプルに内標の gabapentin

入りメタノールを加え、ビーズ式 homogenizer を用いて 30 秒 homogenize した。

21,500 g、4℃で 10 分間遠心し、上清を回収後、もう一度遠心し、上清を測定に用いた。

LSMS-8040 を用いて ERGO と homostachydrine 濃度を測定した。 

 

統計 

データは平均値±標準偏差で表記した。Microsoft Excel 2010 で Student の t 検定を適

用し、統計学的に解析した。一元配置分散分析を用いてデータを分析し有意な差が得ら

れたときは、Dunnett's multiple comparison test を適用し、統計学的に解析した。生

存率の有意差検定はケプランマイヤー法を適用した。p 値が 0.05 未満を統計学的に有

意差ありとした。  
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結果 

Octn1-/- では PTZ 急性けいれんが抑制された 

OCTN1 が PTZ の急性けいれんに与える影響を調べるために、PTZ を投与後のけいれ

んを Wild-type と Octn1-/- で比較した。Wild-type ではけいれんスコアは PTZ 投与量

依存的に上昇が見られた（Fig. 1A）。一方、Octn1-/- では PTZ 40mg/kg 投与群で

wild-type に比べて有意に低いスコアを示した（Fig.1A）。50 mg/kg では Octn1-/- でも

けいれんが確認された（Fig.1A）。45 mg/kg の PTZ を 2 回投与したところ、同様に

wild-type に比べて Octn1-/- ではスコアが低かった（Fig. 1B）。PCR と ELISA のため

に PTZ を 2 回目の投与（48 時間後）のさらにそれぞれ 2 時間後、4 時間後に海馬を回

収した。 

 

Octn1-/- では PTZ 投与による c-fos、Arc、BDNF の発現上昇が抑制された 

PTZによる神経細胞の興奮を評価するため神経興奮関連遺伝子の発現を PCRで調べた。

Wild-type では PTZ 投与群で神経興奮マーカーの c-fos と細胞への刺激に応じて発現が

上昇する最初期遺伝子のひとつである Arc が有意に上昇した（Fig. 2A-B）。一方、

Octn1-/- では PTZ による c-fos, Arc の顕著な発現上昇は見られなかった（Fig. 2A-B）。

また、てんかんの発症、進行に関与すると言われている BDNF の発現を PCR(Fig. 2D)

と ELISA(Fig. 2F)で測定した。Wild-type では PTZ 投与により mRNA, タンパク質両
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方で BDNF 発現量が上昇したが、Octn1-/- では顕著な上昇が見られなかった(Fig. 2D, 

F)。なお、PTZ 1 回投与 2 時間後の c-fos、Arc、Egr1、Bdnf の mRNA 発現も測定し

たが、wild-type のばらつきが大きかったため、明確な違いは検出できなかった。 

 

Untargeted metabolomics による OCTN1 基質の探索 

OCTN1 は、基質の細胞内への取り込みに働く膜輸送体である。そこで、Octn1-/-でけ

いれんが抑制された理由として、OCTN1 が輸送し、PTZ 誘発性けいれんに関係する何

らかの生体内基質が輸送できなかったことに起因すると考え、wild-type の海馬に存在

し、Octn1-/-では低下する OCTN1 の in vivo 基質を探索するため untargeted 

metabolomics解析を行った。Wild-typeとOctn1-/-を同一ケージで１週間飼育後、海馬、

大脳皮質前部、血漿を採取し前処理後、LC-TOF/MS を用い untargeted metabolomics

を行った。ピークピッキングの結果、それぞれ、2,599、2,676、1,697 個のイオンが検

出された。ここからノイズを除去し、wild-type と Octn1-/-マウス間に有意差があり、

ピーク高さが 2 倍以上もしくは 2 分の 1 以下のものを拾ったところ、5、3、3 個のピー

クにまで絞り込まれ、さらに chromatogram でピーク形状を確認したところ十分なシ

グナル強度を有するピークをそれぞれ 4、2、2 個を選別できた。このうち m/z 158 は、

海馬、大脳皮質前部、血漿で共通して両マウス間に差のあるピークであったため、以降

の解析対象とした(Fig. 3A-C)。LC-QTOFMS 測定で得られた parent ion、product ion
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から m/z 158 は homostachydrine であると推定された。そこで、有機合成した

homostachydrine 標品と血漿を用いた product ion scan を行なったところ、少なくと

も m/z 56, 58, 70, 84 が共通 product ion として検出された（Fig. 3D,E）ことから、

m/z158 は homostachydrine であると同定された。Wild-type と Octn1-/- の血漿と各

臓器中の homostachydrine 濃度を測定したところ、小腸中部以外の部位で

homostachydrine 濃度が Octn1-/- で有意に低かった（Fig. 3F,G）。 

 

hOCTN1 を介した Homostachydrine の取り込み 

Homostachydrine が OCTN1 に よ っ て 輸 送 さ れ る か を 確 認 す る た め 、

HEK293/hOCTN1 細胞と HEK293/mock 細胞を用いて取り込み実験を行った。

hOCTN1による時間依存的なhomostachydrine-dの取り込みが見られた(Fig. 4A)。500 

µM ERGO の添加で homostachydrine の取り込みが阻害された(Fig. 4A)。また 15 秒ま

で取り込みの直線性が確認されたことから(data not shown)、取り込み時間を 15 秒と

して濃度依存性を検討した。Homostachydrine は濃度依存的だが飽和性のある取り込

みを示した(Fig. 4B)。Eadie–Hofsteeプロットによりhomostachydrine取り込みのKm, 

Vmax を算出したところ、それぞれ 236 µM, 102 nmol/mg protein/min となった。

Homostachydrine による OCTN1 輸送の阻害効果を評価するために、ERGO-d に様々

な濃度の homostachydrine を添加して取り込み試験を行った。Homostachydrine は
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ERGO-d に対して弱い阻害を示した(Fig. 4C)。 

 

Homostachydrine の体内動態に及ぼす OCTN1 の影響 

OCTN1のhomostachydrine体内動態における役割を調べるため、wild-typeとOctn1-/- 

に homostachydrine-d を静脈内または経口投与し、血漿中濃度推移を比較した。静脈

内投与では投与後 1 分、5 分、10 分では Octn1-/- の方が wild-type に比べて高い血中

濃度を示したが、Octn1-/- では投与後 4 時間以降は速やかな消失が見られた(Fig. 5A)。

経口投与では投与後 6 時間以降 Octn1-/- では wild-type に比べて homostachydrine-d

は速やかに消失した(Fig. 5B)。投与後 24 時間では homostachydrine-d は定量限界以下

であった。Moment 解析により動態パラメーターを算出した（Table 1）。静脈内投与の

半減期は wild-type と Octn1-/- で有意差はなかったものの、Octn1-/- の方が短い傾向

だった一方、経口投与後の半減期は wild-type に比べ Octn1-/- で有意に短縮された

（Table 1）。定常状態分布容積（Vdss）は wild-type に対して Octn1-/- で有意な低下

が見られた（Table 1）。全身クリアランスは wild-type と Octn1-/-で差はみられなかっ

た。興味深いことに bioavailability は wild-type と Octn1-/-で同等であった。したがっ

て、homostachydrine が Octn1-/-で低かった原因は、吸収よりも消失過程に起因する

と考えられた。 
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Homostachydrine の尿中排泄に及ぼす OCTN1 の影響 

 Homostachydrine の消失経路と、homostachydrine の尿中排泄に対する OCTN1 の

影響を調べるため、homostachydrine-d を静脈内投与または経口投与してのち、48 時

間尿を回収した（Table 2）。静脈内投与後の homostachydrine-d の尿中排泄率は

wild-type と Octn1-/-の両方で 70％程度となり、差はみられなかった（Table 2）。経口

投与後の homostachydrine-d の排泄率もほぼ同様であった（Table 2）Octn1-/- でやや

低い傾向にあった。同時に測定したセファレキシンの尿中排泄率は両系統において静脈

内投与、経口投与後 50％程度であった（Table 2）。 

 

Homostachydrine は PTZ 誘発急性けいれんを悪化させる 

Homostachydrine の PTZ 誘発けいれんへの影響を調べるため、wild-type に

homostachydrine を静脈内投与してけいれんを評価した。PTZ 40 mg/kg 投与時、

homostachydrine 投与群では、対照（生食投与）群に比べて、けいれんスコアが有意

に上昇した (Fig. 6A)。 20 分間のけいれん観察終了後血漿と脳を回収し、

homostachydrine 濃度を測定した。血漿中 homostachydrine 濃度は対照群に比べて顕

著に高かった (Fig. 6B)。海馬、大脳皮質前部での濃度は homostachydrine 投与群で対

照群に比べ 8 倍程度となり、海馬と大脳皮質前部で濃度差はなかった(Fig. 6C)。海馬、

大脳皮質前部の神経興奮関連遺伝子の発現を PCR にて確認したところ、海馬では Arc
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の発現が homostachydrine 投与群で有意に上昇していた(Fig. 6D)。大脳皮質前部では

Arc と Egr1、Bdnf の発現が有意に増加していた(Fig. 6E)。 

 

Octn1-/- では PTZ による Kindling の形成が抑制される 

PTZ の単回投与モデルはけいれんを評価するものであるのに対し、低投与量の PTZ を

連続投与する PTZ-induced kindling モデルはてんかんの発症や進行を評価するモデル

である。後者のモデルでは、PTZ 開始時はけいれんがほとんど見られないが、徐々に

同じ刺激に対してけいれんを起こすようになり、けいれんを起こしやすい脳の構造を獲

得する。PTZ-induced kindling model では神経脱落や苔状繊維の異常発芽などてんか

ん患者と同様の脳の変化が見られるため、より臨床に近いてんかんモデルであると考え

られている(Morimoto et al., 2004; Becker, 2018)。OCTN1 の PTZ による kindling の

形成に与える影響を調べるため、wild-type と Octn1-/- に 35 mg/kg の PTZ を 48 時間

間隔で 11 回連続投与した。Wild-typeではけいれんスコアは徐々に上昇が見られたが、

Octn1-/- では PTZ 投与期間にほとんどけいれんが見られず、けいれんスコアは

wild-type に比べ有意に低く(Fig. 7A)、高い生存率を示した（Fig. 7B）。次に OCTN1

の阻害剤が PTZ による kindling の形成を抑制できるかを検討した。OCTN1 には特異

的な阻害剤が見つかっていないため、in vivo で投与のできる ERGO を阻害剤として用

いた。ERGO の長期投与によりけいれんのスコアは有意に抑制され（Fig. 7C）、ERGO



22 

 

投与群は高い生存率を示した(Fig. 7D)。最終 PTZ 投与後生存していたマウスの海馬と

大脳皮質前部の ERGO と homostachydrine 濃度を測定した。ERGO 濃度は対照（水

投与）群に比べて ERGO 投与群で上昇が確認された(Fig. 7E)。Homostachydrine 濃度

は ERGO 投与群で対照群に比べて約 1/2 に低下した(Fig. 7F)。
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考察 

本研究の結果は octn1 遺伝子の欠損がマウスで PTZ によるけいれんと神経興奮の抑

制に働くことを示す（Figs. 1, 2）。OCTN1 は、食物由来抗酸化物質 ERGO に加えて、

アセチルコリン、カルニチン、スペルミンなどの抗けいれん作用のある化合物を輸送す

る(Kato et al., 2010; Pochini et al., 2012a; Masuo et al., 2018)。したがって、本研究

開始当初は Octn1-/- では、けいれんが悪化すると予測していた。しかしながら、結果

は正反対になった。OCTN1 は両性アミノ酸である ERGO を輸送すること、in vitro で

OCTN1 によるアセチルコリン輸送を GABA が阻害することから(Pochini et al., 

2012b)、OCTN1 がGlu や GABA を輸送する可能性も考えられる。しかしながら、saline

もしくは PTZ 投与後の wild-type と Octn1-/- で脳の海馬と大脳皮質前部中の Glu、

GABA 濃度を測定したところ、両系統の間に明確な差はなかった（data not shown）。

また、PTZ（50 mg/kg）を腹腔内投与 30 分後の脳中 PTZ 濃度や、PTZ (35 mg/kg) を

腹腔内投与後に microdialysis 法を用いて測定した脳細胞外液中濃度にも差はなく、ま

た、hOCTN1 発現細胞を用いた実験でも PTZ の OCTN1 を介した取り込みは見られな

かった（data not shown）。したがって、両系統間のけいれんの違いは、Glu や GABA、

PTZ の動態の違いによるものではないと考えられた。 

OCTN1 と同じ SLC22 ファミリーの OCT2 は神経毒であるサルソリノールを細胞内

へ取り込むことで OCT2 発現細胞選択的に毒性を示す(Taubert et al., 2007)。そこで



24 

 

OCTN1 が未知のけいれん誘発物質を細胞内へ輸送しているという仮説を立て、

untargeted metabolomics を 行 っ た と こ ろ 、 OCTN1 の 新 規 基 質 と し て

homostachydrine が同定された（Figs. 3,4）。Homostachydrine は欠損マウスで臓器中

濃度が変化するという意味で、ERGO、spermine に続く 3 つ目の in vivo 基質である。

Homostachydrine は柑橘類やアルファルファ、ライ麦等に含まれるアルカロイドであ

る(Wiehler and Marion, 1958; Servillo et al., 2012, 2018)。Homostachydrine は植物

ではピペコリン酸から合成されると推測されているが(Servillo et al., 2012)、哺乳類で

の生合成は報告されておらず、食餌から摂取されると考えられている。その点において

は、同じく哺乳類で生合成されず、もっぱら食餌から摂取される ERGO と同様である。

Octn1-/-  ではhomostachydrine-dはwild-typeに比べて速やかな消失が見られた(Fig. 

5)。一方、bioavailability は wild-type と Octn1-/-で差が見られなかった（Table 1）。

したがって、homostachydrine の消化管吸収において OCTN1 の寄与は少ないことが

示唆された。OCTN1 は腎臓の lumen 側に発現しており、ERGO は腎臓で OCTN1 に

よって再吸収を受ける(Kato et al., 2010)。Homostachydrine も ERGO と同様に腎か

ら再吸収され、 Octn1-/-  では再吸収が行われないことにより速やかな

homostachydrine の消失につながっている可能性がある。実際、腎臓中の

homostachydrine 濃度は、wild-type に比べて Octn1-/-  で顕著に低く(Fig. 3G)、この

仮説を支持している。Homostachydrine-d の尿中排泄率が静脈内投与後約 70％であっ
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たことから（Table 2）、homostachydrine の主要な消失経路は腎であると考えられる。

一方で、今回の尿中排泄の検討では、wild-type と Octn1-/-での違いは見られなかった

（Table 2）。48 時間という長時間のサンプリングであったため、より短い時間での検

討によって尿中排泄速度を比較する必要がある。。 

Homostachydrine の静脈内投与 は PTZ によるけいれんを悪化させた(Fig. 6)。血漿

中 homostachydrine 濃度は、統合失調症、注意欠陥・多動性障害 (ADHD）との相関

が報告されている(Yang et al., 2020)。また多発性硬化症研究に用いられる実験的自己

免疫性脳脊髄炎 (experimental autoimmune encephalitis:EAE）モデルマウスでは

homostachydrine の血漿中濃度が上昇する(Mangalam et al., 2013)。しかしながら

homostachydrine の生理的機能を直接示したのは本研究が初めてである。植物におけ

る homostachydrine の前駆体であり構造が類似しているピペコリン酸は、いくつかの

てんかんとの関係を示す報告がある。ピリドキシン依存性てんかん患者の血漿と脳脊髄

液中では、ピペコリン酸濃度の上昇が見られる(Plecko et al., 2000, 2005)。また、ピペ

コリン酸を高濃度で脳室内に直接投与すると重篤なけいれんを起こす(Takahama et 

al., 1982; Plecko et al., 2005)。一方で、ピペコリン酸の腹腔内投与と低濃度 i.c.v.投与

では、PTZ によるけいれんに対してむしろ抗けいれん効果を示す(Yung-Feng Chang et 

al., 1988)。これらの報告はピペコリン酸が低濃度と高濃度の脳への暴露で、けいれん

に対して異なる振る舞いをする可能性を示す。Homostachydrine が、このように相反
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する活性を示すかどうかについては、今回の検討からは示されておらず、今後のさらな

る検討が必要である。Octn1-/- ピペコリン酸は GABA 受容体に結合し、GABA の再取

り込みを抑制し、GABA の放出を促進することから(Feigenbaum and Chang, 1986; 

Gutirrez and Delgado-coello, 1989; Takagi et al., 2003)、GABA 神経伝達系のモジュ

レーターであると考えられている。Homostachydrine が GABA 神経伝達に影響を与え

るか否かは報告がないが、GABA 受容体に何らかの作用をすることで PTZ 誘発性けい

れんに影響を与えたと考えれば今回の結果は説明できるかもしれない。今後

homostachydrine と GABA 神経伝達系の関係についてさらなる検討が必要である。 

本研究の結果を考えると、homostachydrine を含む柑橘類やライ麦などの食品を多く

摂取することでけいれんが悪化するかどうかを臨床において解明することは重要であ

るかもしれない。本研究でけいれんの増悪が見られた 50 mg/kg homostachydrine 静脈

内投与群では、血漿中 homostachydrine 濃度はコントロールに比べて約 7 倍であった

(Fig. 6B)。ヒトにおける homostachydrine の血漿中濃度は 7.0 ng/mL ほどであり

(Tuomainen et al., 2019)、今回の結果では、マウス血漿中濃度は、絶食下で 0.35 µg/mL

程度であったため(Fig. 3F)、マウスと比べてヒトは 50 分の１程度である。一方で、ヒ

トの血漿中 homostachydrine 濃度は食事の影響を受けることが分かっており(Guertin 

et al., 2014; Kärkkäinen et al., 2018)、高度な塩分制限や healthy Nordic diet により

それぞれ 1.47 倍、1.41 倍になることが報告されている (Derkach et al., 2017; 
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Tuomainen et al., 2019)。Homostachydrine は herbal medicine として使われる

Medicago sativa（alfalfa）や Achillea millefolium に多く含まれるため(Wood et al., 

1991; Tunón et al., 1994)、食事だけでなくこれらの服用により血中濃度が高くなる可

能性もある。Homostachydrine がヒトでけいれんを悪化させるかを結論付けるには食

事やハーブによる homostachydrine の体内濃度の変化についても合わせて研究するこ

とが必要である。 

ERGO は食事由来の抗酸化物質であり、きのこや腸内細菌によって合成される

(Genghof and Damme, 1964; Genghof, 1970; Cheah and Halliwell, 2012)。ERGO は

抗酸化作用を介してシスプラチンやβアミロイドによる細胞障害に対して保護作用を

示すと考えられている(Song et al., 2010; Yang et al., 2012)。本研究で用いた ERGO の

投与量はこれらの論文より高いことから、本研究で確認された長期 PTZ 投与における

ERGO のけいれん抑制作用（Fig.7）は、同様に抗酸化作用を介している可能性がある。

一方で ERGO の投与により脳中 homostachydrine 濃度は低下しているため(Fig. 7F)、

homostachydrine の低下がけいれんの抑制につながった可能性も考えられる。すなわ

ち、ERGO は抗酸化作用だけでなく、homostachydrine 濃度を低下させるという二つ

のメカニズムでてんかんを抑制できる可能性がある。同じ抗酸化物質であるメラトニン

は、非臨床、臨床で抗けいれん効果があることが示されている (Banach et al., 

2011)(Goldberg-Stern et al., 2012)。メラトニンは比較的副作用が少ないものの、睡眠
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に関する研究で頭痛や眠気の報告が確認されている(Boeve et al., 2003)。一方、ヒトに

おける ERGO の投与においては今のところ副作用は報告されていない(Cheah et al., 

2017)。動態の面ではメラトニンの半減期 30 分から 2 時間程度であるが(Harpsøe et al., 

2015)、ERGO はマウスとヒトで極めて長時間血中に滞留することから、一度の服用で

長い効果が期待できるかもしれない(Kato et al., 2010; Cheah et al., 2017) 。 

PTZ-induced kindling はてんかんの発症や進行過程である epileptogenesis を評価で

きるモデルであり、てんかん患者で見られる神経細胞の脱落や苔状繊維の異常発芽など

が見られるため、ヒトのてんかんにより近いモデルと考えられている(Morimoto et al., 

2004)(Becker, 2018)。Kindling では低投与量の PTZ 投与を繰り返すことで、けいれん

を起こしやすい脳の構造を獲得する。本研究において、Octn1-/- では単回投与と

kinding の両方で、wild-type に比べけいれんの抑制が見られた(Figs. 1, 7)ため、OCTN1

はけいれんだけでなく epileptogenesis に関与する可能性がある。  

 ヒト OCTN1 遺伝子の SNPs として Caucasians に多く見られる L503F(allele 

frequency: 0.458)や Caucasians と日本人に多い I306T が知られている(Urban et al., 

2007; Toh et al., 2013)。OCTN1 の SNPs では輸送活性が低下するものと上昇するもの

があり、さらに SNPｓによっては基質により輸送が変動する。たとえば L503F では

ERGO や tetraethylammonium の取り込みに関する intrinsic clearance(Vmax/Km)は

野生型 OCTN1 に比べて高くなる一方で、carnitine や gabapentin の取り込みの
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intrinsic clearance は野生型に比べて小さくなる(Peltekova et al., 2004)。一方、I306T

の ERGO 取り込みに関する intrinsic clearance は野生型と同程度だが gabapentin の

取り込みの intrinsic clearance は野生型に比べ低下する(Futatsugi et al., 2016)。

Homostachydrine の取り込み活性がこれらの多型によってどのような影響を受けるか

については未解明であるが、homostachydrine がけいれんを悪化させること(Fig. 6)や、

ERGO が kindling を改善すること(Fig. 7)を考慮すれば、OCTN1 の SNPs がてんかん

の症状にも影響を及ぼすかもしれない。 

 本研究において、Octn1-/-  ではけいれんや kindling が顕著に低い(Figs. 1, 7)ことか

ら、OCTN1 の機能的な阻害がこれらの症状を抑制できる可能性が示された。Octn1-/-  

は通常の飼育環境下では明確なフェノタイプを示さないことから、OCTN1 の機能的な

阻害が劇的な副作用を引き起こす可能性は少ないと予想されるため、OCTN1 阻害剤は

抗てんかん薬として期待できる。一方で注意点として、OCTN1 の SNPs はクローン病

との関係が示されていること(Peltekova et al., 2004)、Octn1-/-  では炎症性腸疾患モ

デルの症状を悪化させること(Shimizu et al., 2015)から、炎症性腸疾患を持つ患者に対

しては避けた方がよいかもしれない。 

 結論として、OCTN1 の遺伝子欠損が PTZ によるけいれんを抑制することを示した。

またそのメカニズムとして新規 OCTN1 基質 homostachydrine がけいれん増悪物質と

して働く可能性を示した。OCTN1の基質かつ阻害剤であるERGOがhomostachydrine
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濃度を低下させ、けいれんを抑制することを示した。今後 homostachydrine が PTZ に

よるけいれんを悪化させる詳細なメカニズムの解明と他のてんかんモデルを用いた解

析を行うことによって、OCTN1 が治療標的となりうるかについて検討する必要がある。   
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 Fig. 1 Difference in PTZ-induced acute seizure between wild-type and Octn1-/- 

Octn1-/-  

 (A)Wild-type and Octn1-/-  Octn1-/-  mice were administered a single 

intraperitoneal injection of PTZ at a dose of 35, 40, and 50 mg/kg. Open column shows 

wild-type and closed column shows Octn1-/-  mice. Each mouse was observed for 20 

min after administration, and severity of seizure was evaluated according to following 

criteria: Stage 0: No behavioral change; Stage 1: Hypoactivity and immobility; Stage 2: 

Two or more isolated, myoclonic jerks; Stage 3: Generalized clonic convulsions, with 

preservation of righting reflex; Stage 4: Generalized clonic or tonic–clonic convulsions 

with loss of righting reflex; Stage 5: Death. Each value represents the mean ± S.D. 

(n=4-5) *, Significant different from wild-type (p < 0.05). 

(B) Wild-type and Octn1-/-  Octn1-/-  mice were administered PTZ at a dose of 45 
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mg/kg twice with 48 h interval. Seizure score was evaluated in a same manner as the 

single PTZ administration study after each injection. Each value represents the mean ± 

S.D. (n=9-14) **, Significantly different from wild-type (p<0.01).  
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Fig. 2 mRNA expression of genes and protein related to neuronal excitability in 

hippocampus after PTZ treatment  

(A-D) Wild-type and Octn1-/-  mice were administered saline or PTZ at a dose of 

45 mg/kg twice with 48 h interval. Two hours after second PTZ injection, 

hippocampus was collected for RT-PCR, and mRNA expression of neuronal 

excitation-related genes were evaluated. Open column shows wild-type with saline, 

stripe column shows wild-type with PTZ, closed column shows Octn1-/-  with 

saline, and dot column showsOctn1-/- /- with PTZ. Expression of mRNA was 

normalized to that of housekeeping gene 36B4. Each value represents the mean ± 

S.D. (n=3-8) **; Significantly different from wild-type control (p < 0.01). ##; 

Significantly different from PTZ treated wild-type (p < 0.01). 
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(E) Mice were administered PTZ at a dose of 45 mg/kg twice with 48 h interval. Four 

hours after second PTZ injection, hippocampus was collected for ELISA, and 

expression of BDNF protein was measured. Each value represents the mean ± S.D. 

(n=3-4) *, Significantly different from wild-type (p < 0.05).  
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Fig. 3 Identification of homostachydrine as an in vivo substrate of OCTN1 

Wild-type and Octn1-/-  mice were kept in the same cage for one week. Lysates of 

hippocampus, cortex, and plasma were subjected to LC-TOF-MS, identifying one ion 

peak at m/z 158.118 

(A-C)m/z 158.118 was significantly lower in hippocampus (A), frontal cortex (B), and 

plasma (C) of Octn1-/- . Each point represents each mouse. *; p<0.05 significantly 

different from wild-type mice.  

(D) Structure of homostachydrine 

(E-F) Product ion scanning against m/z 158.00 was performed in chemically 

synthesized homostachydrine (D) and plasma sample (E) with various collision 

energy from -10 to -40 V. 

(G-H) Homostachydrine concentration in plasma (F) and various tissues (G) of 

wild-type and Octn1-/-  mice. Each value represents the mean ± S.D. (n=3-4) *; 

Significantly different from wild-type (p < 0.05). 
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Fig.4 hOCTN1-mediated homostachyrdrine uptake in HEK293/hOCTN1 cells 

(A)HEK293/hOCTN1 and HEK293/mock cells were incubated with the buffer 

containing 10 µM homostachydrine-d with or without 500 µM ERGO at 37℃. Cells 

were then washed with ice-cold buffer, and uptake of homostachydrine-d in the cells 

was measured by LC-MS/MS. Open circle shows HEK293/mock with 

homostachydrine, closed circle shows HEK293/hOCTN1 with homostachydrine, 

closed triangle shows HEK293/hOCTN1 with homostachydrine and ERGO. Each 
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value represents the mean ± S.D. (n = 3)   

(B)HEK293/hOCTN1 cells were incubated with the buffer containing various 

concentration of homostachydrine-d for 15 s at 37 ℃ , and uptake of 

homostachydrine-d was measured. Each value represents the mean ± S.D. (n = 3) 

(C)HEK293/hOCTN1 cells were incubated with the buffer containing ERGO-d and 

various concentration of homostachydrine for 5 min at 37 ℃ . Each points 

represents the mean ± S.D. (n = 3) 
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Fig.5 Plasma concentration profile of homostachydrine-d after intravenous 

(A) and oral (B) administration 

Homostachydrine-d was intravenously (A) and orally (B) administered to 

wild-type and Octn1-/-  mice at a dose of 1 and 3 mg/kg, respectively. Plasma 

homostachydrine-d concentration was measured by LC-MS/MS. Each circle 

represents the mean ± S.D. (n = 3 - 5), *; Significantly different from 

wild-type (p < 0.05). 
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Table 1 Pharmacokinetic parametes of homostachydrine
a
 

a: Mean ± S.D. (n = 5 and 3 for intravenous and oral administration, respectively). 

*; significantly difference from wild-type (p<0.05) 

  

  Dose Cmax AUC T1/2 CLtot Vd0 Vdss BA 

  mg/kg µg/mL µg/mg・hr hr L/hr/kg L/kg L/kg % 

 

 

Wild-type 

i.v. 1 - 3.58 

±1.29 

2.15 

± 0.26 

0.307 

± 0.098 

0.332 

± 0.140 

0.649 

± 0.144 

 

 

77.8 
p.o. 3 1.29 

± 0.25 

8.35 

± 1.16 

3.05 

± 0.75 

- - - 

 

 

Octn1-/-  

i.v. 1 - 2.91 

± 0.87 

1.70 

± 0.51 

0.368 

± 0.103 

0.204 

± 0.033 

0.346 

± 0.058* 

 

 

77.3 
p.o. 3 1.42 

± 0.16 

6.74 

± 1.01 

1.05 

± 0.08* 

- - - 



53 

 

Table 2 Urinary excretion of homostachydrine-da) 

a) Mean ± S.D. (n = 5 and 3 for wild-type and Octn1-/-, respectively). 

*; Significantly different from wild-type (p<0.05) 

 

 

 

 

 

 

 

 

 

 

 

  

  Homostachydrine-d Cephalexin 

i.v. wild-type 71.4 ± 14.2 49.8 ± 19.8 

Octn1-/-  69.8 ± 12.7 51.9 ± 8.2 

p.o. wild-type 65.3 ± 6.5 58.2 ± 10.9 

Octn1-/-  52.2 ± 4.4 48.1 ± 6.8* 
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Fig. 6 Stimulative effect of homostachydrine on PTZ-induced acute seizure 

(A) Mice were intravenously administered 50 mg/kg homostachydrine, followed by 

intraperitoneal administration of 40 mg/kg PTZ at 4 h after the homostachydrine 

administration. Mice were then observed for 20 min, and seizure severity was 

evaluated. Each value represents the mean ± S.D. (n = 9) *;Significantly different 
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from control (p < 0.05). 

(B-C) After the observation, hippocampus (C) and frontal cortex (D) was collected , 

and mRNA expression of neuronal excitation-related genes were evaluated. Open 

column shows control and closed column shows homostachydrine-treated group. 

Each value represents the mean ± S.D. (n = 9) *; Significantly different from control 

(p < 0.05). 
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Fig.7 Effect of OCTN1 and ERGO on chronic PTZ administration  

(A-B) Wild-type and Octn1-/-  mice were administered PTZ at a dose of 35 mg/kg 

intraperitoneally total 11 times with 48 h interval. Mice were observed for 20 min 

after each administration to evaluate seizure severity (A). When mouse died during 

chronic administration, the score of the corresponding mouse was regarded five in 
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the subsequent trial. Survival rate was also recorded (B). Open circle shows 

wild-type and closed circle shows Octn1-/-  mice. Each value represents the mean ± 

S.D. (n = 7 - 8) *; Significantly different from wild-type(p < 0.05). 

(C-F) Mice were administered water or ERGO at a dose of 50 mg/kg orally every day 

for one week. At day 8, PTZ administration was started while daily ERGO 

administration was continued. Open circle shows control and closed circle shows 

ERGO-treated group. Mice were observed for 20 min after each PTZ administration 

to evaluate seizure severity (C). Survival rate was also recorded (D). After 11th 

administration of PTZ, hippocampus and frontal cortex were collected, and 

concentration of ERGO (E) and homostachydrine (F) was measured using 

LC-MS/MS.  Each value represents the mean ± S.D. (n = 3 - 6) *; Significantly 

different from control (p < 0.05). 
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Abstract
Understanding of the underlying mechanism of epilepsy is desired since some patients fail to control their seizures. The 
carnitine/organic cation transporter OCTN1/SLC22A4 is expressed in brain neurons and transports food-derived antioxidant 
ergothioneine (ERGO), l-carnitine, and spermine, all of which may be associated with epilepsy. This study aimed to clarify 
the possible association of this transporter with epileptic seizures. In both pentylenetetrazole (PTZ)-induced acute seizure 
and kindling models, ocnt1 gene knockout mice (octn1−/−) showed lower seizure scores compared with wild-type mice. 
Up-regulation of the epilepsy-related genes, c-fos and Arc, and the neurotrophic factor BDNF following PTZ administration 
was observed in the hippocampus of wild-type, but not octn1−/− mice. To find the OCTN1 substrate associated with the 
seizure, untargeted metabolomics analysis using liquid chromatography–quadrupole time-of-flight mass spectrometry was 
conducted on extracts from the hippocampus, frontal cortex, and plasma of both strains, leading to the identification of a 
plant alkaloid homostachydrine as a compound present in a lower concentration in octn1−/− mice. OCTN1-mediated uptake 
of deuterium-labeled homostachydrine was confirmed in OCTN1-transfected HEK293 cells, suggesting that this compound 
is a substrate of OCTN1. Homostachydrine administration increased PTZ-induced acute seizure scores and the expression 
of Arc in the hippocampus and that of Arc, Egr1, and BDNF in the frontal cortex. Conversely, administration of the OCTN1 
substrate/inhibitor ERGO inhibited PTZ-induced kindling and reduced the plasma homostachydrine concentration. Thus, 
these results suggest that OCTN1 is at least partially associated with PTZ-induced seizures, which is potentially deteriorated 
by treatment with homostachydrine, a newly identified food-derived OCTN1 substrate.

Keywords  Epilepsy · Ergothioneine · Metabolomics · Pentylenetetrazole · Seizure · Slc22a4

Introduction

Epilepsy is characterized by recurrent seizures or loss of 
consciousness caused by abnormal cerebral excitation. 
Excitatory and inhibitory balance is mainly regulated by glu-
tamatergic and GABAergic signaling in the brain. Genetic 
analyses have revealed that various genes are involved in 
the onset and development of epilepsy [1]. In addition, 

dysfunction of some transporters such as the GABA trans-
porter GAT-1 and the glucose transporter GLUT1 causes 
excitatory and inhibitory imbalance [2, 3]. However, the 
etiology of epilepsy has remained largely unclear. Since 
around 20% of epilepsy patients fail to achieve adequate 
seizure control using current anticonvulsants, and uncon-
trollable seizures lead to job limitation and decreased life-
expectancy, further investigation of mechanisms of epilepsy 
is desirable [4].

The carnitine/organic cation transporter OCTN1/
SLC22A4 is expressed in various organs, including the 
brain, kidneys, and the small intestine [5, 6]. The OCTN1 
transports different organic cations and zwitterions 
including food-derived compounds such as ergothioneine 
(ERGO) and stachydrine, endogenous compounds such as 
acetylcholine, spermine, and L-carnitine, as well as sev-
eral therapeutic agents although carnitine was proposed 
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to be a weak substrate of OCTN1 [5–9]. Among them, 
ERGO was proven to be an in vivo substrate, at least in 
rodents, with its concentration observed under the detec-
tion limit in octn1 gene knockout (octn1−/−) mice [8, 10]. 
In the brain, OCTN1 is localized in neural stem cells, 
neurons, and microglia. It regulates neuronal differen-
tiation, neuronal maturation, and microglial activation 
in vitro, with its substrate ERGO being at least partially 
involved in such regulation [11–13]. However, the patho-
physiological roles of OCTN1 remain unknown.

Oxidative stress is associated with the etiology and 
progression of epilepsy [14]. Some antioxidants such as 
α-tocopherol and melatonin ameliorate seizures in humans 
[15 , 16]. ERGO is an antioxidant present in the bodies of 
rodents and humans due to its ingestion through the daily 
diet [17]. In addition, other OCTN1 substrates such as sper-
mine and l-carnitine also show anti-seizure effects in rodents 
[18, 19]. Mutation of the acetylcholine transporter causes 
autosomal dominant nocturnal frontal lobe epilepsy in 
humans [20]. Thus, OCTN1 may be associated with the eti-
ology or the progression of epilepsy through the regulation 
of exposure to these compounds in the brain. However, the 
relationship between OCTN1 and epilepsy remains unclear.

In this study, we aimed to clarify the possible involve-
ment of OCTN1 in epileptic seizures. First, the experimen-
tal epilepsy model was established with repeated admin-
istration of GABA receptor antagonist pentylenetetrazole 
(PTZ) in octn1−/− mice. Since the octn1−/− mice showed 
much lower seizure scores compared with wild-type mice, 
the untargeted metabolomics analysis was performed to 
identify OCTN1 substrates that contribute to the differen-
tial phenotypes between the two strains. The plant alkaloid 
homostachydrine was identified as a novel OCTN1 substrate, 
which potentially worsens PTZ-induced seizures. Finally, 
the ameliorating effects of ERGO and octn1 gene knockout 
on PTZ-induced kindling were investigated.

Experimental Procedures

Materials

Pentylenetetrazole was purchased from Sigma–Aldrich Inc. 
(St. Louis, MO, USA), ERGO was kindly provided by Yuki-
guni Maitake Co., Ltd (Minamiuonuma, Japan). Deuterium-
labeled ERGO (ERGO-d9) was kindly supplied by TETRA-
HEDRON (Paris, France).

Synthesis of Homostachydrine 
and Deuterium‑Labeled Homostachydrine 
(Homostachydrine‑d6)

Homostachydrine and homostachydrine-d6 were synthe-
sized from pipecolic acid by treatment of iodomethane or 

deuterated iodomethane and KHCO3, according to the lit-
erature [21]. The resulting homostachydrine was identified 
by 1H-NMR and electrospray ionization mass spectrometry 
(m/z = 157). The homostachydrine-d6 product was identified 
using 1H-NMR.

Animals

Seven- to nine-week-old male mice were used. The 
octn1−/− mice were backcrossed into a C57BL/6 J back-
ground [12]. Wild-type and octn1−/− mice were maintained 
with free access to food and water.

PTZ‑Induced Acute Seizures

PTZ dissolved in saline was intraperitoneally administered 
in mice at doses of 35, 40, or 50 mg/kg. Each mouse was 
then placed in a plastic cage and observed for 20 min. Sei-
zure severity was evaluated primarily based on previously 
reported criteria [22], but stage 5 (death) was also included 
in this study, and the highest score observed within 20 min 
was monitored (stage 0: no behavioral change; stage 1: 
hypoactivity and immobility; stage 2: two or more isolated 
myoclonic jerks; stage 3: generalized clonic convulsions 
with preservation of righting reflex; stage 4: generalized 
tonic–clonic seizure with loss of righting reflex; stage 5: 
death). For PCR and ELISA analyses, PTZ at 45 mg/kg was 
administered twice with a 48-h interval, and the hippocam-
pus was collected at 2 or 4 h after the second PTZ adminis-
tration, respectively. The fore part of the cortex, excluding 
the thalamus, was collected as the frontal cortex. To exam-
ine the effect of homostachydrine on PTZ-induced seizures, 
homostachydrine was intravenously administered at 50 mg/
kg in wild-type mice under isoflurane anesthesia. Four hours 
later, PTZ at 40 mg/kg was intraperitoneally administered, 
and the seizure score was evaluated as described above. 
After 20 min observation, the plasma, hippocampus, and 
frontal cortex were collected for measurement of homo-
stachydrine concentration and mRNA expression.

RT‑PCR

The total RNA was extracted from the resected tissues from 
PTZ-treated wild-type and octn1−/− mice by using RNAiso-
plus (Takara Bio, Shiga, Japan), followed by synthesis and 
amplification of cDNA as described previously [8, 10]. The 
sequences of the primers were as follows: c-fos forward, 
GGG​ACA​GCC​TTT​CCT​ACT​ACC and reverse, TTG​GCA​
CTA​GAG​ACG​GAC​AG; Arc forward, GAG​TTC​TTA​GCC​
TGT​TCG​GA and reverse, GCT​CGG​CAC​TTA​CCA​ATC​T; 
Egr1 forward, AGC​CTT​CGC​TCA​CTC​CAC​TATCC and 
reverse, GCG​GCT​GGG​TTT​GAT​GAG​TTGG; Bdnf for-
ward, GCG​GCA​GAT​AAA​AAG​ACT​GC and reverse, TCA​
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GTT​GGC​CTT​TGG​ATA​CC; Ngf forward, TCT​ATA​CTG​
GCC​GCA​GTG​AG and reverse, GGA​CAT​TGC​TAT​CTG​
TGT​ACGG; Nt-3 forward, GGA​GGA​AAC​GCT​ATG​CAG​
AA and reverse, GTC​ACC​CAC​AGG​CTC​TCA​CT; 36B4 
forward, ACT​GGT​CTA​GGA​CCC​GAG​AAG and reverse, 
TCC​CAC​CTT​GTC​TCC​AGT​CT. The expression levels of 
mRNA were normalized to the 36B4 housekeeping gene.

ELISA

The isolated hippocampus (10 mg) was mixed with 100 µL 
of extraction buffer (50 mM ammonium acetate, 1 M NaCl, 
and 0.1% Triton X-100 adjusted at pH 4.0 with acetate), 
followed by sonication on ice using a Handy Sonic UR20-P 
sonicator (Tommy Seiko, Tokyo, Japan). Homogenates were 
centrifuged at 21,500×g for 30 min at 4 °C. The BDNF con-
centration in the supernatant was measured using a mature 
BDNF rapid ELISA kit (Biosensis, Thebarton, Australia).

Untargeted Metabolomics Analysis Using Liquid 
Chromatography–Quadrupole Time‑of‑Flight Mass 
Spectrometry (LC‑QTOFMS)

Wild-type and octn1−/− mice were maintained in the same 
cage for 1 week. After overnight fasting, the hippocampus, 
frontal cortex, and plasma were collected. Plasma samples 
were mixed with five times the volume of methanol, includ-
ing gabapentin, as an internal standard. The hippocampus 
and frontal cortex were mixed with five and six times its vol-
ume, respectively, of methanol, including gabapentin. Then, 
tissues were homogenized using a Precellys 24 homogenizer 
(Bertin Technologies, Montigny-le-Bretonneux, France) 
using zirconia silica beads at 1.2 mm (Biomedical Science, 
Tokyo, Japan). The homogenate samples were centrifuged 
at 21,500×g for 10 min at 4 °C to precipitate proteins. The 
supernatant (30 µL) was then mixed with 120 µL acetoni-
trile, and the mixture was again centrifuged. The superna-
tant was subjected to LC-QTOFMS analysis, which included 
accurate parent ion scanning with time-of-flight mass spec-
trometry using an Acquity UPLC system coupled with Xevo 
G2 QTOFMS (Waters, Milford, MA). The mobile phases 
were (A) 0.1% formic acid and 10 mM ammonium acetate 
in 20% acetonitrile solution, and (B) 0.1% formic acid and 
10 mM ammonium acetate in 95% acetonitrile solution. The 
gradient elution (flow rate, 0.4 mL/min) was performed as 
follows: 0–0.5 min, 1% A/99% B; 0.5–6.5 min, 1% A/99% B 
to 50% A/50% B; 6.5–7.5 min, 50% A/50% B to 70% A/30% 
B; 7.5–8.5 min, 70% A/30% B; 8.5–9.0 min, 70% A/30% 
B to 1% A/99% B; 9.0–13.5 min, 1% A/99% B using an 
ACQUITY UPLC BEH Amide column (Waters). QTOFMS 
was operated in positive mode with electrospray ionization, 
and MS data (50–600 Da) were acquired in a centroid for-
mat. Chromatographic and spectral data were deconvoluted 

by MarkerLynx software (Waters) to generate a multivari-
ate data matrix. The threshold was set as follows; 2000 for 
the hippocampus, 1700 for the frontal cortex, and 400 for 
plasma samples. The peaks with signal intensity less than 
the threshold, and those observed in fewer than four of six 
samples were removed as noise. Peak height was divided by 
the height of gabapentin, and the average was calculated. 
The average values in octn1−/− that were two times higher 
or less than half that in wild-type mice with a statistically 
significant difference were chosen. Finally, the peak shape 
was visually checked, and signals showing appropriate peak 
shape were selected. The accurate masses of the parent and 
product were compared with the online METLIN database 
(https​://metli​n.scrip​ps.edu) and the Human Metabolome 
Database (https​://www.hmdb.ca/).

Product Ion Scanning

Synthesized homostachydrine and mouse plasma samples 
were mixed with MeOH and centrifuged twice at 21,500×g 
for 10 min at 4 °C. Supernatants were subjected to product 
ion scanning using high-performance liquid chromatogra-
phy–tandem quadrupole mass spectrometry (LC-TQMS), 
which consisted of a Nexera X2 LC system coupled with an 
LCMS-8040 (Shimadzu, Kyoto, Japan). Parent mass was 
set at m/z of 158.00, and the product ion was scanned at 
m/z of 50,200. The collision energy was 10, 20, or 40 V. 
The mobile phases were (A) 0.1% formic acid and 10 mM 
ammonium acetate in 20% acetonitrile solution, and (B) 
0.1% formic acid and 10 mM ammonium acetate in 95% 
acetonitrile solution. Gradient elution (flow rate, 0.4 mL/
min) was performed as follows: 0–0.5 min, 1% A/99% B; 
0.5–3.5 min, 1% A/99% B to 15% A/85%B; 3.5–4.5 min; 
15% A/85% B to 35% A/65% B; 4.5–4.8 min; 35% A/65% B 
to 60% A/40% B; 4.8–5.8 min; 60% A/40% B; 5.8–6.0 min; 
60% A/40% B to 1% A/99% B; 6.0–8.0 min; 1% A/99% B, 
using an ACQUITY UPLC BEH Amide column.

Measurement of Homostachydrine Concentration

After fasting overnight, plasma and tissues were collected 
and mixed with MeOH containing gabapentin (internal 
standard). Tissues were then homogenized. After vortexing, 
the samples were centrifuged twice at 21,500×g for 10 min 
at 4 °C. The supernatant was subjected to LC-TQMS analy-
sis, as described below.

Uptake of Homostachydrine‑d6 and ERGO‑d9 
in HEK293 Cells Transfected with Human OCTN1

HEK293 cells transfected with human OCTN1 gene 
(HEK293/OCTN1) were seeded onto poly-L-lysine-coated 
4-well plates at a density of 3.8 × 104 cells/cm2. After 72 h, 
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the medium was replaced with transport buffer and pre-
incubated for 10 min at 37 °C as described previously [8, 
10]. The buffer was then replaced with fresh one containing 
10 µM homostachydrine-d6 to initiate transport. To analyze 
the concentration-dependent uptake of homostachydrine, 
transport buffer contained a mixture of homostachydrine-d6 
and homostachydrine at 5–1000 µM. The Michaelis constant 
(Km) and maximum velocity (Vmax) values were estimated 
by fitting to Michaelis–Menten equation using GraphPad 
Prism (GraphPad Software, San Diego, CA). To analyze 
inhibition of uptake of ERGO by homostachydrine, transport 
buffer containing 1 µM ERGO-d9 with various concentra-
tions of homostachydrine was used. At designated times, 
the cells were washed and collected with 300 µL of water 
using a cell scraper, followed by sonication to destroy cell 
membranes [8, 10]. Samples were mixed with acetonitrile 
containing gabapentin (internal standard) and centrifuged 
twice at 21,500×g for 10 min at 4 °C. The supernatant was 
subjected to LC-TQMS analysis, as described below.

Plasma Concentration Profile of Homostachydrine

After fasting overnight, homostachydrine-d6 dissolved in 
saline was intravenously and orally administered at doses of 
1 and 3 mg/kg, respectively. Blood was collected at designed 
times and centrifuged to obtain plasma. The plasma sam-
ples were deproteinated with MeOH, including gabapen-
tin, and centrifuged twice at 21,500×g for 10 min at 4 °C. 
Then the supernatant was subjected to LC-TQMS analysis 
as described below. Pharmacokinetic parameters were cal-
culated using moment analysis.

Urinary Excretion of Homostachydrine‑d6

Mice were maintained in a metabolic cage for 24 h for habit-
uation. Homostachydrine-d6 was then administered, and 
urine collection was initiated. As a control study, 50 µmol/
kg of cephalexin was dissolved in the same solution as 
homostachydrine-d6 and simultaneously administered with 
homostachydrine-d6. Urine was collected at 24 and 48 h 
after the initiation of urine collection. The samples were 
then diluted 100 times with water and deproteinated with 
MeOH, including gabapentin or verapamil. After centrifuga-
tion, the supernatant was subjected to LC-TQMS analysis, 
as shown below.

Measurement of Homostachydrine, ERGO, 
and Cephalexin by LC‑TQMS

The amounts of homostachydrine, homostachydrine-d6, 
ERGO-d9, and cephalexin were measured using LC-TQMS. 
The mobile phases were (A) 0.1% formic acid and 10 mM 
ammonium acetate in 20% acetonitrile solution, and (B) 

0.1% formic acid and 10 mM ammonium acetate in 95% 
acetonitrile solution. The gradient elution (flow rate, 0.4 mL/
min) for homostachydrine and homostachydrine-d6 was per-
formed as follows: 0–0.5 min, 1% A/99% B; 0.5–3.5 min, 
1% A/99% B to 15% A/85%B; 3.5–4.5 min; 15% A/85% 
B to 35% A/65% B; 4.5–4.8 min; 35% A/65% B to 60% 
A/40% B; 4.8–5.8 min; 60% A/40% B; 5.8–6.0; 60% A/40% 
B to 1% A/99% B; 6.0–8.0 min; 1% A/99% B, using an 
ACQUITY UPLC BEH Amide column. For ERGO-d9 
measurement, gradient elution was performed as follows; 
0–0.5 min; 1%A/99%B; 0.5–1.5 min, 1% A /99% B to 25% 
A/85% B; 1.5–6.3 min, 25% A/85% B; 6.3–7.0 min, 25% 
A/85% B to 60% A /40% B; 7.0–8.0 min, 60% A/40% B; 
8.0–8.2 min, 60% A/40% B to 1% A/99% B; 8.2–11.5 min, 
1% A/99% B. For cephalexin measurement the mobile 
phases were (A) 0.1% formic acid and (B) 0.1% formic 
acid in acetonitrile. Gradient elution was performed as fol-
lows: 0–0.3 min, 99% A/1% B; 0.3–2.8 min, 99% A/1% B to 
5% A/95% B; 2.8–3.4 min, 5% A/95% B; 3.4–4.5 min, 5% 
A/95% B to 99% A/1% B, on a Cosmosil C18-MS-II packed 
column (Nacalai Tesque, Kyoto, Japan). The MRM transi-
tions of the molecular and product ions were as follows: 
homostachydrine, m/z 158.0 > 58.0; homostachydrine-d6, 
m/z 164.00 > 64.15; ERGO, m/z 230.00 > 127.10; ERGO-
d9, m/z 239.15 > 127.00; cephalexin, m/z 348.00 > 157.90, 
gabapentin (internal standard for homostachydrine, homo-
stachydrine-d6, and ERGO-d9), m/z 172.05 > 154.15; 
and verapamil (internal standard for cephalexin), m/z 
455.20 > 165.05.

Kindling Induced by Repeated Administration 
of PTZ

PTZ at 35 mg/kg was intraperitoneally administered every 
other day for a total of eleven times, and seizure severity was 
evaluated after each injection based on the same criteria as 
that used for PTZ-induced acute seizure. When the mouse 
died during the repeated administration, the score for the 
corresponding mouse was regarded as five in the subsequent 
PTZ administration. To analyze the effect of coadministra-
tion of ERGO, 50 mg/kg ERGO or vehicle (water) alone was 
orally administered every day to 7-week-old wild-type mice 
under isoflurane anesthesia. On the 8th day, PTZ admin-
istration was initiated, while daily ERGO administration 
was continued. To minimize the effect of anesthesia used 
for oral administration, ERGO was administered after PTZ 
administration. After 11 injections of PTZ, the hippocampus 
and frontal cortex from the surviving mice were collected to 
measure the concentration of ERGO and homostachydrine.
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Statistics

Data are expressed as the mean ± S.D. The statistical signifi-
cance of differences was determined using Student’s t-test 
or one-way ANOVA with Tukey–Kramer test. The survival 
rate was evaluated using the Kaplan–Meier test. A p-value 
of < 0.05 was regarded as denoting a significant difference.

Results

Deletion of the Octn1 Gene Reduces PTZ‑Induced 
Acute Seizures

To investigate the possible association of OCTN1 with PTZ-
induced acute seizures, a single intraperitoneal injection 
of PTZ was administered to wild-type and octn1−/− mice, 
and seizure severity was evaluated. Seizure scores in wild-
type mice increased in a dose-dependent manner, whereas 
octn1−/− mice showed significantly lower seizure scores after 
administration of 40 mg/kg of PTZ compared with wild-type 
mice (Fig. 1a). The seizure score was not different between 
the two strains at 35 and 50 mg/kg of PTZ. To confirm this 
difference, PTZ at 45 mg/kg was administered twice in both 
strains, and octn1−/− mice consistently showed lower seizure 
scores after each injection (Fig. 1b).

Up‑Regulation of Epilepsy‑Related Genes 
was not Observed in octn1−/− Mice

To further confirm the association of OCTN1 with PTZ-
induced acute seizure, changes in expression of epilepsy-
related genes were examined in the hippocampus of the 

two strains after PTZ administration. Expression of the 
neuronal excitation marker genes c-fos and Arc was primar-
ily increased in PTZ-treated wild-type mice compared to 
the saline-treated group (Fig. 2a, b). Meanwhile, the up-
regulation of c-fos and Arc by PTZ administration was not 
observed in octn1−/− (Fig. 2a, b). No significant difference 
was observed in the expression of the neuronal excitation 
marker Egr1 among the four groups (Fig. 2c). The expres-
sion of BDNF was also measured by PCR and ELISA as 
BDNF is related to the epilepsy development [23]. The 
expression of BNDF mRNA and protein increased in PTZ-
treated wild-type mice compared with the saline-treated 
group, whereas such up-regulation was not observed in 
octn1−/− mice (Fig. 2d, e). Thus, a deficiency of OCTN1 
may alleviate PTZ-induced seizures through the suppression 
of neuronal excitation in the brain.

Identification of the OCTN1 Substrate Using 
Untargeted Metabolomics Analysis

OCTN1 is involved in the uptake of various types of sub-
strates into cells. Therefore, we hypothesized that OCTN1 
transport some substrates that deteriorate PTZ-induced acute 
seizure and that loss in the substrates in octn1−/− might 
lead to the reduced PTZ-induced seizures in this strain. To 
identify OCTN1 substrates in the brain, untargeted metab-
olomics analysis was conducted in the brain and plasma. 
After automatic picking, 2,599, 2,676, and 1,697 ion peaks 
were detected in the hippocampus, frontal cortex, and 
plasma, respectively. After correcting for noise, 463, 424, 
and 186 peaks remained in the hippocampus, frontal cor-
tex, and plasma, respectively. Among them, five, three, and 
three peaks showed more than two-fold difference between 

Fig. 1   Differences in PTZ-induced acute seizures in wild-type ver-
sus octn1−/− mice. a Wild-type and octn1−/− mice received a single 
intraperitoneal injection of PTZ (35, 40, or 50 mg/kg). Each mouse 
was observed for 20 min after administration, and the seizure sever-
ity was evaluated according to the criteria shown in the experimental 
procedures. The open column shows wild-type mice, and the closed 

column shows octn1−/− mice. Each value represents the mean ± SD 
(n = 4–5). *p < 0.05, significant difference from wild-type mice. b 
Wild-type and octn1−/− mice received intraperitoneal injections of 
PTZ (45  mg/kg) twice within 48  h. Seizure scores were evaluated 
after each injection. Each value represents the mean ± SD (n = 9–14). 
**p < 0.01, significant difference from wild-type mice
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wild-type and octn1−/− mice, and confirmation of peak shape 
resulted in four, two, and two peaks in the hippocampus, 
frontal cortex, and plasma. Among them, only m/z 158 
was detected in all three samples at the same retention time 
(Fig. 3a–c). According to its precursor and product ions, m/z 
158 was identified to be homostachydrine. Then, a product 
ion scan was conducted for both synthesized homostachy-
drine and a plasma sample from wild-type mice, confirming 
that m/z 158 is homostachydrine (Fig. 3d) since common 
product ions, m/z 56, 58, 70, and 84 were detected (Fig. 3e, 
f). The homostachydrine concentration was then measured 
in plasma and each tissue from wild-type and octn1−/− mice 
using LC-TQMS. The homostachydrine concentration in 
octn1−/− was significantly lower in the plasma and all tissues 
except the middle section of the small intestine (Fig. 3g, h).

Human OCTN1‑Mediated Transport 
of Homostachydrine

To examine whether OCTN1 directly transports homo-
stachydrine, an uptake assay was conducted in HEK293/
OCTN1 cells. Homostachydrine-d6 was also synthesized 
to investigate the disposition of homostachydrine, and 
incubated with these cell lines for the detection of uptake 

of this compound. Homostachydrine-d6 was taken up by 
HEK293/OCTN1 cells in a time-dependent manner, and 
the uptake was reduced in the presence of ERGO (Fig. 4a). 
Uptake of homostachydrine-d6 was not detected at 30 s but 
was detected at 15 and 60 min, and this uptake was much 
lower than that observed in HEK293/OCTN1 cells (Fig. 4a). 
Uptake increased almost linearly until 15 s (Fig. 4a inset), 
and concentration-dependent uptake observed at this incuba-
tion period showed saturation of OCTN1-mediated uptake 
of homostachydrine (Fig. 4b), with Km and Vmax values of 
310 µM and 28.3 nmol/mg protein/15 s, respectively. Next, 
we evaluated the inhibition potential of homostachydrine 
for ERGO-d9 uptake. Our results showed that the uptake of 
ERGO-d9 was inhibited in the presence of homostachydrine, 
albeit incompletely (Fig. 4c).

Disposition of Homostachydrine In Vivo

To further evaluate the interaction of homostachydrine with 
OCTN1, the pharmacokinetics of homostachydine-d6 was 
examined. The doses (1 and 3 mg/kg) of homostachydine-d6 
was chosen to observe plasma concentration of homostachy-
drine-d6 less than that of homostachydrine (Fig. 3g) to avoid 
saturation of OCTN1 since the purpose of this study was 

Fig. 2   Expression of epilepsy-related genes in the hippocampus after 
PTZ treatment. a–d PTZ (45  mg/kg) was intraperitoneally admin-
istered twice  within a 48-h interval, and 2  h after the second PTZ 
injection the hippocampus was collected for RT-PCR analysis for 
neuronal excitation-related genes. The open columns show wild-type 
mice treated with saline; the striped columns show wild-type mice 
treated with PTZ. The closed columns show octn1−/− mice treated 
with saline, and the dotted columns show octn1−/− mice treated with 
PTZ. The expression of mRNA was normalized to that of the house-

keeping gene 36B4. Each value represents the mean ± SD (n = 3–8). 
**p < 0.01, significant difference from wild-type controls. ##p < 0.01, 
significant difference from PTZ-treated wild-type mice. e 4 h after 
the second PTZ injection, the hippocampus was collected, homog-
enized, and centrifuged for ELISA of the supernatant to measure the 
expression of BDNF protein. Each value represents the mean ± SD 
(n = 3–4). *p < 0.05, significant difference from wild-type mice. 
#p < 0.05, significant difference from wild-type mice
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Fig. 3   Identification of homostachydrine as a candidate for the 
in  vivo substrate of OCTN1. a–c Lysates of the hippocampus, cor-
tex, and plasma were subjected to LC-TOFMS, and an ion peak at 
m/z 158 was identified, which was commonly a lower signal in the 
hippocampus (a), frontal cortex (b), and plasma (c) of octn1−/− mice 
compared with wild-type mice. Each point represents each mouse. 
*p < 0.05, significant difference from wild-type mice. d The chemi-
cal structure of homostachydrine. e and f Production scanning against 

m/z 158 was performed for chemically synthesized homostachydrine 
(e) and plasma samples of wild-type mice (f) with various collision 
energies from − 10 to − 40 V. g, h The homostachydrine concentra-
tion in the plasma (g) and various tissues (h) of wild-type (open bars) 
and octn1−/− mice (closed bars) was measured using LC-TQMS. Each 
value represents the mean ± SD (n = 3–4). *p < 0.05, significant differ-
ence from wild-type mice
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to understand the role of OCTN1 in disposition of homo-
stachydrine. After intravenous administration, the homo-
stachydrine-d6 concentration in the plasma of octn1−/− mice 
was higher at the early phase (~ 10 min), but exhibited more 
rapid elimination until 8 h after administration, showing a 
lower plasma concentration after 4 h compared to wild-type 
mice (Fig. 5a). Such rapid elimination of homostachydrine-
d6 in the plasma of octn1−/− mice was also confirmed at 
the terminal phase after oral administration. The plasma 
concentration of homostachydrine-d6 in octn1−/− after 6 h 
was lower than that of wild-type mice (Fig. 5). The maxi-
mum concentration (Cmax) after oral administration and 
bioavailability were almost similar between the two strains, 

suggesting that gastrointestinal absorption of homostachy-
drine may not be affected by OCTN1 (Table 1). Conversely, 
the half-life at the terminal phase and distribution volume 
in octn1−/− were higher than those in wild-type mice, sug-
gesting the involvement of OCTN1 in the distribution and 
elimination phases (Table  1). The smaller distribution 
volume in octn1−/− could indicate limited tissue uptake 
of this compound and might be compatible with lower tis-
sue concentration in octn1−/− (Fig. 3h). The total clearance 
in octn1−/− mice tended to be higher than wild-type mice 
(Table 1).

Fig. 4   The interaction of homostachydrine with human OCTN1. 
a HEK293 cells transfected with human OCTN1 gene (HEK293/
OCTN1) and vector alone (HEK293/mock) were incubated with 
homostachydrine-d6 (10  µM) in the presence or absence of ERGO 
(500  µM), and the uptake of homostachydrine-d6 was measured by 
LC-TQMS. Closed circles and triangles indicate HEK293/OCTN1 
cells without and with ERGO, whereas the open circles indicate 
HEK293/mock cells without ERGO. The inset represents the early-
phase uptake of homostachydrine-d6 in HEK293/OCTN1 cells. Each 
value represents the mean ± SD (n = 3). b HEK293/OCTN1 cells 

were incubated with various concentrations of homostachydrine for 
15  s, and the uptake was measured by LC-TQMS. The uptake of 
homostachydrine-d6 in HEK293/mock cells was below detection lim-
its, and therefore, the uptake represents OCTN1-mediated uptake. 
Each value represents the mean ± SD (n = 3). c HEK293/OCTN1 cells 
were incubated with ERGO-d9 in the presence of various concentra-
tions of homostachydrine for 5 min, and the uptake of ERGO-d9 was 
measured using LC-TQMS. Each point represents the mean ± SD 
(n = 3)

Fig. 5   Plasma concentration 
profile of homostachydrine-d6 
after iv and po administra-
tion. Homostachydrine-d6 was 
intravenously (a) and orally 
(b) administered at a dose of 1 
and 3 mg/kg, respectively, and 
the plasma concentration of 
homostachydrine-d6 was meas-
ured by LC-TQMS. Open and 
closed circles showed wild-type 
and octn1−/− mice, respectively. 
Each circle represents the 
mean ± SD (n = 3–5). *p < 0.05, 
significant difference from wild-
type mice
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Homostachydrine is Mainly Excreted in the Urine

To investigate the excretory route of homostachydrine, urine 
was collected for 48 h after intravenous and oral administra-
tion of homostachydrine-d6 (Table 2). Approximately 70% of 
the dose was excreted in the urine after intravenous admin-
istration in both strains, and this was comparable or slightly 
higher than the urinary recovery of cephalexin (Table 2), 
which is known to be mainly eliminated by urinary excre-
tion in rodents. Urinary excretion of homostachydrine-d6 
after oral administration tended to be slightly lower (50–65% 
of the dose) than that after intravenous administration in 
both strains (Table 2), and this finding would be compatible 
with incomplete gastrointestinal absorption (bioavailabil-
ity ~ 80%, Table 1).

Homostachydrine Deteriorates PTZ‑Induced Acute 
Seizures

To investigate whether homostachydrine deteriorates PTZ-
induced acute seizures, homostachydrine was administered 
intravenously 4 h before PTZ administration in wild-type 
mice. The severity of PTZ-induced seizures was elevated 
in the homostachydrine-treated group compared with the 
saline-treated control group (Fig. 6a). After 20 min of obser-
vation, the plasma and brain were collected, and the homo-
stachydrine concentration was measured (Fig. 6b, c). The 
homostachydrine concentration in plasma of the homostach-
ydrine-treated group was around seven times higher than 
that in the PTZ only group (Fig. 6b). The homostachydrine 
concentration in the hippocampus and frontal cortex of the 
homostachydrine-treated group was also much higher than 
that in the control group (Fig. 6c). The expression of Arc 
in the hippocampus of the homostachydrine-treated group 
was significantly increased compared with the control group 
(Fig. 6d). The expressions of Arc, Egr1, and Bdnf in the fron-
tal cortex of the homostachydrine-treated group were also 
up-regulated compared with the control group (Fig. 6e). The 
expression of c-fos in the homostachydrine-treated group 
tended to be increased compared with the control group in 
both brain tissues (Fig. 6d, e).

Gene Knockout of octn1 and Repeated 
Administration of ERGO Inhibits PTZ‑Induced 
Kindling

PTZ-induced kindling is regarded as an acquired epilepsy 
model that can be used to evaluate epileptogenesis, whereas 
PTZ-induced acute seizure is regarded as an epileptic 

Table 1   Pharmacokinetic parameters of homostachydrine-d6

Mean ± SD (n = 5 and 3 for intravenous and oral administration, respectively)
*Significantly difference from wild-type (p < 0.05)
a Maximum concentration
b Half-life at the terminal phase
c Total body clearance
d Initial-phase distribution volume
e Steady-state distribution volume
f Bioavailability

Dose 
(mg/kg)

Cmax
a (µg/mL) AUC (µg/mg h) T1/2

b (h) CLtot
c (L/h/kg) V0

d (L/kg) Vdss
e (L/kg) Ff (%)

Wild-type
 i.v. 1 – 3.58 ± 1.29 2.15 ± 0.26 0.307 ± 0.098 0.332 ± 0.140 0.649 ± 0.144 77.8
 p.o. 3 1.29 ± 0.25 8.35 ± 1.16 3.05 ± 0.75 – – –

octn1−/−

 i.v. 1 – 2.91 ± 0.87 1.70 ± 0.51 0.368 ± 0.103 0.204 ± 0.033 0.346 ± 0.058* 77.3
 p.o. 3 1.42 ± 0.16 6.74 ± 1.01 1.05 ± 0.08* – – –

Table 2   Urinary excretion of homostachydrine-d6

Urinary excretion was recovered for 48 h after the administration and 
expressed as % of dose (Mean ± SD, n = 5 and 3 for wild-type and 
octn1−/− mice, respectively)
*Significantly different from wild-type mice (p < 0.05)
a Dose of homostachydrine-d6 was 1 and 3  mg/kg for i.v. and p.o., 
respectively
b Dose of cephalexin was 50 µmol/kg

Homostachydrine-d6
a Cephalexinb

i.v.
 Wild-type 71.4 ± 14.2 49.8 ± 19.8
 octn1−/− 69.8 ± 12.7 51.9 ± 8.2

p.o.
 octn1−/− 52.2 ± 4.4* 48.1 ± 6.8
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seizure model [24]. Effect of OCTN1 on epileptogenesis 
was next examined using a PTZ-induced kindling model. 
The seizure scores resulting from the repeated adminis-
tration of PTZ at a sub-convulsive dose in wild-type mice 
was gradually increased, whereas that in octn1−/− was 
minimally changed, and the scores in octn1−/− mice were 
significantly lower than that in wild-type mice after the 
8th kindling stimulation (Fig. 7a). The survival rate after 
the final kindling stimulation in wild-type mice was 50%, 
whereas that in octn1−/− mice was 86%, and the rate in 
octn1−/− mice was significantly higher than that in wild-type 
mice (Fig. 7b). Next, we investigated the effect of inhibiting 

homostachydrine transport by OCTN1 on PTZ-induced kin-
dling. ERGO was used to inhibit OCTN1 since OCTN1-spe-
cific inhibitor has not yet been clarified. The seizure scores 
following repeated PTZ stimulation in the ERGO-treated 
group was minimally changed like that in the octn1−/− group. 
Furthermore, the score in the ERGO-treated group was sig-
nificantly lower than that in the wild-type group after the 
6th kindling stimulation (Fig. 7c). The survival rate after 
the final kindling stimulation in the control group was 50%, 
whereas that in the ERGO-treated group was 91%, and the 
rate in the ERGO-treated group was significantly higher 
(Fig. 7d).

Fig. 6   The stimulating effect of homostachydrine on PTZ-induced 
acute seizures. a Homostachydrine (50  mg/kg) was intravenously 
administered, followed by intraperitoneal administration of PTZ 
(40  mg/kg) 4  h after homostachydrine administration in wild-type 
mice. Each mouse was then observed for 20 min after treatment, and 
seizure scores were evaluated. Each value represents the mean ± SD 
(n = 9) *p < 0.05, significant difference from control. b, c After sei-
zure scores were recorded, the plasma (b) and brains (c) were col-
lected, and homostachydrine concentrations were measured by 

LC-TQMS. Open columns showed controls, and closed columns 
showed the homostachydrine-treated group. Each value represents the 
mean ± SD (n = 9) *p < 0.05, significant difference from controls. d, e 
After the seizure score observation, the hippocampus (d) and frontal 
cortex (e) were collected, and mRNA expression of epilepsy-related 
genes was evaluated. Closed and open columns showed homostach-
ydrine-treated and control groups, respectively. Each value repre-
sents the mean ± SD (n = 9) and was normalized to the control value. 
*p < 0.05, significant difference from control
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ERGO and homostachydrine concentrations in the brain 
were measured in surviving mice after the final PTZ admin-
istration. ERGO concentrations in the hippocampus and 

frontal cortex in the ERGO-treated group were significantly 
higher than those in the control group (Fig. 7e). In contrast, 
homostachydrine concentrations in the two brain tissues 

Fig. 7   The effect of octn1 gene knockout and ERGO administration 
on PTZ-induced kindling. a, b PTZ (35 mg/kg) was intraperitoneally 
administered 11 times within a 48-h interval. Each mouse was then 
observed for 20 min after administration, and seizure scores (a) and 
survival rates (b) were evaluated. Open and closed circles showed 
wild-type and octn1−/− mice, respectively. Each value represents the 
mean ± SD (n = 7–8) *p < 0.05, significant difference from wild-type 
mice. c–f ERGO (50 mg/kg) or vehicle (water) was orally adminis-
tered every day for 1 week. On day 8, the intraperitoneal administra-

tion of PTZ (35 mg/kg) was initiated, while daily ERGO administra-
tion was continued. Closed and open circles showed ERGO-treated 
and control groups, respectively. Each mouse was then observed for 
20 min after administration, and seizure scores (c) and survival rates 
(d) were evaluated. After the 11th administration of PTZ, the concen-
tration of ERGO (e) and homostachydrine (f) in the hippocampus and 
frontal cortex was measured using LC-TQMS. Each value represents 
the mean ± SD (n = 3–6). *p < 0.05, significant difference from con-
trol
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from the ERGO-treated group were substantially lower than 
those in the control group (Fig. 7f). These results suggest 
that the inhibition of OCTN1 may suppress not only epi-
leptic seizures but also the acquisition of epilepsy through 
the decline of homostachydrine concentrations in the brain.

Discussion

This study demonstrated that OCTN1 deficiency inhib-
its PTZ-induced seizures and excitation of brain neurons 
in mice (Figs. 1, 2). Since OCTN1 transports the antioxi-
dant ERGO and anti-seizure compounds such as l-carnitine 
and spermine [8, 10], we predicted that seizure scores in 
octn1−/− mice would be increased compared with wild-type 
mice. However, the opposite result was observed. In our pre-
liminary studies, the PTZ concentration in the whole brain 
and extracellular fluid (assessed by microdialysis) was meas-
ured 30 min after intraperitoneal PTZ administration (50 mg/
kg), but no differences between wild-type and octn1−/− mice 
were observed (data not shown). Therefore, the differences 
in seizure scores between the two strains may not be the 
result of the pharmacokinetic alteration of PTZ effects. We 
then hypothesized that OCTN1 transports unknown sub-
strates which deteriorates PTZ-induced seizures, since both 
transporters accept a variety of compounds as substrates.

To clarify putative substrates involved in PTZ-induced 
acute seizure, untargeted metabolomics analysis was per-
formed, and homostachydrine was identified as a candidate 
OCNT1 substrate in vivo (Figs. 3, 4). Homostachydrine is 
one alkaloid contained in the Citrus genus, alfalfa, and rye 
[21, 25, 26]. Homostachydrine is putatively synthesized 
from pipecolic acid in plants [27], whereas biosynthesis in 
animals and humans has not yet been reported. Thus, it is 
assumed that animals acquire homostachydrine from daily 
food intake, as in the case of the typical OCTN1 substrate 
ERGO.

After intravenous and oral administration, homostachy-
rine in plasma was rapidly eliminated in octn1−/− mice 
compared with wild-type mice (Fig. 5). In contrast, the 
maximum concentration after oral administration and bio-
availability was almost the same between the two strains 
(Table 1), suggesting that OCTN1 is mainly involved in 
the elimination of this compound, but not the primary 
transporter for its gastrointestinal absorption. OCTN1 
is expressed on the apical membranes of proximal renal 
tubules and involved in the reabsorption of ERGO in the 
kidney, which at least partially explains why ERGO is pre-
sent in plasma and almost all tissues of wild-type, but not 
octn1−/− mice [10]. When we consider that ~ 70% of an 
administered dose was eliminated into the urine after intra-
venous administration (Table 2), the rapid elimination of 
homostachydrine in octn1−/− mice (Fig. 5) can be similarly 

explained by a deficiency in renal reabsorption of this com-
pound in the kidney. This hypothesis is supported by the 
lower renal concentration in octn1−/− mice compared with 
wild-type mice (Fig. 3g). Recovery of homostachydrine-d6 
into the urine was similar in the two strains (Table 2), but 
this may be caused by chronic urine sampling (~ 48 h) which 
may result in minimizing the effect of the excretion rate on 
recovery or the contribution of another transporter(s) besides 
OCTN1 in the renal handling of this compound.

Homostachydrine deteriorated PTZ-induced acute sei-
zures in wild-type mice (Fig. 6). Plasma concentrations of 
homostachydrine are reportedly associated with schizophre-
nia and attention deficit hyperactivity disorder in humans 
[28]. In addition, the plasma concentration of homostachy-
drine was increased in experimental autoimmune encepha-
litis in mice [29]. However, the pathophysiological activ-
ity of homostachydrine has not yet been clarified in those 
studies. In contrast, the present study, for the first time, 
reported that homostachydrine exhibits stimulatory effects 
on PTZ-induced acute seizures. Pipecolic acid, a precur-
sor of homostachydrine in plants, has a similar structure to 
homostachydrine and was reported to exacerbate epilepsy 
and experimental seizure models, although its proposed 
effect was controversial. Patients with pyridoxine-dependent 
seizures showed increased pipecolic acid concentrations in 
the plasma and cerebrospinal fluid [30]. In addition, intra-
peritoneal administration of high doses of pipecolic acid 
deteriorated PTZ-induced seizures [31]. Conversely, intrac-
erebroventricular administration of low doses of pipecolic 
acid inhibited PTZ-induced seizures [31]. These reports sug-
gest that pipecolic acid elicits contradictory seizure-related 
effects depending on its brain concentration. However, our 
study did not detect such contradictory effects of homostach-
ydrine, though further investigations are warranted. Pipec-
olic acid is a modulator of GABAergic transmission and 
stimulates GABA release and inhibits GABA uptake [32]. 
Although there have been no reports regarding the effect 
of homostachydrine on GABAergic transmission, further 
investigation of the possible association of this compound 
with GABA homeostasis should be conducted to explain its 
deteriorating effects on seizures.

The deteriorating effect of homostachydrine (50 mg/
kg) on PTZ-induced seizure was observed at much higher 
plasma and brain concentration (Fig. 6b, c) compared with 
the background level (Fig. 3g, h). Therefore, the effect of 
homostachydrine at lower dose would be much more helpful 
to understand its exact role in the body, but was not exam-
ined in the present study since effect of the background level 
of homostachydrine cannot be neglected. Further studies by 
constructing homostachydrine-free mice are needed to know 
its exact role in the body.

Plasma concentrations of homostachydrine in healthy vol-
unteers were reported to be around 7.0 ng/mL [33], whereas 
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in mice after overnight fasting plasma concentrations aver-
aged 0.35 µg/mL (Fig. 3g). Thus, homostachydrine concen-
trations in humans could be much lower than in mice. In 
humans, however, homostachydrine concentration in plasma 
is affected by dietary intake [34], as strict sodium restric-
tion and a healthy Nordic diet has been shown to increase 
homostachydrine concentrations by 1.47- and 1.41-fold, 
respectively [35]. In addition, homostachydrine is present 
in plants that are used as herbal medicine such as Medicago 
sativa (alfalfa) and Achillea millefolium [26, 36]. Therefore, 
consuming homostachydrine-rich foods or herbal medicines 
may increase exposure to homostachydrine in humans. In 
addition, brain concentrations of homostachydrine seem to 
be highly dependent on the octn1 (Fig. 3a–c, h). In contrast, 
SNPs in the OCTN1 in humans profoundly affect the trans-
port activity of gene products for specific substrates. The 
L503F SNP in the OCTN1 gene is prominent in Caucasians 
(allele frequency: 0.458), whereas the I306T SNP is promi-
nent in both Caucasians and the Japanese [37, 38]. Transport 
activity for ERGO and organic cations such as tetraethylam-
monium and metformin in L503F is higher compared with 
wild-type OCTN1, whereas that for l-carnitine and gabapen-
tin in L503F is lower [38, 39]. Conversely, transport activity 
for ERGO is almost the same for either SNP, but is lower for 
gabapentin in the I306T variant compared with wild-type 
[38]. Thus, the genetic background may affect the exposure 
of homostachydrine to the brain, and further studies on 
plasma homostachydrine concentrations in humans and its 
association with food or medicine consumption are required 
to clarify whether homostachydrine affects seizure or not.

The PTZ-induced kindling model has been used to exam-
ine epileptogenesis, the process of transformation from a 
normal to an epileptic brain. In the PTZ-induced kindling 
model, sub-convulsive doses of PTZ are repeatedly admin-
istered to mice, and the brain is sensitized to stimulation. 
Since common phenotypes such as neuronal loss and mossy 
fiber sprouting are observed in the brain of both kindled 
mice and epilepsy patients [24], the PTZ-kindling model 
is regarded as the premium epilepsy model. In our study, 
octn1−/− mice exhibited lower seizure scores and higher 
survival rates compared with wild-type mice in the PTZ-
induced kindling model (Fig. 7a, b), suggesting that OCTN1 
may be associated with epileptogenesis as well as seizures. 
In addition, repeated oral administration of the OCTN1 
substrate/inhibitor ERGO exhibited inhibitory effects on 
PTZ-induced kindling (Fig. 7). ERGO is a diet-derived 
antioxidant and is synthesized in fungi or gut bacteria [40]. 
Administration of ERGO protected neurons from damage 
caused by cisplatin and β-amyloid via its antioxidant effects 
[41, 42]. Since the dose of ERGO in the present study was 
higher than previous reports, a portion of the anti-kindling 
effects (Fig. 7) may be due to antioxidant effects. However, 
homostachydrine concentrations in the brain were decreased 

in the ERGO-treated group (Fig. 7f). This result implies that 
the protective effects of ERGO in PTZ-induced kindling may 
be at least partially caused by the inhibition of OCTN1, 
thereby reducing brain concentrations of homostachydrine 
or other endogenous substrates. If we consider the poten-
tial inhibition of OCTN1 by ERGO treatment, our findings 
regarding octn1 gene knockout (Fig. 7a, b) and ERGO treat-
ment (Fig. 7c, d) in the PTZ-induced kindling model suggest 
the possibility that OCTN1 inhibition may improve epilep-
tic seizure or development of epilepsy. Since octn1−/− mice 
show no distinct phenotype under normal conditions, the 
inhibition of OCTN1 should not cause serious side-effects. 
Thus, the utility of OCTN1 inhibitors as potential anti-epi-
leptic compounds may require further examination. Another 
antioxidant, melatonin, also showed anti-seizure effects in 
animals and humans [16]. Melatonin is a dietary supplement 
food, and treatment with melatonin is considered relatively 
safe, although headache and sleepiness were reported in a 
study of insomnia treatment [43]. Conversely, side-effects 
were not reported following a 1-week treatment with ERGO 
in humans [44]. ERGO exhibits an extremely long half-life 
in humans and mice [10, 44], whereas the elimination of 
melatonin is much more rapid, with a half-life of 30 to 
120 min [45]. Therefore, the anti-seizure activity of ERGO 
is promising and requires further examination.

In conclusion, this study showed that a deficiency of 
OCTN1 inhibits PTZ-induced seizures. A newly identified 
OCTN1 substrate, homostachydrine, may behave as a sei-
zure-deteriorating compound in the brain. OCTN1 substrate 
and inhibitor ERGO decreases homostachydrine concentra-
tions in the brain and inhibits PTZ-induced kindling. These 
findings indicate the necessity for further investigation of 
whether OCTN1 or its typical substrate and inhibitor ERGO 
is associated with epilepsy, and whether OCTN1 represents 
a suitable target for anti-epileptic drugs in the future.
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Abstract: Background: The enhancement of learning and memory through food-derived ingredi-
ents is of great interest to healthy individuals as well as those with diseases. Ergothioneine (ER-
GO) is a hydrophilic antioxidant highly contained in edible golden oyster mushrooms (Pleurotus
cornucopiae var. citrinopileatus), and systemically absorbed by its specific transporter, carnitine/or-
ganic cation transporter OCTN1/SLC22A4.

Objective: This study aims to examine the possible enhancement of object recognition memory by
oral administration of ERGO in normal mice.

Method: Novel object recognition test, spatial recognition test, LC-MS/MS, Golgi staining, neuron-
al culture, western blotting, immunocytochemistry, and quantitative RT-PCR were utilized.

Result: After oral administration of ERGO (at a dose of 1–50 mg/kg) three times per week for two
weeks in ICR mice, the novel object recognition test revealed a longer exploration time for the nov-
el object than for the familiar object. After oral administration of ERGO, the spatial recognition
test also revealed a longer exploration time for the spatially moved object than the unmoved one in
mice fed ERGO-free diet. The discrimination index was significantly higher in the ERGO-treated
group than the control in both behavioral tests. ERGO administration led to an increase in its con-
centration in the plasma and hippocampus. The systemic concentration reached was relevant to
those found in humans after oral ERGO administration. Golgi staining revealed that ERGO admin-
istration increased the number of matured spines in the hippocampus. Exposure of cultured hippo-
campal neurons to ERGO elevated the expression of the synapse formation marker, synapsin I.
This elevation of synapsin I was inhibited by the tropomyosin receptor kinase inhibitor, K252a.
Treatment with ERGO also increased the expression of neurotrophin-3 and -5, and phosphorylated
mammalian target of rapamycin in hippocampal neurons.

Conclusion: Oral intake of ERGO may enhance object recognition memory at its plasma concentra-
tion achievable in humans, and this enhancement effect could occur, at least in part, through the
promotion of neuronal maturation in the hippocampus.

Keywords: Ergothioneine, Object recognition memory, Neuronal maturation, Hippocampus, Neurotrophin, Organic cation
transporter.

1. INTRODUCTION
Dysfunction of learning and memory due to neuronal dis-

orders causes dementia,  resulting in an extremely lowered
quality of life in patients. There are 50 million dementia pa-
tients worldwide [1], and the treatment of dementia is an ur-
gent issue. However, despite the clinical application of sever-
al therapeutic agents for the treatment of  dementia,  such as

* Address correspondence to this author at the Faculty of Pharmacy, Insti-
tute of Medical, Pharmaceutical and Health Sciences, Kanazawa Universi-
ty, Kakuma-machi, Kanazawa 920-1192, Japan;
Tel/Fax: +81-76-234-4465; E-mail: ykato@p.kanazawa-u.ac.jp

inhibitors of cholinesterase and the N-methyl-D-aspartate re-
ceptor [2, 3], there are no fundamental therapeutic drugs for
recovering the neurons that are lost during brain disorders.
Some patients are insensitive to the current clinically avail-
able  drugs  [2].  In  addition,  the  administration  of  cho-
linesterase  inhibitors  sometimes  causes  several  adverse
events,  such  as  gastrointestinal  or  mental  disorders  [2,  4].
Therefore,  the  development  of  drugs  with  a  novel  mech-
anism of action and minimal adverse effects is desirable.

Food-derived ingredients that improve recognition func-
tion through the enhancement of brain function would also
be a promising tool for the treatment of dementia and may

http://dx.doi.org/10.2174/1874467213666200212102710
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help to clarify novel mechanisms of action for the drug de-
velopment.  Food-derived ingredients  that  have an antioxi-
dant effect and/or promotive effect on neuronal maturation
and neurogenesis may improve learning and memory ability.
For example, intake of antioxidant polyphenol catechin and
resveratrol, which are found in high levels in green tea and
red grapes, respectively, improves the decline in spatial me-
mory  provoked  by  the  suppression  of  spine  reduction  in
aged mice [5, 6]. Intake of carotenoid astaxanthin, which is
found in salmon roe, enhances neurogenesis and spatial me-
mory in normal mice [7]. However, over-intake of resvera-
trol inhibits neurogenesis and reduces the learning and mem-
ory ability [8]. The astaxanthin intake required to improve
learning  and  memory  in  mice  may  cause  several  adverse
events, such as hepatic impairment [9]. Thus, it would be de-
sirable to improve the pharmacokinetic properties to gain ef-
ficient activity of learning and memory with minimal toxici-
ty at the clinically relevant amount of ingestion.

Ergothioneine (ERGO) is an antioxidant that is abundant-
ly found in certain edible mushrooms, including golden oys-
ter mushrooms (Pleurotus cornucopiae var. citrinopileatus),
meat,  and  grains.  ERGO is  synthesized  by  fungi  and  my-
cobacteria,  but  not  by  mammals.  Thus,  ERGO is  ingested
from daily food and is  present  at  a  concentration range of
μM to sub mM in the blood and organs of humans and mice
[10, 11]. The hydrophilic nature of ERGO hinders its mem-
brane permeation, however, it is actively transported across
membranes by the specific transporter carnitine/organic ca-
tion transporter (OCTN1/SLC22A4), which was identified
by  the  metabolomics  approach  [12].  ERGO  is  orally  ab-
sorbed mainly through this transporter [13]. The concentra-
tion of ERGO in any of the organs of octn1 gene knockout
mice is below the detection limit [11], indicating the funda-
mental role of this transporter in the distribution of ERGO.
ERGO can enter the brain by crossing the blood-brain barri-
er [14]. Thus, this antioxidant appears to have the beneficial
pharmacokinetic properties of a candidate for the improve-
ment of brain function. In fact, ERGO shows protective ef-
fects against the neuronal damage provoked by H2O2, β-amy-
loid, and cisplatin [15-17]. Exposure of cultured neural stem
cells  to  ERGO  promotes  cellular  differentiation  into  neu-
rons,  through  an  unidentified  mechanism  that  is  distinct
from its  antioxidant  activity  [18].  Oral  ingestion  of  a  diet
that includes ERGO actually promotes hippocampal neuroge-
nesis and exerts an antidepressant-like effect in mice [14]. In
addition to these beneficial effects of exogenous administra-
tion  of  ERGO  in  experimental  animals,  recent  clinical
studies have indicated that the systemic concentration of ER-
GO is reduced in older adults (0.8–1.4 µM in serum of older
subjects) [19], patients with Parkinson’s disease [20], and in
people with mild cognitive impairment (0.1–0.2 µg/mg he-
moglobin in  whole  blood)  [21].  These findings imply that
ERGO may play a role in the maintenance of normal brain
function. However, though ERGO is known to improve the
decline of learning and memory ability in senescent model
mice [22], the effect of ERGO on learning and memory un-
der normal (untreated) conditions has not yet been clarified.

In the present study, we investigated whether orally ad-
ministered  ERGO  can  enhance  the  learning  and  memory
ability of normal mice. For such purposes, both the novel ob-
ject recognition test (NORT) and the spatial recognition test
(SRT) were performed after the oral administration of ER-
GO. To support  such an effect  on brain  function,  the  gas-
trointestinal absorption and hippocampal distribution of ER-
GO were also examined. The promotion of neuronal matura-
tion by ERGO, through the induction of neurotrophic fac-
tors, was also demonstrated as the possible underlying mech-
anism.

2. MATERIALS AND METHODS

2.1. Materials
ERGO was  kindly  provided  by  Yukiguni  Maitake  Co.

Ltd. (Minamiuonuma, Japan). L-(+)-Ergothioneine-d9 was
kindly  provided  by  TETRAHEDRON  (Romainville,
France).  ISOGEN,  MultiScribe™  Reverse  Transcriptase,
and  THUNDERBIRD  SYBR  qPCR  Mix  were  purchased
from Nippon Gene (Tokyo, Japan), Biosystems (Foster City,
CA, USA), and TOYOBO (Osaka, Japan), respectively. ER-
GO-free feed (basal diet®) was obtained from TestDiet (St.
Louis, MO, USA) and contained less than 0.01 µg ERGO/g
chaw [23]. All other chemicals and reagents, of the highest
purity available, were purchased from commercial sources.

2.2. Animals
Male ICR mice for in vivo experiments and female preg-

nant  ICR  mice  for  neuronal  culture  were  purchased  from
Sankyo Labo Service Co. (Toyama, Japan). Male mice fed
control  diet  were  regarded  as  “normal  mice”.  Male  ICR
mice  at  the  age  of  3  weeks  were  also  purchased  from
Sankyo Labo Service and fed ERGO-free diet. These mice
were  regarded  as  “ERGO-free  mice”.  These  ERGO-free
mice were prepared with an aim to clearly observe pharma-
cological  effect  of  ERGO exogenously administered since
ERGO exists in the body of normal mice that were not ad-
ministered ERGO due to ingestion from the daily diet which
includes  ERGO  [11,  14].  Mice  were  housed  in  patho-
gen-free conditions at a controlled temperature (21–25 °C)
under a 12 h light/dark cycle. The lights remained on from
8:00 to 20:00. Food and water were available ad libitum. To-
tal number of normal mice used for behavioral tests, mea-
surement  of  ERGO concentration,  and  Golgi  staining  was
70,  24,  and  19,  respectively,  whereas  that  of  ERGO-free
mice used for behavioral tests and measurement of ERGO
concentration was 48 and 32, respectively.

2.3. Behavioral Tests in Normal and ERGO-free Mice
ERGO was dissolved in autoclaved pure water and oral-

ly administered to normal mice at the age of 5 weeks at 0, 1,
5, 20, or 50 mg/kg on experimental days 0, 2, 4, 7, 9, and 11
by gavage (Supplementary Fig. S1A). The number of mice
administered 0, 1, 5, 20, and 50 mg/kg ERGO was 14, 15,
14, 13, and 14, respectively. ERGO was orally administered
to ERGO-free mice at the age of 6 weeks at 0, 5, 20, or 50
mg/kg on experimental days 0, 2, 4, 7, 9, and 11 by gavage
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(Supplementary  Fig.  S1A).  The  number  of  mice  adminis-
tered 0, 5, 20, and 50 mg/kg ERGO was 12. On experimen-
tal day 14, NORT was first performed: each mouse was indi-
vidually  placed  in  an  acrylic  chamber  (45  ×  45  ×  45  cm)
without any objects and was allowed to explore for 10 min.
On the next day, each mouse was placed in the same cham-
ber with two identical objects located on a diagonal line. Ani-
mals were allowed to explore the chamber for five minutes
(Supplementary Fig. S2). The time spent exploring each ob-
ject was recorded. Twenty-four hours later, one of the ob-
jects was replaced by a novel object of a different shape at
the same location in the chamber. Each mouse was allowed
to explore the chamber under these conditions for five min-
utes. The exploration time for each object was recorded. The
discrimination index was calculated as [(novel object explo-
ration time/ total exploration time) − (familiar object explora-
tion time/ total exploration time) × 100] (Table 1).

The SRT was conducted on the day after the final NORT
day (Supplementary Fig. S1A): each mouse was individual-
ly placed in an acrylic chamber without any objects and al-
lowed to explore for 10 min. On the next day, each mouse
was placed in the same chamber with two identical objects
located  on  a  diagonal  line.  Animals  were  allowed explore
the chamber for five minutes (Supplementary Fig. S3). The
time spent exploring each object was recorded. One hour lat-
er, one of the objects was moved, and each mouse was al-
lowed to explore the chamber under these conditions for five
minutes. The exploration time for each object was recorded.
The discrimination index was calculated as [(moved object
exploration time/ total exploration time) − (unmoved object
exploration time/ total exploration time) × 100] (Table 1).

2.4. Measurement of ERGO Concentration
Repeated oral administration of ERGO at 0, 1, 5, 20, 50,

or  100  mg/kg  was  performed  in  a  separate  set  of  normal
mice at the age of 5 weeks, in the similar schedule to the be-
havioral tests. In these mice, the plasma was collected on ex-
perimental days 0, 7, 14, and 19 (Fig. S1A). Similarly, ad-
ministration of ERGO was also performed in another set of
mice at the age of 5 weeks in which the hippocampus was
collected on experimental day 14. These experiments were
performed to examine oral absorption and brain distribution
of ERGO in mice. On the other hand, plasma and hippocam-
pal  samples  were  obtained  in  the  same  mice  used  for  be-
havioral  tests  on  the  experimental  day  19  (Supplementary
Fig. S1A) to confirm reduction in basal level of ERGO and
systemic absorption of ERGO in ERGO-free mice. All sam-
ples were preserved at –80 °C before the determination of
ERGO concentration. Hippocampal samples were weighed,
and portions were homogenized in 2 volumes of distilled wa-
ter. Plasma and hippocampus homogenates were diluted 5-
and  250-fold  with  water,  respectively,  deproteinized  with
methanol, and subjected to LC-MS/MS after centrifugation.
The LC-MS/MS system was based on the LCMS-8040 mod-
el  (Shimadzu,  Kyoto,  Japan).  Chromatography  was  per-
formed  by  means  of  step-gradient  elution  (flow  rate,  0.4
mL/min) as follows: 0–0.5 min: 5% A/95% B; 0.5–3.5 min:
5% A/95% B to 70% A/30% B; 3.5–5.5 min: 70% A/30%

B; 5.5–5.6 min: 70% A/30% B to 5% A/95% B; 5.6–8 min:
5% A/95% B (A, water containing 0.1% formic acid; B, ace-
tonitrile-containing 0.1% formic acid), using a Luna 3.0 µm
HILIC column (200 Å,  150 × 2.0 mm; Phenomenex,  Tor-
rance,  CA)  at  40  °C.  L-(+)-Ergothioneine-d9  was  used  as
the internal standard.

2.5. Golgi Staining
Mice  were  purchased  at  the  age  of  5  weeks,  0  or  50

mg/kg ERGO was orally administered on experimental days
0,  2,  4,  7,  9,  and  11  (Fig.  S1B).  Golgi  staining  was  per-
formed according to the recommended procedure of the FD
Rapid  GolgiStain  Kit  (PK401;  FD  Neuro  Technologies,
Columbia, MD, USA). On experimental day 14, mice were
decapitated  under  anesthesia  by  pentobarbital,  and  brains
were removed. Brains were put into the recommended solu-
tion and kept at room temperature in the dark for two weeks,
followed by further incubation for 72 h in another solution.
Brains  were  embedded in  TFM (Triangle  Biomedical  Sci-
ences,  Durham, NC, USA),  and coronal  slices  were cut  at
the thickness of 100 µm using a cryostat. The sections were
placed on gelatin coated glass slides (Matsunami Glass, Osa-
ka, Japan), dried overnight, washed with pure water, and im-
mersed in the recommended solution for 10 min. The sec-
tions were washed with phosphate-buffered saline (PBS), se-
quentially immerged in 50, 75, and 90% ethanol, and then
dehydrated in 100% ethanol, followed by 100% xylene. The
sections were then coverslipped using Permount (Sigma-Al-
drich, St. Louis, MO, USA) and observed with BZ9000 fluo-
rescence microscope (Keyence, Osaka, Japan). Two to four
neurons from the hippocampal dentate gyrus were randomly
selected from each mouse for spine analysis. A total of nine
to 10 neurons were analyzed in each group. Quantification
of spines was performed using NIH ImageJ software. Spines
were classified into 3 groups: mushroom, filopodia/thin, and
stubby. Mushroom spines were characterized by a big head
that was more than three times larger than its neck. Filopodi-
a/thin spines were characterized by the absence of a head or
the presence of a head that was not big. Stubby spines were
characterized by their short and round appearance.

2.6. Neuronal Culture
Primary hippocampal neuronal cultures were performed

according  to  the  methods  described  by  Nakamichi  et  al.
[24],  with minor modifications.  In brief,  hippocampi from
15-day-old embryonic ICR mice were dissected and incubat-
ed with 0.25% trypsin in PBS containing 28 mM glucose at
37°C for 20 min. Cells were mechanically dissociated using
a 1,000-μL pipette tip in culture medium and plated at a den-
sity of 5 × 104 cells/cm2 on plastic dishes that were coated
with  7.5  μg/ml  poly-L-lysine.  Hippocampal  neurons  were
cultured in Neurobasal™ media (Thermo Fisher Scientific,
Waltham,  MA,  USA)  that  was  supplemented  with  100
U/mL  penicillin,  100  μg/mL  streptomycin,  B-27  supple-
ment, 0.5 mM glutamine, and 25 µM glutamate from 0 to 3
days in vitro (DIV) at 37°C in a humidified 5% CO2 incuba-
tor (Fig. S1C). At three DIV, half of the culture medium was
replaced with Neurobasal™ media supplemented with B-27
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Table 1. Discrimination index in novel object recognition (NORT) and spatial recognition tests (SRT).

Discrimination index
ERGO (mg/kg)a

0 1 5 20 50

Normal
mice

NORTb 1.83
± 4.02

16.6
± 5.6

16.3
± 4.2

18.8
± 3.6*

16.8
± 4.6

SRTc 1.63
± 4.25

5.91
± 6.18

10.5
± 7.7

15.5
± 6.5

24.9
± 6.7*

ERGO-free
mice

NORTb -2.88
± 7.55 - d 22.5

± 4.0*
23.6

± 3.4*
28.5

± 4.3*

SRTc 4.61
± 4.38 - d 18.5

± 5.0
18.9
± 4.1

34.5
± 3.4*

a) Orally administered in normal mice on days 0, 2, 4, 7, 9, and 11
b) Performed at three days after the last ERGO administration
c) Performed at six days after the last ERGO administration
d) Not performed
* Significant difference from the corresponding control values (P < 0.05)

supplement, 100 U/mL penicillin, 100 μg/mL streptomycin,
and 0.5 mM glutamine, and cells were incubated for a fur-
ther  three  days.  At  six  DIV,  the  culture  medium  was  re-
placed  with  Neurobasal™  media  supplemented  with  100
U/mL penicillin, 100 μg/mL streptomycin, and 0.5 mM glu-
tamine. From 6 to 9 or 12 DIV, the cells were treated with 0,
5,  50,  and  500  µM  ERGO  (Fig.  S1C).  For  the  inhibition
study, 10 or 100 nM tropomyosin receptor kinase (Trk) in-
hibitor K252a dissolved in Neurobasal™ media that was sup-
plemented  with  100  U/mL  penicillin,  100  μg/mL  strepto-
mycin, 0.5 mM glutamine, and 25 µM glutamate was added
to  the  medium  at  six  DIV  and  incubated  for  20  min.  The
medium  was  then  replaced  with  Neurobasal™  media  that
was  supplemented  with  100  U/mL  penicillin,  100  μg/mL
streptomycin, 0.5 mM glutamine, and 25 µM glutamate, and
cells were incubated until 12 DIV (Fig. S1C).

2.7. Western Blot Analysis
Western  blot  analysis  was  performed  according  to  the

methods of Nakamichi et al. [25], with minor modifications.
Hippocampal neurons were seeded at 5.0 × 104 cells/cm2 on
12  well  plastic  dishes,  cultured  for  12  days,  and  washed
twice with ice-cold PBS. Cells were centrifuged at 4°C for 5
min at 15,000 g after cell harvesting. Pellets thus obtained
were  suspended  and  sonicated  in  20  mM  Tris-HCl  buffer
(pH  7.5)  containing  1  mM  EDTA,  1  mM  EGTA,  10  mM
sodium  fluoride,  10  mM  sodium  β-glycerophosphate,  10
mM sodium pyrophosphate,  1  mM sodium orthovanadate,
and  1  µg/mL  of  various  protease  inhibitors  [(p-
amidinophenyl)methanesulfonyl  fluoride,  leupeptin,  anti-
pain,  and  benzamidine].  The  suspensions  were  added  at  a
volume ratio of 4:1 to 10 mM Tris-HCl buffer (pH 6.8) con-
taining 10% glycerol, 2% sodium dodecylsulfate, 0.01% bro-
mophenol  blue,  and  5%  mercaptoethanol,  and  mixed  at
room temperature  for  one hour.  The protein  concentration
was determined using a Bio-Rad Protein Assay Kit. The con-
centration of polyacrylamide gel was 7.5% for the detection
of  βIII-tubulin,  microtubule-associated  protein  2  (MAP2),
and synapsin I, or 12.5% for the detection of mammalian tar-
get  of  rapamycin  (mTOR),  p-mTOR,  S6K1,  p-S6K1
(Ser371),  p-S6K1  (Thr389),  4EBP1,  and  p-4EBP1.  Each
aliquot of 10 µg proteins was loaded on to a polyacrylamide

gel  for  electrophoresis  at  a  constant  current  of  60  mA/2
plates for 100 min at room temperature, using a widemini-s-
lab  size  PAGE  system  (Sima  Biotech,  Chiba,  Japan),  fol-
lowed  by  blotting  to  a  polyvinylidene  fluoride  membrane
that was previously treated with 100% methanol. The mem-
brane was blocked with a 2% bovine serum albumin (BSA)
solution at 4°C overnight. The membrane was then reacted
with  antibodies  against  βIII-tubulin  (1:10,000),  MAP2
(1:10,000), Synapsin I (1:10,000), or β-actin (1:50,000) and
diluted with buffer containing 0.2% BSA at room tempera-
ture for two hours while shaking [18], or reacted with anti-
bodies against mTOR (1:1,000), p-mTOR (1:1,000), S6K1
(1:500),  p-S6K1  (Ser371)  (1:500),  p-S6K1  (Thr389)
(1:500),  4EBP1  (1:500),  or  p-4EBP1  (1:500)  and  diluted
with  Can  Get  Signal®  at  room  temperature  for  two  hours
while shaking [26]. The membrane was then washed and re-
acted with an anti-mouse IgG (1:10,000–50,000) or anti-rab-
bit  IgG (1:  2,000–10,000),  diluted with 0.2% BSA or Can
Get Signal®. Proteins reactive with these antibodies were de-
tected with the aid of ECL™ detection reagents using a lumi-
no image analyzer (LAS-4000; FUJIFILM, Tokyo, Japan).
Densitometric  determination  was  performed  using  ImageJ
software.

2.8. Immunocytochemical Analysis

Hippocampal  neurons  were  seeded  at  1.25  ×  104

cells/cm2 on 12 well plastic dishes and cultured for 12 days.
Neurons were washed with PBS, then fixed with 4% para-
formaldehyde for 20 min at room temperature, and incubat-
ed for 30 min in blocking solution (3% BSA and 0.2% Tri-
ton X-100 in PBS) at room temperature. Cells were then in-
cubated overnight in 10-times-diluted blocking solution con-
taining  antiserum  against  MAP2  (1:1,000)  or  an  antibody
against synapsin I (1:2,000) at 4°C, washed with PBS, and
reacted with Alexa Fluor series-conjugated secondary anti-
bodies (1:2,000) for one hour at room temperature. The cells
were rinsed again with PBS, treated with mounting medium
that  contained DAPI,  and observed under  a  confocal  laser
scanning microscope (LSM710) with a 63× objective. Five
fields per well were chosen at random for analysis, and only
non-clustered  neurons  were  evaluated.  The  data  were  ob-
tained  from  four  wells  in  each  preparation.  To  minimize
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bias, neurons were evaluated blindly without the knowledge
of the sample condition. Five neurons were analyzed from
each well for the measurement of the number of synapsin I--
positive  puncta/10  μm neurite  length,  total  neurite  length,
number of neurites, and Sholl analysis. Measurement of neu-
rite length, total number of neurites, and Sholl analysis were
conducted using the Simple neurite tracer plug-in [27] on Fi-
ji,  an  open-source  platform  for  biological-image  analysis
[28]. Sholl analysis was carried out at a 3.36 µm interval to
a maximum radius of 137.2 µm. The area under the curve
(AUC)  was  calculated  using  the  trapezoidal  rule  for  each
Sholl profile.

2.9. Quantitative RT-PCR

Hippocampal neurons were seeded at 5.0 × 104 cells/cm2

on 12 well plastic dishes and cultured for nine days. The to-
tal RNA was extracted from cultured cells according to the
manufacturer’s  protocol  of  ISOGEN.  cDNA  was  synthe-
sized with oligo (dT)12–18 primers, deoxynucleotide triphos-
phate mix, RT buffer, and MultiScribe Reverse Transcrip-
tase, and amplified on Mx3005P (Agilent Technologies, San-
ta Clara, CA, USA) using a reaction mixture containing cD-
NA with the relevant forward and reverse primers and the
THUNDERBIRD SYBR qPCR Mix. PCR reactions were ini-
tiated by template denaturation at 95°C for 15 min, followed
by 40 cycles of amplification (denaturation at 95°C for 10 s,
and primer annealing and extension at 60°C for 30 s). Rela-
tive quantification of expression levels of  the target  genes
was  determined  by  the  delta-delta  Ct  method  using  tran-
scripts of acidic ribosomal phosphoprotein P0 (36B4) as the
internal  standard.  The  sequences  of  the  primers  (5’  to  3’)
were as follows: nerve growth factor (NGF) forward, TCTA-
TACTGGCCGCAGTGAG  and  reverse,  GGACATTGC-
TATCTGTGTACGG;  brain-derived  neurotrophic  factor
(BDNF) forward, GCGGCAGATAAAAAGACTGC and re-
verse,  TCAGTTGGCCTTTGGATACC;  NT3  forward,
GGAGGAAACGCTATGCAGAA  and  reverse,  TTCTCT-
GAGGCCGTGAAGTT;  NT-5  forward,  CCCAAGTT-
GAGGGAAAACAA  and  reverse,  TCCTCCGGGA-
GAACTCCTAT; 36B4 forward, ACTGGTCTAGGACCC-
GAGAAG and reverse, TCCCACCTTGTCTCCAGTCT.

2.10. Statistical Analysis
Data are expressed as the mean ± S.E.M. The statistical

significance of differences was determined by means of Stu-
dent’s t-test or one-way or repeated measures ANOVA, us-
ing Excel or IBM SPSS Statistics (Chicago, IL, USA), fol-
lowed by the appropriate post-hoc tests. P < 0.05 was regard-
ed as denoting a significant difference.

3. RESULTS

3.1. Enhancement of Object Recognition and Object Lo-
cation Memory by Oral Administration of ERGO

To investigate  whether  oral  intake  of  ERGO enhances
the  learning  and  memory  ability  under  normal  conditions,
the experimental schedule in NORT was first constructed us-
ing mice that had not been exposed to ERGO treatment (Fig.

S2). The exploration time for the novel object was signifi-
cantly longer than that for the familiar one under the condi-
tion that retention time was set to be three hours, whereas
the exploration time was not different between the novel and
familiar objects under the condition that retention time was
set to 24 h (Fig. S2). This suggests that mice cannot recog-
nize a difference between the novel and familiar object after
a 24 h retention time. Thus, the enhancement effect of ER-
GO on object recognition memory was next observed under
the condition that retention time was set to 24 h. ERGO was
orally administered at 0–50 mg/kg three times per week for
two weeks, and then NORT was performed (Fig. S1A). In re-
tention trials, the exploration time for the novel object was
significantly longer than that for the familiar object in nor-
mal mice administered 1–50 mg/kg ERGO, whereas the ex-
ploration  time  for  the  two  objects  was  similar  in  normal
mice that had not been treated with ERGO (Fig. 1A).  The
similar results were obtained in ERGO-free mice (Fig. 1B).
The discrimination index at each dose was calculated to com-
pare  object  recognition  ability.  The  discrimination  index
was significantly higher in normal mice exposed to ERGO
at a dose of 20 mg/kg than in the control group (Table 1).
The  discrimination  index  was  significantly  higher  in  ER-
GO-free  mice  exposed  to  ERGO  at  a  dose  of  5  mg/kg  or
higher dose than in the control  group (Table 1).  These re-
sults suggest that oral administration of ERGO enhances the
object recognition memory under normal conditions in mice.

Next, the possible enhancement effect of oral administra-
tion of ERGO on object location memory was investigated
using the SRT. In mice that were not exposed to ERGO treat-
ment, the exploration time for the moved object was signifi-
cantly longer than that for the unmoved object when mea-
surement  time was set  to  10 min,  whereas  the exploration
time  was  minimally  different  between  the  moved  and  un-
moved objects when the measurement time was set to five
minutes (Fig. S3). Thus, the enhancement effect of ERGO
on object location memory was next examined under the con-
dition that measurement time was five minutes. In retention
trials, the exploration time for the moved object tended to be
longer than that for the unmoved object in normal mice that
were treated with 50 mg/kg ERGO (Fig. 1C). The explora-
tion time for the moved object was significantly longer than
that  for  the  unmoved  object  in  ERGO-free  mice  adminis-
tered 5 or 50 mg/kg ERGO, whereas the exploration time for
the two objects was similar in ERGO-free mice that had not
been treated with ERGO (Fig. 1D). The discrimination in-
dex at each dose was calculated to compare spatial recogni-
tion ability. The discrimination index was significantly high-
er  in  normal  and  ERGO-free  mice  exposed  to  ERGO at  a
dose of 50 mg/kg than in the control group (Table 1). This
suggests  that  oral  administration  of  ERGO  may  also  en-
hance  object  location  memory under  normal  conditions  in
mice.

3.2. Plasma and Hippocampal Concentration of ERGO
after Oral Administration

To support the findings that oral administration of ER-
GO has an enhancement effect on learning and memory abili-
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ty, we examined the gastrointestinal absorption and distribu-
tion to the hippocampus of ERGO following oral administra-
tion. During and after oral administration of ERGO (1–100
mg/kg) three times per week for two weeks, the plasma con-
centration profile of ERGO was measured. The plasma con-
centration of ERGO was remarkably higher in the mice that
were  treated  with  100  mg/kg  ERGO  than  in  the  control
group from days 7 to 19 (Fig. 2A). In the group treated with
50 mg/kg ERGO, the plasma concentration of ERGO tended
to be higher than that in the control on day 7 and this differ-
ence reached significance on day 14 (Fig. 2A). In the group
treated with 20 mg/kg ERGO, the plasma concentration of
ERGO  also  tended  to  be  higher  than  that  in  the  control
group on day 14 (Fig. 2A). Meanwhile, the hippocampal con-
centration of ERGO on day 14 in the group treated with ER-
GO  was  also  measured  and  showed  a  dose-dependent  in-
crease (Fig. 2B). The hippocampal concentration of ERGO
in the group treated with ERGO at 20 mg/kg or more was
significantly higher than that in the control group (Fig. 2B).
The plasma and hippocampal concentrations of ERGO were
also  increased  in  a  dose-dependent  manner  in  ERGO-free
mice (Table S1). These results indicate that orally adminis-
tered ERGO is absorbed from the gastrointestinal tract and
distributed  to  the  hippocampus,  after  passing  through  the
blood-brain  barrier.  These  results  support  the  finding  that

learning and memory ability is enhanced after oral adminis-
tration of ERGO and suggest that this may result from the ac-
tion of ERGO being distributed to the hippocampus.

3.3. Promotive Effect of ERGO on Neuronal Maturation
in the Hippocampal Dentate Gyrus

Neuronal  maturation  was  next  examined  as  a  possible
mechanism of action for the learning and memory enhance-
ment  observed  after  oral  administration  of  ERGO.  Golgi
staining demonstrated that neurons with numerous neurites
existed  in  the  hippocampal  dentate  gyrus  of  the  control
group (Fig. 3A). Furthermore, morphological observation of
the neurites revealed the existence of at least three types of
spines (mushroom, filopodia/thin, and stubby; (Fig. 3B). In
the dentate gyrus of mice that were orally administered 50
mg/kg ERGO three times per week for two weeks, there ap-
peared to be more mushroom type spines than in the control
group (Fig. 3C). Quantification of the number of each type
of spines in each condition revealed that the population of
mushroom type spines in the ERGO-treated group was signi-
ficantly higher than that observed in the control group (Fig.
3D). These results suggest that oral administration of ERGO
may promote neuronal maturation in the hippocampal den-
tate gyrus.

Fig. (1). Effect of oral administration of ERGO on object recognition and object location memory under normal conditions.
Normal (A, C) and ERGO-free (B, D) mice were orally administered ERGO at 0, 1, 5, 20, or 50 mg/kg on days 0, 2, 4, 7, 9, and 11. Three
and six days after the final ERGO administration, NORT (A, B) and SRT (C, D) were conducted, respectively, and the exploration time was
measured. The white and black columns in panels (A) and (B) display the exploration time for the familiar and novel objects, respectively.
The white and black columns in panels (C) and (D) show the exploration time for the unmoved and moved objects, respectively. Each value
represents the mean ± S.E.M. (n = 12–15). * Significant difference from the control (P < 0.05); ** Significant difference from the control (P
< 0.01)
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Fig. (2). ERGO concentration in the plasma (A) and hippocampus (B) after oral administration of ERGO.
Mice were orally administered 0, 1, 5, 20, 50, or 100 mg/kg ERGO on days 0, 2, 4, 7, 9, and 11. Plasma samples were collected on days 0, 7,
14, and 19, and hippocampal samples were collected on day 14. The ERGO concentration was then measured by LC-MS/MS. Each value rep-
resents the mean ± S.E.M. (n = 3–6). * Significant difference from the values obtained in mice not treated with ERGO (P < 0.05); ** Signifi-
cant difference the values obtained in mice not treated with ERGO (P < 0.01)

Fig. (3). Effect of oral administration of ERGO on spine morphology in the hippocampal dentate gyrus.
Mice were orally administered 0 or 50 mg/kg ERGO on days 0, 2, 4, 7, 9, and 11. On day 14, the brain was collected for Golgi staining. Neu-
rons in the hippocampal dentate gyrus were observed, and spines were classified. (A) A representative image of Golgi staining in the hippo-
campus of the control group. Scale bar: 50 µm. (B) Examples of the three classifications of spines in the control group. The white triangle in-
dicates the mushroom-type spine, the white arrows indicate the filopodia/thin-type spines, and the black triangle indicates the stubby-type
spine. Scale bar: 1 µm. (C) Representative images of dendritic branches in the hippocampal dentate gyrus of control mice and mice treated
ERGO. Scale bar: 5 µm. (D) The quantitative results of spine morphological analysis in control mice (white) and mice treated with ERGO
(black). Nine to 10 neurons from three mice were analyzed in each group. Each value represents the mean ± S.E.M. (n = 9–10). * Significant
difference from the control group (P < 0.05).
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3.4. Promotive Effect of ERGO on Cellular Maturation
in Primary Cultured Hippocampal Neurons

To further investigate the promotive effect of ERGO on
neuronal  maturation,  the  expression  of  neuronal  matura-
tion-related  markers  was  examined  through  quantitative
PCR and Western blotting in primary cultured hippocampal
neurons. The expression of mRNA for βIII-tubulin and sy-
napsin  I  was  significantly  higher  in  the  hippocampal  neu-
rons that were exposed to 50 or 500 μM ERGO than in the
control group (Fig. 4A). Exposure of hippocampal neurons
to 5–500 μM ERGO also elevated the protein expression of
βIII-tubulin  and  synapsin  I  in  a  concentration-dependent
manner (Fig. 4B, C). To confirm that exposure to ERGO in-
creased the expression of these neuronal markers through a
mechanism distinct from its neuroprotective effect, the pro-
tective effect of ERGO was also examined under the same
culture condition. No significant difference was observed in

the number of Hoechst- and propidium iodide (PI)-positive
cells  between  the  control  and  ERGO-treated  groups  (Fig.
S4). This result indicates a minimal protective effect of ER-
GO under this experimental condition. Meanwhile, exposure
to  ERGO  minimally  affected  the  expression  of  MAP2  at
both the mRNA and protein level (Fig. 4). In cultured hippo-
campal neurons, more synapsin I-positive puncta per neurite
were observed in the group exposed to 500 μM ERGO than
in the control group (Fig. 5A, B). However, ERGO exposure
appeared  to  minimally  affect  neurite  length  (Fig.  5C)  and
the number of neurites per cell (Fig. 5D). However, the num-
ber  of  neurite  intersections was significantly  higher  in  the
groups that were exposure to 50 and 500 μM ERGO than in
the control group (Fig. 5E, F). These results suggest that ER-
GO may promote synapse formation by increasing the num-
ber of neurite intersections in hippocampal neurons, support-
ing a promotive effect of ERGO on neuronal maturation.

Fig. (4). Effect of ERGO on the expression of neuronal maturation markers in primary cultured hippocampal neurons.
Hippocampal neurons were cultured in neurobasal medium supplemented with B-27 for six days, followed by further culture in neurobasal
medium without B-27 in either the absence (white columns) or presence (gray or black columns) of ERGO until experimental day 12. (A)
The total RNA was extracted from neurons cultured for 9 days for quantitative RT-PCR analysis. Data were normalized by the expression
level of 36B4 mRNA and expressed as relative values to the corresponding control obtained in the absence of ERGO. The mRNA expression
of MAP2, βIII-tubulin, and synapsin I was evaluated in the control group and in mice treated with ERGO at 50 and 500 μM. Each value rep-
resents the mean ± S.E.M. (n = 9). (B, C) Neurons cultured for 12 days were homogenized, followed by SDS-PAGE for immunoblotting us-
ing antibodies against MAP2, βIII-tubulin, and synapsin I. In panel (B), typical immunoblots were shown. In panel (C), data were normal-
ized by the expression level of β-actin and expressed as relative values to the corresponding control obtained in the absence of ERGO. Each
value represents the mean ± S.E.M. (n = 8–11). * Significant difference from the control (P < 0.05).
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Fig. (5). Effect of ERGO on synapse formation and neurite outgrowth in primary cultured hippocampal neurons.
Hippocampal neurons were cultured in neurobasal medium supplemented with B-27 for six days, followed by further culture in neurobasal
medium without B-27 in either the absence (white columns) or presence (gray or black columns) of ERGO until experimental day 12. (A) Pri-
mary hippocampal neurons were fixed with 4% paraformaldehyde, followed by immunocytochemical detection of neuronal marker MAP2
(green), synapse marker synapsin I (red), and nuclear marker DAPI (blue). Scale bars: 1 (lower panel) or 10 µm (upper panel). The merged
images are shown. (B) The number of puncta that were positive for synapsin I were counted by using ImageJ software and normalized by the
length of neurites. Each value represents the mean ± S.E.M. (n = 15–20). (C–F) The length (C) and number (D) of neurites per cell were mea-
sured. Sholl analysis was also carried out using simple neurite tracer plug-in on Fiji (E), and the AUC was calculated using the trapezoidal
rule for each Sholl profile (F). Twenty neurons in each group were analyzed. Each value represents the mean ± S.E.M. (n = 20). * Significant
difference from the control (P < 0.05).

3.5. Induction of Neurotrophic Factors and Activation of
mTORC1 Signaling by ERGO

To further investigate the mechanism underlying the pro-
motion of neuronal maturation by ERGO, the possible induc-
tion of the expression of neurotrophic factors by ERGO was
examined in cultured hippocampal neurons. The expression
of mRNA for NT3 and NT5 was higher in the ERGO-treat-
ed group than in the control group (Fig. 6A). This ERGO-in-
duced increase  in  the  expression of  NT3 and NT5 mRNA
was  concentration-dependent  (Fig.  6A).  However,  the  ex-
pression of NGF mRNA was slightly lower in the group ex-
posed to 500 μM ERGO than in the control (Fig. 6A). Addi-
tionally,  the  mRNA  expression  of  BDNF  was  minimally
changed by ERGO (Fig. 6A). Next, the effect of inhibitor of
Trk, which is the receptor for NT3 and NT5, on the expres-
sion of synapsin I was examined. The increase in the gene
product of synapsin I that was provoked by ERGO was signi-
ficantly  suppressed  in  the  presence  of  the  Trk  inhibitor

K252a  at  a  concentration  of  100  μM  (Fig.  6B,  C).  This
suggests the possible involvement of Trk signaling in the ef-
fects of ERGO.

Because ERGO is an amino acid and is incorporated into
the intracellular space by the transporter OCTN1, the possi-
ble activation of the intracellular amino acid sensor mTOR-
C1 signaling by ERGO was examined in cultured hippocam-
pal neurons. In rodents, three isoforms of 4EBP1 are detect-
ed: α is the least phosphorylated form, β is an intermediate
form, and γ is a hyperphosphorylated isoform [29]. The ex-
pression of phosphorylated mTOR and its downstream effec-
tor, 4EBP1, in hippocampal neurons was higher in the group
exposed  to  ERGO  than  in  the  control  group,  whereas  the
phosphorylation of S6K1 was minimally changed by ERGO
(Fig. 7). These results suggest that ERGO may promote cel-
lular maturation at least in part through the induction of the
neurotrophic  factors  NT3  and  NT5,  and  activation  of  the
Trk/mTORC1 signaling pathway in hippocampal neurons.
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Fig. (6). Involvement of neurotrophic factor signaling in ERGO-induced neuronal maturation in cultured hippocampal neurons.
Hippocampal neurons were cultured in neurobasal medium supplemented with B-27 for six days, followed by further culture in neurobasal
medium without B-27 in either the absence (white columns) or presence (gray or black columns) of ERGO until experimental day 9 or 12.
(A) The total RNA was extracted from neurons cultured for 9 days for quantitative RT-PCR analysis. Data were normalized by the expres-
sion level of 36B4 mRNA and expressed as relative values to the corresponding control obtained in the absence of ERGO. Each value repre-
sents the mean ± S.E.M. (n = 9). (B, C) Neurons that were cultured for six days were exposed to the Trk inhibitor, K252a (10 or 100 nM), for
20 min and further cultured in either the absence (white columns) or presence (gray or black columns) of 500 µM ERGO until experimental
day 12. Cultured neurons were then homogenized, followed by SDS-PAGE for immunoblotting using an antibody against MAP2, βIII-tubu-
lin, and synapsin I. In panel (B), typical immunoblots are shown. In panel (C), data were normalized by the expression level of β-actin and ex-
pressed as relative values to the corresponding control obtained in the absence of ERGO. Each value represents the mean ± S.E.M. (n =
8–11). * Significant difference from the control obtained in the absence of ERGO (P < 0.05); † Significant difference from the value ob-
tained in neurons treated with 50 µM of ERGO (P < 0.05); # Significant difference from the values obtained in the presence of ERGO alone
(P < 0.05).

4. DISCUSSION
The present study demonstrated that the food-derived in-

gredient  ERGO is  distributed  to  the  hippocampus  through
the blood-brain barrier after oral administration, and that ER-
GO  may  enhance  learning  and  memory  ability  at  least  in
part through the promotion of neuronal maturation in the hip-
pocampus. It is noteworthy that the NORT results indicated
a significant effect of ERGO at 5 mg/kg (Fig. 1A, Table 1),
while both the NORT and SRT results indicated a promotive
effect of ERGO at 20 or 50 mg/kg (Table 1). This dose of
ERGO  yielded  a  systemic  concentration  of  3–4  µM  (Fig.
2A).  This  ERGO concentration is  clinically  relevant  since
Cheah  et  al.  recently  reported  a  pharmacokinetic  study  of
orally administered ERGO in healthy volunteers, which indi-
cated that the plasma concentration of ERGO was 1 µM at
the basal level and 2–3 µM after repeated daily oral adminis-

tration of ERGO at a dose of 25 mg/body [21]. Thus, the en-
hancement effect of ERGO on brain function may be advan-
tageous in terms of its clinical application.

Because ERGO is  ingested from the daily diet,  ERGO
exists in the plasma and hippocampus in normal mice that
were not administered ERGO (Fig. 2). Nevertheless, exoge-
nously  administered  ERGO displayed  an  enhancement  ef-
fect  on the  learning and memory ability  (Fig.  1,  Table  1).
The ERGO concentration in the hippocampus after oral ad-
ministration for two weeks showed a significant increase at
a dose of 20 mg/kg or than (Fig. 2B), whereas, the discrimi-
nation index for the NORT in the group that was exposed to
ERGO at a dose of 20 mg/kg was significantly higher than
in the control group. The discrimination index for the SRT
tended to be higher in the group exposed to 20 mg/kg ERGO
than in the control group (Table 1). These results support the
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Fig. (7). Activation of the mTOR signaling pathway by ERGO in cultured hippocampal neurons.
Hippocampal neurons were cultured in neurobasal medium supplemented with B-27 for six days, followed by further culture in neurobasal
medium without B-27 in either the absence (white columns) or presence (gray or black columns) of ERGO until experimental day 12. Cul-
tured neurons were homogenized, followed by SDS-PAGE for immunoblotting using antibodies against p-mTOR, mTOR, p-S6K1 (Ser371),
p-S6K1 (Thr389), S6K1, p-4EBP1, 4EBP1, and β-actin. In panel (A), typical immunoblots are shown. In panel (B), data were normalized by
the protein level of β-actin and expressed as relative values to the corresponding control. Each value represents the mean ± S.E.M. (n =
4–12). * Significant difference from the control (P < 0.05).

theory that ERGO may be incorporated in the hippocampus
and may exert an enhancing effect on learning and memory.
This  hypothesis  is  also  supported  by  the  previous  finding
that OCTN1, which actively transports ERGO into the intra-
cellular space, is expressed in both neurons [24] and neural
stem cells [18]. Neural stem cells are abundantly present in
the hippocampus. Additionally, exposure to ERGO leads to
the uptake of ERGO in cultured neural stem cells and pro-
motes  cellular  differentiation  into  neurons  [18].  Learning
and memory ability are improved by the promotion of neuro-
genesis in the hippocampus [30], whereas spatial memory de-
clines  when  hippocampal  neurogenesis  is  inhibited  [31],
suggesting that there is a potential association between hip-
pocampal neurogenesis and brain function. The oral intake
of  a  diet  containing  ERGO  promotes  neurogenesis  in  the
murine hippocampus [14], further supporting a role of ER-
GO in the enhancement of learning and memory ability, at
least in part through promotion of neurogenesis and neuron-
al maturation. Expression of the uptake transporter OCTN1
for ERGO in neurons and neural stem cells would be advan-
tageous for ERGO to exert its biological activity in the brain
since the concentration of ERGO in the hippocampus after
14  days  of  oral  ERGO administration  at  5–20  mg/kg  was
5–6 μM, which is 2–3 times higher than that in plasma (2–3
μM) if we assume that the specific gravity of the hippocam-
pal tissue is 1.

It is noteworthy that ERGO enhanced object recognition
memory under normal conditions (Fig. 1, Table 1). Improve-
ment of the learning and memory ability in dementia is an ur-
gent social problem. Therefore, compounds that improve the
impaired learning and memory ability in aged and/or brain--
damaged animals have been extensively researched. In fact,
it  has  been  reported  that  curcumin  and  acetyl-L-carnitine
both improve the impaired learning and memory ability in
aged animals [32, 33]. However, limited reports are avail-
able  on  compounds  that  exert  an  enhancement  effect  on
learning  and  memory  under  normal  conditions.  Advanced
learning and memory abilities are advantageous for success-
ful living in human society, which consists of diverse and ad-
vanced social tasks [34, 35]. The compounds that can be tak-
en from daily diet and exert an enhancement effect on learn-
ing  and  memory  could  possess  a  prophylactic  activity
against dementia. Therefore, improvement of brain function
through the daily diet is of great interest to healthy people as
well as diseased people. Oral administration of ERGO exert-
ed an improvement in learning and memory in the healthy
condition  (Fig.  1,  Table  1).  Because  ERGO  is  a  food-
derived compound, improvement of brain function may be
expected by its daily ingestion. Krill phosphatidylserine and
certain  types  of  nucleotide  are  also  known  as  compounds
that exert enhancement effects on the learning and memory
ability in normal animals [36, 37]. However, limited informa-
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tion is available regarding the clinical relevance of the dose
required  for  such  enhancement  effect.  Additionally,  the
mechanism controlling the systemic exposure of these com-
pounds is mostly unknown, whereas the exposure of ERGO
in  the  body  is  principally  governed  by  OCTN1  [11,  13].
Mice were used at the age of 5 weeks in the present study.
Further studies using aged mice are required to consider the
prevention of dementia.

In the present study, the promotion of neuronal matura-
tion, such as synapse formation, by ERGO was demonstrat-
ed in hippocampal neurons (Figs. 3, 4, 5). This may also be
associated with the enhancement effect of ERGO on learn-
ing and memory, since neuronal activity in the hippocampus
plays a crucial role in learning and memory, and synapse for-
mation is essential for neuronal activity. This may also imp-
ly that the neuronal maturation that is provoked by ERGO
may exert an enhancement effect not only on learning and
memory, but also on other brain functions. The antidepres-
sant effect of ERGO has already been demonstrated through
oral  administration  in  mice  [14].  Antidepressants,  such  as
fluoxetine and agomelatine, also exhibit a promotive effect
on neuronal maturation and neurogenesis [38, 39]. Exposure
to ERGO increased the expression of NT3 and NT5 in hippo-
campal neurons (Fig. 6). These neurotrophic factors caused
neurite outgrowth [40, 41]. Administration of NT3 improves
memory impairment in adult rats with damaged basal fore-
brain cholinergic neurons [42]. Furthermore, administration
of NT5 also improves memory impairment in aged rats [43].
Thus, the induction of these neurotrophic factors may be at
least partially associated with the enhancing effect of ERGO
on learning and memory ability.

The transporter, OCTN1, is ubiquitously expressed in al-
most all of the bodily organs, at least in mice. This expres-
sion  profile  is  compatible  with  the  existence  of  ERGO  in
those organs, including brain, at the µM to sub mM range in
wild-type  mice,  while  ERGO  is  absent  in  the  octn1  gene
knockout mice [11]. Exogenous administration of ERGO im-
proved brain function in the present study (Fig. 1, Table 1).
Similar beneficial effects of ERGO have also been observed
in the peripheral organs. Administration of ERGO yields a
protective effect against ischemia-reperfusion injury in the
heart, small intestine, and liver [11, 44-46] and suppresses
liver fibrosis [23], acute lesions in the lung [47], and skin ag-
ing  [48].  These  results  support  the  existence  of  potential
pharmacological activities of ERGO in various organs in the
body, implying that it is a potential target of novel therapeu-
tic agents for diseased conditions. However, the molecular
mechanism(s) of ERGO, other than its antioxidant activity,
that may underlie such pharmacological activities are largely
unknown. In the present study, activation of the Trk/mTOR-
C1 signaling pathway was proposed in hippocampal neurons
(Figs. 6, 7). Yoshida et al. recently proposed that ERGO has
immune-enhancing  properties,  through  the  potentiation  of
the toll-like receptor signaling pathway [49]. Further clarifi-
cation of the mechanisms that underlie the action of ERGO
will clarify its potential as a therapeutic target.

CONCLUSION
The food-derived hydrophilic amino acid, ERGO, is dis-

tributed  to  the  hippocampus  after  oral  administration  and
may enhance learning and memory abilities, at least in part,
through the promotion of neuronal maturation in the hippo-
campus in normal mice. This pharmacological effect of ER-
GO in the brain is observed at a plasma ERGO concentra-
tion achievable in humans. Although further clarification of
the mechanisms that underlie the action of ERGO, consider-
ing its safety, based on the ingestion of ERGO as a food in-
gredient for many years, and the transporter-mediated gas-
trointestinal absorption of ERGO followed by its uptake into
brain parenchymal cells, this compound may be a unique tar-
get for improving brain function in normal subjects.

LIST OF ABBREVIATIONS

AUC = Area under the curve

BDNF = Brain-derived neurotrophic factor

BSA = Bovine serum albumin

DIV = Days in vitro

ERGO = Ergothioneine

MAP2 = Microtubule-associated protein 2

NGF = Nerve growth factor

mTOR = Mammalian target of rapamycin

NORT = Novel object recognition test

NT = Neurotrophin

PBS = Phosphate-buffered saline

PI = Propidium iodide

SRT = Spatial recognition test

Trk = Tropomyosin receptor kinase

36B4 = Acidic ribosomal phosphoprotein P0
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Hydrolyzed Salmon Milt Extract Enhances Object Recognition and Location Memory
Through an Increase in Hippocampal Cytidine Nucleoside Levels in Normal Mice
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ABSTRACT Salmon milt extract contains high levels of nucleic acids and has antioxidant potential. Although salmon milt

extract is known to improve impaired brain function in animal models with brain disease, its effects on learning and memory

ability in healthy subjects is unknown. The purpose of the present study was to clarify the effect of hydrolyzed salmon milt

extract (HSME) on object recognition and object location memory under normal conditions. A diet containing 2.5% HSME

induced normal mice to devote more time to exploring novel and moved objects than in exploring familiar and unmoved

objects, as observed during novel object recognition and spatial recognition tests, respectively. A diet containing 2.5% nucleic

acid fraction purified from HSME also induced similar effects, as measured by the same behavioral tests. This suggests that

the nucleic acids may be a functional component contributing to the effects of HSME on brain function. Quantitative

polymerase chain reaction analysis revealed that gene expression of the markers for brain parenchymal cells, including neural

stem cells, astrocytes, oligodendrocytes, and microglia, in the hippocampi of mice on an HSME diet was higher than that in

mice on a control diet. Oral administration of HSME increased concentrations of cytosine, cytidine, and deoxycytidine in the

hippocampus. Overall, ingestion of HSME may enhance object recognition and object location memory under normal

conditions in mice, at least, in part, via the activation of brain parenchymal cells. Our results thus indicate that dietary intake

of this easily ingestible food might enhance brain function in healthy individuals.

KEYWORDS: � amino acids � brain parenchymal cells � hydrolyzed salmon milt extract � nucleic acids � object location

memory � object recognition memory

INTRODUCTION

Learning and memory are brain functions involved in
the acquisition of information essential for animal sur-

vival. Impairment in the abilities of learning and memory
resulting from brain injury or neurodegenerative disor-
ders leads to a considerable decrease in the quality of life.
Therefore, many studies have been performed with the aim
of recovering learning and memory abilities that have been
degraded by brain lesions or neurodegeneration. Learning
and memory impairments are generally improved by com-
pounds with antioxidant properties and/or those that promote
neurogenesis and synaptic plasticity.1–3

Under normal conditions of mental health and intellect,
on the contrary, humans are able to learn and memorize
various information unrelated to survival, but essential to
the construction of a sophisticated and diversified society.

Possession of high learning and memory ability is advan-
tageous in pursuing a successful social life. Indeed, the in-
telligence quotient has been reported to be highly
correlated with health and wealth.4,5 Despite these benefits,
however, limited information is available regarding com-
pounds that enhance learning and memory ability in healthy
animals, which is in contrast to extensive research on
compounds that improve these abilities after brain injury.

Salmon milt extract is produced by removing fluids and
lipids from salmon milt, and mainly contains protein and
deoxynucleotides. It is used as an ingredient in health food,
and can be easily assimilated. The components of salmon
milt extract are further hydrolyzed to obtain small, water-
soluble molecules by treatment with hydrolases, including
proteases and nucleases. The resultant substance is known
as hydrolyzed salmon milt extract (HSME). The deox-
ynucleotides abundantly contained in salmon milt extract
not only form genetic material but also contribute to the
improvement of brain function.

Oral ingestion of a diet supplemented with nucleotides
has been reported to enhance learning and memory ability in
rats as assessed by the water-filled multiple T-maze test and
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passive avoidance test.6 Dietary nucleotides and nucleo-
sides have also been found to improve impaired abilities
related to learning and memory in aged, memory-deficient
mice and in senescence-accelerated mice as assessed by the
passive avoidance test.7,8 Furthermore, oral administration
of the purine nucleoside guanosine promotes hippocampal
neuronal differentiation and exerts an antidepressant-like
effect in mice.9

In addition, various components contained in salmon milt
extract are known to exhibit protective effects against brain
impairment. For example, oral ingestion of nucleoprotein
extracted from salmon milt suppresses dopaminergic neu-
ronal death and motor deficiency in mice models of Par-
kinson’s disease induced by 1-methyl-4-phenyl-1, 2, 3, 6-
tetrahydropyridine (MPTP),10 and inhibits neuronal death
induced by brain ischemia in mice hippocampi.11 Thus, sal-
mon milt extract is a promising candidate for treatment of
brain injury or degeneration as a food-derived ingredient
exhibiting beneficial effects on learning and memory. How-
ever, its effect on learning and memory under normal con-
ditions cannot be easily predicted owing to limited research
on enhancement of brain function in healthy individuals.

In the present study, to examine the effect of salmon milt
extract on learning and memory under normal conditions, a
diet supplemented with HSME was fed to healthy mice.
Novel object recognition test (NORT) and spatial recogni-
tion test (SRT) were performed to appraise learning and
memory. The effects of diets supplemented with nucleic
acid fraction (NAF) of HSME or with a mixture of amino
acids (AAM) contained in HSME were also studied to
identify the functional components of HSME.

MATERIALS AND METHODS

Materials

HSME consisted of salmon milt water solubilized by
nuclease and protease as described previously,12 and con-
tained oligo- and mononucleotides, nucleosides, bases,
peptides, and amino acids. NAF was a DNA sodium salt
produced from salmon milt extract,13 which was then hy-
drolyzed by nuclease. AAM was a mixture of 18 authentic
amino acids in the ratio in which they are found in HSME.
HSME, NAF, and AAM were provided by Life Science In-
stitute Co. Ltd (Tokyo, Japan) and Fordays Co. Ltd (Tokyo,
Japan). ISOGEN, MultiScribe� Reverse Transcriptase, and
THUNDERBIRD SYBR qPCR Mix were purchased from
Nippon Gene (Tokyo, Japan), Biosystems (Foster City, CA,
USA), and TOYOBO (Osaka, Japan), respectively. All other
chemicals and reagents were of the highest purity available
and were purchased from commercial sources.

Animals

Male Institute of Cancer Research (ICR) mice were used
for in vivo analyses of behavior, measurement of nucleic
acid concentration, and gene expression, and pregnant ICR
mice were used for in vitro analysis using neural stem cell
culture. These ICR mice were purchased from Sankyo Labo

Service Co. (Tokyo, Japan). Mice were housed under
pathogen-free conditions at a controlled temperature (21–
25�C) and were subjected to a 12 h light per dark cycle. The
lights remained on from 8:00 to 20:00, and food and water
were available ad libitum. The animals were cared for in
strict compliance with the guidelines outlined in the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals. All animal procedures used in this
work were approved by the Kanazawa University Animal
Care Committee (Permit Number: AP-132875).

Behavioral tests in mice

The experimental schedule is summarized in Supple-
mentary Figure S1. The mice were purchased at the age of 4
weeks and fed control diets for 1 week. Then, they were
randomly divided into four groups based on diet. The four
groups of mice were fed a control diet (PicoLab Rodent Diet
20�; PMI Nutrition International, Brentwood, MO), a con-
trol diet containing 2.5% (w/w) HSME, NAF, or AAM,
respectively, for 2 weeks. The body weights of mice from
the control and HSME groups were measured every week,
whereas those of mice from the NAF and AAM groups were
measured on experimental day 14. To perform NORT, each
mouse was individually placed in an acrylic chamber
(45 · 45 · 45 cm) and allowed to explore for 10 min. The
next day, each mouse was placed in the chamber with two
similar objects located on a diagonal line, and allowed to
explore for 5 min. Following a 24 h period, one of the ob-
jects was replaced by a new one at the same position in the
chamber, and each mouse was allowed to explore for 5 min.
Exploration time for each object was recorded. Discrimi-
nation index was calculated as follows: (novel object ex-
ploration time/total exploration time) - (familiar object
exploration time/total exploration time) · 100.

SRT was conducted on the following day. Each mouse was
individually placed in an acrylic chamber and allowed to ex-
plore for 10 min. The next day, each mouse was placed in the
chamber with two similar objects located on a diagonal line
and allowed to explore for 5 min. After 1 h, one of the objects
was displaced, and each mouse was allowed to explore for
5 min. Exploration time devoted to each object was recorded.
Discrimination index was calculated as follows: (moved
object exploration time/total exploration time) - (unmoved
object exploration time/total exploration time) · 100.

Measurement of nucleic acid concentration
in the forebrain and hippocampus

For detailed information, see Measurement of Nucleic
Acid Concentration in the Forebrain and Hippocampus
section in Supplementary Data.

Quantitative reverse transcription-polymerase
chain reaction

For detailed information, see Quantitative reverse tran-
scription-polymerase chain reaction section in Supplementary
Data.
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Neural stem cell culture

For detailed information, see Neural Stem Cell Culture
section in Supplementary Data.

MTT assay

For detailed information, see MTT Assay section in
Supplementary Data.

Adenosine triphosphate assay

Adenosine triphosphate (ATP) assay was performed in
primary cultured neural stem cells according to the standard
procedure of the ATP assay kit ATPlite� (PerkinElmer,
Waltham, MA).

Statistical analysis

Data are expressed as means – standard error of the mean.
The statistical significance of differences was determined
using Student’s t-test or one-way analysis of variance, fol-
lowed by Dunnett’s multiple comparison tests for the
appropriate post hoc analysis. P < .05 was regarded as in-
dicative of significant difference.

RESULTS

Nucleoside composition of HSME and NAF is shown in
Table 1. Approximately 32% and 69% of HSME and NAF,
respectively, consisted of mono- or oligodeoxynucleotides
(Table 1). Gel filtration analysis revealed that mono-, di-, tri-
, and tetranucleotides were present in both HSME and NAF
(Supplementary Fig. S2). The amino acid composition of
HSME is shown in Table 2. Approximately 48% of HSME
was made up of amino acids, and of this, 40% was arginine
(Table 2).

To clarify the effect of HSME on learning and memory
ability, NORT and SRT were performed. The body weights
of the mice on the HSME diet showed similar changes as
did those of the mice on the control diet (Fig. 1A). To clarify
the effect of diet containing HSME on object recognition
memory, NORT was performed under the condition in
which normal mice ingested with the control diet cannot

distinguish the novel object from the familiar one. The ex-
ploration time devoted to the novel object was significantly
longer than the time devoted to the familiar one in mice on
the HSME-supplemented diet, whereas it was similar for
both novel and familiar objects in mice on control diet
(Fig. 2A). SRT was performed under the condition in which
normal mice ingested with the control diet cannot distin-
guish the moved object from the unmoved one, with an aim
to clarify the effect of diet containing HSME on object lo-
cation memory in normal mice. The exploration time de-
voted to the moved object was significantly longer than that
devoted to the unmoved one in mice on the HSME-
supplemented diet, whereas it was similar for both objects in
mice on control diet (Fig. 2B). These results suggest that
oral ingestion of HSME under normal conditions of health
may enhance object recognition and object location memory
in mice. Discrimination index for NORT in mice on the
HSME-supplemented diet was significantly higher than that
in mice on control diet (Table 3). To clarify the component
responsible for the improvement in brain function induced
by HSME, two components of the substance were prepared
for analysis. HSME was fractionated, and the nucleic acid
portion was separated out as NAF. AAM was prepared by
mixing authentic amino acids in the ratios in which they are
present in HSME (Table 2). Body weights of 14 days fol-
lowing the commencement of the experimental diets were
similar among mice on the control, HSME, NAF, and AAM
diets (Fig. 1B). The effect of NAF on exploration times
assessed by both NORT and SRT was similar to that of
HSME (Fig. 2A, B), and discrimination indices for both
NORT and SRT in mice that were given NAF were sig-
nificantly higher than in mice that were on control diet
(Table 3). AAM had effects on exploration time (Fig. 2A)
and discrimination index (Table 3) as assessed by NORT.

To verify that the enhancement in learning and memory
seen upon oral ingestion of HSME is indeed provoked by
nucleic acids, the concentrations of several nucleic acids in
the hippocampus, a region of the forebrain closely associated
with learning and memory abilities, and in the remainder of
the forebrain were measured using liquid chromatography-
tandem mass spectrometry, following oral administration of
HSME. Concentrations of cytosine and cytidine in both the

Table 1. Nucleoside Composition of Hydrolyzed Salmon Milt Extract and Nucleic Acid Fraction

HSME NAF

Oligo- and
monodeoxynucleotides

(g/100 g)a

Monodeoxynucleotides
(g/100 g)b

Oligo- and
monodeoxynucleotides

(g/100 g)a

Monodeoxynucleotides
(g/100 g)b

dAMP 8.78 3.93 17.0 10.1
dTMP 10.3 1.83 23.4 6.42
dGMP 6.74 1.96 14.2 6.66
dCMP 6.39 2.51 14.6 8.01

aContent of each monodeoxynucleotide was measured after hydrolysis of the samples. Therefore, the amount represents the sum of oligo- and

monodeoxynucleotides.
bContent of each monodeoxynucleotide was measured before hydrolysis of the samples. Therefore, the amount represents monodeoxynucleotides alone.

dAMP, deoxyadenosine monophosphate; dCMP, deoxycytidine monophosphate; dGMP, deoxyguanosine monophosphate; dTMP, deoxythymidine monopho-

sphate; HSME, hydrolyzed salmon milt extract; NAF, nucleic acid fraction.
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hippocampus and the rest of the forebrain in mice adminis-
tered HSME were significantly higher than in mice admin-
istered the vehicle alone (Fig. 3). In addition, concentrations
of deoxycytidine in the hippocampus of mice administered
HSME were significantly higher than in mice administered
the vehicle alone (Fig. 3). Hippocampal thymidine concen-
tration was slightly, but significantly, higher in mice admin-
istered HSME than in the control group mice (Fig. 3). Plasma
concentration profiles were also measured (Supplementary
Fig. S3), and concentration of cytosine, deoxycytidine, and
thymidine in mice administered HSME tended to be higher
than that in mice administered the vehicle alone, although
experimental variation was relatively large possibly due to the
effect of any homeostatic regulation.

To understand the mechanisms underlying the enhance-
ment of object recognition and object location memory by
dietary HSME, gene expression of the neuronal maturation
markers, and the markers for brain parenchymal cells found
in the hippocampus was investigated. In our preliminary
study, expressions of all the marker genes examined in the
present study were almost identical between control and
HSME groups at 2 weeks following the start of the experi-
mental diet (data not shown). Therefore, we thought that the
change in gene expression of these markers may be induced
within 1 week following the start of the experimental diet,
and gene expression of these markers was examined at 2, 4,
and 6 days following the start of the experimental diet. Gene
expression of the neural stem cell marker nestin, astro-

cyte marker glial fibrillary acidic protein, microglia marker
CD11b, oligodendrocyte marker myelin basic protein
(MBP)-1 and -2, and undifferentiated proliferative cell
marker sex determining region Y-box 2 (SOX2) at 2 days
following the start of the experimental diet in mice fed
HSME was significantly higher than in mice on control diet
(Fig. 4). On the contrary, expressions of these marker genes
were almost identical in all groups at 4 and 6 days following
the start of the experimental diet (Fig. 4).

Furthermore, to verify that HSME and NAF directly in-
fluence brain parenchymal cells, the effect of HSME and
NAF on cellular proliferation in cultured neural stem cells
was investigated. Exposure of cultured neural stem cells to
10 lg/mL of HSME and NAF, and the positive control
forskolin at 10 lM significantly increased MTT reduction
activity (Fig. 5A). HSME, NAF, and forskolin also in-
creased cellular ATP level (Fig. 5B). These results suggest
that HSME and NAF promote cellular proliferation in neural
stem cells. Moreover, oral ingestion of HSME may enhance
learning and memory abilities, at least in part, through the
direct action in brain parenchymal cells. It should be noted
that dose dependency was minimally observed for the pro-
motive effect of HSME and NAF on the cellular prolifera-
tion (Fig. 5). Although exact reason for the minimal dose
dependency is unknown, HSME and NAF are the mixture of
various compounds, and some of which may exhibit sup-
pressive effect at higher concentrations of HSME and NAF
on the cellular proliferation.

Table 2. Amino Acid Composition of Hydrolyzed Salmon Milt Extract

Arg Lys His Phe Tyr Leu Ile Met Val Ala
18.70 2.60 0.67 0.87 0.85 1.90 1.22 0.58 2.11 1.93

Gly Pro Gln Ser Thr Asp Trp Cysa Total
4.09 2.67 3.30 2.54 1.23 2.10 0.20 0.23 47.8

Unit is g/100 g of HSME.
aCysteine was measured as cystine.

FIG. 1. Effect of ingestion of HSME,
NAF, and AAM on body weight in
mice. Mice were fed a control diet or a
control diet supplemented with 2.5%
(w/w) of HSME, NAF, or AAM for 2
weeks. (A) Body weights of mice fed
the control diet (white) or the diet
containing HSME (black) were mea-
sured on days 7, 0, 7, and 14. (B) Body
weights of mice fed control diet
(white), or the diet containing HSME
(gray), NAF (black), or AAM (diago-
nal) were measured on day 14. Each
value represents the mean – SEM
(n = 6). AAM, mixture of amino acids;
HSME, hydrolyzed salmon milt ex-
tract; NAF, nucleic acid fraction; SEM,
standard error of the mean.
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DISCUSSION

The present findings indicate that oral ingestion of salmon
milt extract enhances object recognition and object location
memory in healthy mice (Fig. 2 and Table 3). Salmon milt
extract contains an abundance of nucleic acids and can be
made available as a nutritional ingredient. That is, it can be
easily assimilated from the daily diet. This makes it even
more noteworthy that brain function in healthy mice can be
enhanced by this easily available food ingredient.

NAF could be one of the functional components in
HSME, since both object recognition and object location
memory in mice, assessed as exploration time devoted to
novel and moved objects, respectively, upon oral ingestion
of this fraction, were enhanced to a degree similar to that in
mice on an HSME-supplemented diet (Fig. 2). Discrimina-
tion index after ingestion of NAF was significantly in-
creased in both studies, a tendency that was also observed
after ingestion of HSME (Table 3). In addition, exposure of
neural stem cells to NAF as well as HSME increased cellular
proliferation (Fig. 5). NAF used in the present study con-
tained mono- and oligonucleotides (Table 1 and Supple-
mentary Fig. S2). Oral ingestion of the mononucleoside
uridine has been previously reported to enhance learning
and memory ability through improvement of lipid metabo-

lism in the cerebral cortex of rats and in the brain of ger-
bils.6,14 However, the dietary intake of nucleotides and
nucleosides has been reported to improve memory function
in aged, memory-deficient mice, and not in normal mice.7,8

In the present study, the dietary intake of HSME and NAF
was shown to improve learning and memory function in
normal mice (Fig. 2). It should be noted that both substances
contained not only mononucleotides but also oligonucleo-
tides as major components (Supplementary Fig. S2), but
little information is available on the direct effect of this
latter component on learning and memory ability in normal
mice.

The concentrations of several nucleic acids such as cy-
tosine, cytidine, deoxycytidine, and thymidine in the hip-
pocampus and in the remaining part of forebrain were
elevated upon oral administration of HSME (Fig. 3), sup-
porting the hypothesis that the nucleic acid component of
HSME played a role in the enhancement of brain function.
In the present study, the concentration of each nucleic acid
was directly measured, and to our knowledge, this is the first
report on changes in each nucleic acid component in the
hippocampus upon oral administration of food ingredients
containing high proportions of nucleic acids. Due to the
limitation of the study design, however, further studies are
required to know whether the elevation of these nucleic
acids directly represents the ingestion of nucleic acids in
HSME or reflects any indirect phenomenon due to homeo-
static regulation. Although the exact component responsible
for the improvement in brain function is still unknown,
energy-independent equilibrative nucleoside transporters
(ENTs), which recognize nucleosides as endogenous sub-
strates, are known to be expressed in brain capillary epi-
thelial cells.15 It is plausible that nucleosides such as
cytidine and deoxycytidine might be distributed to the brain
across the blood–brain barrier via the transporter after oral
ingestion. Administration of cytidine diphosphorylcholine,
which is a precursor of cytidine and uridine, raises the

FIG. 2. Effect of ingestion of HSME,
NAF, and AAM on object recognition
and object location memory. Mice
were fed a control diet or a control diet
supplemented with 2.5% (w/w) of
HSME, NAF, or AAM for 2 weeks,
and NORT (A) and SRT (B) were
conducted. In (A), white and black
columns show exploration time de-
voted to familiar and novel objects,
respectively. In (B), white and black
columns show exploration time de-
voted to the unmoved and moved
object, respectively. Each value repre-
sents the mean – SEM (n = 10–15).
*Significant difference relative to the
corresponding control values (P < .05).
NORT, novel object recognition test;
SRT, spatial recognition test.

Table 3. Discrimination Index Assessed in Novel Object

Recognition Test and Spatial Recognition Test

Control HSME NAF AAM

Discrimination index
NORT -3.01 – 5.38 13.9 – 3.3* 13.2 – 5.0* 14.3 – 4.8*
SRT 2.91 – 4.74 20.3 – 4.5 26.9 – 8.5* 20.7 – 7.5

*Significant difference relative to the corresponding control values

(P < .05).

AAM, mixture of amino acids; NORT, novel object recognition test; SRT,

spatial recognition test.
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plasma concentration of cytidine and uridine and improves
memory function in memory-impaired rats and humans.16–18

Taken together, enhancement of learning and memory in-
duced by oral ingestion of HSME might be caused, at least
in part, by the increase in levels of certain nucleic acids in
the brain. It is interesting to note that elevation of brain
levels of nucleic acids upon oral administration of HSME
was selectively observed in the cases of cytosine, cytidine,
and deoxycytidine (Fig. 3), even though all nucleosides
were present at almost evenly distributed levels in HSME
(Table 1), and ENTs nonselectively recognize nucleo-

sides.19 Hossain et al. recently postulated a promotive effect
of dietary cytidine monophosphate on the growth of fishes in
early stages that might contribute to their high rate of cel-
lular replication.20 It is also possible that the nucleosides are
unevenly supplied to the brain by oral administration of
nucleic acid ingredients, and levels of both cytosine and
deoxycytidine might be relatively easily elevated compared
with those of other nucleosides (Fig. 3).

AAM contained glutamate and aspartate (Table 2), both
of which are agonists of the N-methyl-d-aspartate (NMDA)
receptor and play an important role in synaptic plasticity.21,22

FIG. 3. Concentration of nucleo-
bases, nucleosides, deoxynucleosides,
and deoxynucleotides in the hippo-
campus and in the remaining part of
the forebrain in mice upon oral ad-
ministration of HSME. Mice were or-
ally administered saline or 2 g HSME
per kg of body weight. The forebrain
was collected at 24 h following ad-
ministration, and hippocampus was
isolated from the forebrain. White and
black columns show the saline and
HSME groups, respectively. Con-
centration of each nucleic acid was
measured using liquid chromatography-
tandem mass spectrometry. Each value
represents the mean – SEM (n = 3).
*Significant difference relative to the
corresponding control values (P < .05).
dAMP, deoxyadenosine monopho-
sphate; dCMP, deoxycytidine mono-
phosphate; dGMP, deoxyguanosine
monophosphate; dTMP, deoxythymidine
monophosphate.

FIG. 4. Effect of ingestion of HSME on expression in
the hippocampus of the marker genes for neuronal
maturation and brain parenchymal cells. Mice were fed
a control diet or a control diet supplemented with 2.5%
HSME for 6 days. Hippocampus was collected on days
2, 4, and 6. Total RNA was extracted from the tissue for
quantitative reverse transcription-polymerase chain re-
action analysis. White and black columns show the
control and HSME groups, respectively. Data were
normalized to the expression level of 36B4 and ex-
pressed as relative to the corresponding controls. Each
value represents the mean – SEM (n = 4–8). MAP2 and
GAP43 stand for microtubule-associated protein 2 and
growth associated protein 43, respectively. *Significant
difference relative to the corresponding control values
(P < .05).
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This fraction also contained essential amino acids such as
leucine (Table 2), which is an activator of mammalian target
of rapamycin signaling and plays an important role in neu-
ronal maturation.23,24 However, these hydrophilic amino
acids are already present in endogenous plasma and/or
brain, so it is unclear whether their concentration is elevated
upon oral ingestion of AAM. Meanwhile, learning and
memory abilities were increased by oral ingestion of AAM
(Fig. 2 and Table 3). Improvement of blood flow to the brain
must also be considered as a possible mechanism underlying
the enhancement of brain function induced by AAM.

Gene expression of the markers for proliferative brain
parenchymal cells was increased 2 days after oral ingestion
of HSME was begun (Fig. 4), suggesting that orally ingested
HSME activates the proliferative brain parenchymal cells
such as glial cells and neural stem cells. The activated glial
cells are known to release neurotrophic factors that promote
neuronal differentiation and maturation. Furthermore, gene
expression of the synapse marker synapsin I (Syn1) and the
immature neuron marker doublecortin (DCX) showed an
increasing trend at 4 days following the start of the experi-
mental diet (Fig. 4). Based on the increasing trend in the
levels of neuronal markers that occur after activation of glial
cells, it can be speculated that HSME may promote neuronal
differentiation and maturation through the release of neu-
rotrophic factors by glial cells. A previous report found that
oral administration of guanosine promoted neuronal differ-
entiation in the hippocampi of mice.11 In other studies, ATP
and adenosine were found to promote neuronal differentia-
tion and synaptic plasticity through the activation of the
purinergic signaling pathway in cultured neural cells.25,26

Activation of NMDA receptor by its agonists, such as glu-
tamate and aspartate, has also been found to promote neu-
ronal differentiation and maturation in cultured neural
cells.22,27,28 Thus, multiple mechanisms may be involved in

the enhancement of learning and memory upon oral inges-
tion of HSME.

Astaxanthin and the flavonoid nobiletin are known as
food ingredients that enhance brain function in normal an-
imals. Astaxanthin enhances brain function through anti-
oxidant activity and the promotion of neurogenesis.29,30

Salmon milt extract also possesses antioxidant activity12 and
induces enhancement through the promotion of neurogen-
esis, leading to increased learning and memory ability
(Fig. 2 and Table 3). Contrarily, nobiletin activates extra-
cellular signal-regulated kinase and protein kinase A sig-
naling.31 This flavonoid enhances object recognition
memory, but not object location memory.32 The mechanism
underlying its enhancement of learning and memory ability
may be different from that associated with the effects caused
by salmon milt ingestion.

In conclusion, oral ingestion of HSME elevates the
concentrations of nucleic acids, including cytosine, cyti-
dine, deoxycytidine, and thymidine in the hippocampus,
and may enhance learning and memory abilities, at least in
part, through the activation of brain parenchymal cells in
normal mice. The easily available and ingestible food in-
gredient, salmon milt extract, could thus potentially be
used as a ‘‘brain food’’ that enhances brain function in
healthy people.
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FIG. 5. Effect of HSME and NAF on cellular proliferation in primary cultured neural stem cells. Cortical neural stem cells were exposed to
HSME, NAF, or forskolin at the indicated concentrations. Mitochondrial activity and ATP concentration were measured by MTT (A) and ATP
(B) assay, respectively. Each value represents the mean – SEM (n = 8). *Significant difference relative to the corresponding control values
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Abstract
Understanding of the underlying mechanism of epilepsy is desired since some patients fail to control their seizures. The 
carnitine/organic cation transporter OCTN1/SLC22A4 is expressed in brain neurons and transports food-derived antioxidant 
ergothioneine (ERGO), l-carnitine, and spermine, all of which may be associated with epilepsy. This study aimed to clarify 
the possible association of this transporter with epileptic seizures. In both pentylenetetrazole (PTZ)-induced acute seizure 
and kindling models, ocnt1 gene knockout mice (octn1−/−) showed lower seizure scores compared with wild-type mice. 
Up-regulation of the epilepsy-related genes, c-fos and Arc, and the neurotrophic factor BDNF following PTZ administration 
was observed in the hippocampus of wild-type, but not octn1−/− mice. To find the OCTN1 substrate associated with the 
seizure, untargeted metabolomics analysis using liquid chromatography–quadrupole time-of-flight mass spectrometry was 
conducted on extracts from the hippocampus, frontal cortex, and plasma of both strains, leading to the identification of a 
plant alkaloid homostachydrine as a compound present in a lower concentration in octn1−/− mice. OCTN1-mediated uptake 
of deuterium-labeled homostachydrine was confirmed in OCTN1-transfected HEK293 cells, suggesting that this compound 
is a substrate of OCTN1. Homostachydrine administration increased PTZ-induced acute seizure scores and the expression 
of Arc in the hippocampus and that of Arc, Egr1, and BDNF in the frontal cortex. Conversely, administration of the OCTN1 
substrate/inhibitor ERGO inhibited PTZ-induced kindling and reduced the plasma homostachydrine concentration. Thus, 
these results suggest that OCTN1 is at least partially associated with PTZ-induced seizures, which is potentially deteriorated 
by treatment with homostachydrine, a newly identified food-derived OCTN1 substrate.

Keywords  Epilepsy · Ergothioneine · Metabolomics · Pentylenetetrazole · Seizure · Slc22a4

Introduction

Epilepsy is characterized by recurrent seizures or loss of 
consciousness caused by abnormal cerebral excitation. 
Excitatory and inhibitory balance is mainly regulated by glu-
tamatergic and GABAergic signaling in the brain. Genetic 
analyses have revealed that various genes are involved in 
the onset and development of epilepsy [1]. In addition, 

dysfunction of some transporters such as the GABA trans-
porter GAT-1 and the glucose transporter GLUT1 causes 
excitatory and inhibitory imbalance [2, 3]. However, the 
etiology of epilepsy has remained largely unclear. Since 
around 20% of epilepsy patients fail to achieve adequate 
seizure control using current anticonvulsants, and uncon-
trollable seizures lead to job limitation and decreased life-
expectancy, further investigation of mechanisms of epilepsy 
is desirable [4].

The carnitine/organic cation transporter OCTN1/
SLC22A4 is expressed in various organs, including the 
brain, kidneys, and the small intestine [5, 6]. The OCTN1 
transports different organic cations and zwitterions 
including food-derived compounds such as ergothioneine 
(ERGO) and stachydrine, endogenous compounds such as 
acetylcholine, spermine, and L-carnitine, as well as sev-
eral therapeutic agents although carnitine was proposed 
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to be a weak substrate of OCTN1 [5–9]. Among them, 
ERGO was proven to be an in vivo substrate, at least in 
rodents, with its concentration observed under the detec-
tion limit in octn1 gene knockout (octn1−/−) mice [8, 10]. 
In the brain, OCTN1 is localized in neural stem cells, 
neurons, and microglia. It regulates neuronal differen-
tiation, neuronal maturation, and microglial activation 
in vitro, with its substrate ERGO being at least partially 
involved in such regulation [11–13]. However, the patho-
physiological roles of OCTN1 remain unknown.

Oxidative stress is associated with the etiology and 
progression of epilepsy [14]. Some antioxidants such as 
α-tocopherol and melatonin ameliorate seizures in humans 
[15 , 16]. ERGO is an antioxidant present in the bodies of 
rodents and humans due to its ingestion through the daily 
diet [17]. In addition, other OCTN1 substrates such as sper-
mine and l-carnitine also show anti-seizure effects in rodents 
[18, 19]. Mutation of the acetylcholine transporter causes 
autosomal dominant nocturnal frontal lobe epilepsy in 
humans [20]. Thus, OCTN1 may be associated with the eti-
ology or the progression of epilepsy through the regulation 
of exposure to these compounds in the brain. However, the 
relationship between OCTN1 and epilepsy remains unclear.

In this study, we aimed to clarify the possible involve-
ment of OCTN1 in epileptic seizures. First, the experimen-
tal epilepsy model was established with repeated admin-
istration of GABA receptor antagonist pentylenetetrazole 
(PTZ) in octn1−/− mice. Since the octn1−/− mice showed 
much lower seizure scores compared with wild-type mice, 
the untargeted metabolomics analysis was performed to 
identify OCTN1 substrates that contribute to the differen-
tial phenotypes between the two strains. The plant alkaloid 
homostachydrine was identified as a novel OCTN1 substrate, 
which potentially worsens PTZ-induced seizures. Finally, 
the ameliorating effects of ERGO and octn1 gene knockout 
on PTZ-induced kindling were investigated.

Experimental Procedures

Materials

Pentylenetetrazole was purchased from Sigma–Aldrich Inc. 
(St. Louis, MO, USA), ERGO was kindly provided by Yuki-
guni Maitake Co., Ltd (Minamiuonuma, Japan). Deuterium-
labeled ERGO (ERGO-d9) was kindly supplied by TETRA-
HEDRON (Paris, France).

Synthesis of Homostachydrine 
and Deuterium‑Labeled Homostachydrine 
(Homostachydrine‑d6)

Homostachydrine and homostachydrine-d6 were synthe-
sized from pipecolic acid by treatment of iodomethane or 

deuterated iodomethane and KHCO3, according to the lit-
erature [21]. The resulting homostachydrine was identified 
by 1H-NMR and electrospray ionization mass spectrometry 
(m/z = 157). The homostachydrine-d6 product was identified 
using 1H-NMR.

Animals

Seven- to nine-week-old male mice were used. The 
octn1−/− mice were backcrossed into a C57BL/6 J back-
ground [12]. Wild-type and octn1−/− mice were maintained 
with free access to food and water.

PTZ‑Induced Acute Seizures

PTZ dissolved in saline was intraperitoneally administered 
in mice at doses of 35, 40, or 50 mg/kg. Each mouse was 
then placed in a plastic cage and observed for 20 min. Sei-
zure severity was evaluated primarily based on previously 
reported criteria [22], but stage 5 (death) was also included 
in this study, and the highest score observed within 20 min 
was monitored (stage 0: no behavioral change; stage 1: 
hypoactivity and immobility; stage 2: two or more isolated 
myoclonic jerks; stage 3: generalized clonic convulsions 
with preservation of righting reflex; stage 4: generalized 
tonic–clonic seizure with loss of righting reflex; stage 5: 
death). For PCR and ELISA analyses, PTZ at 45 mg/kg was 
administered twice with a 48-h interval, and the hippocam-
pus was collected at 2 or 4 h after the second PTZ adminis-
tration, respectively. The fore part of the cortex, excluding 
the thalamus, was collected as the frontal cortex. To exam-
ine the effect of homostachydrine on PTZ-induced seizures, 
homostachydrine was intravenously administered at 50 mg/
kg in wild-type mice under isoflurane anesthesia. Four hours 
later, PTZ at 40 mg/kg was intraperitoneally administered, 
and the seizure score was evaluated as described above. 
After 20 min observation, the plasma, hippocampus, and 
frontal cortex were collected for measurement of homo-
stachydrine concentration and mRNA expression.

RT‑PCR

The total RNA was extracted from the resected tissues from 
PTZ-treated wild-type and octn1−/− mice by using RNAiso-
plus (Takara Bio, Shiga, Japan), followed by synthesis and 
amplification of cDNA as described previously [8, 10]. The 
sequences of the primers were as follows: c-fos forward, 
GGG​ACA​GCC​TTT​CCT​ACT​ACC and reverse, TTG​GCA​
CTA​GAG​ACG​GAC​AG; Arc forward, GAG​TTC​TTA​GCC​
TGT​TCG​GA and reverse, GCT​CGG​CAC​TTA​CCA​ATC​T; 
Egr1 forward, AGC​CTT​CGC​TCA​CTC​CAC​TATCC and 
reverse, GCG​GCT​GGG​TTT​GAT​GAG​TTGG; Bdnf for-
ward, GCG​GCA​GAT​AAA​AAG​ACT​GC and reverse, TCA​
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GTT​GGC​CTT​TGG​ATA​CC; Ngf forward, TCT​ATA​CTG​
GCC​GCA​GTG​AG and reverse, GGA​CAT​TGC​TAT​CTG​
TGT​ACGG; Nt-3 forward, GGA​GGA​AAC​GCT​ATG​CAG​
AA and reverse, GTC​ACC​CAC​AGG​CTC​TCA​CT; 36B4 
forward, ACT​GGT​CTA​GGA​CCC​GAG​AAG and reverse, 
TCC​CAC​CTT​GTC​TCC​AGT​CT. The expression levels of 
mRNA were normalized to the 36B4 housekeeping gene.

ELISA

The isolated hippocampus (10 mg) was mixed with 100 µL 
of extraction buffer (50 mM ammonium acetate, 1 M NaCl, 
and 0.1% Triton X-100 adjusted at pH 4.0 with acetate), 
followed by sonication on ice using a Handy Sonic UR20-P 
sonicator (Tommy Seiko, Tokyo, Japan). Homogenates were 
centrifuged at 21,500×g for 30 min at 4 °C. The BDNF con-
centration in the supernatant was measured using a mature 
BDNF rapid ELISA kit (Biosensis, Thebarton, Australia).

Untargeted Metabolomics Analysis Using Liquid 
Chromatography–Quadrupole Time‑of‑Flight Mass 
Spectrometry (LC‑QTOFMS)

Wild-type and octn1−/− mice were maintained in the same 
cage for 1 week. After overnight fasting, the hippocampus, 
frontal cortex, and plasma were collected. Plasma samples 
were mixed with five times the volume of methanol, includ-
ing gabapentin, as an internal standard. The hippocampus 
and frontal cortex were mixed with five and six times its vol-
ume, respectively, of methanol, including gabapentin. Then, 
tissues were homogenized using a Precellys 24 homogenizer 
(Bertin Technologies, Montigny-le-Bretonneux, France) 
using zirconia silica beads at 1.2 mm (Biomedical Science, 
Tokyo, Japan). The homogenate samples were centrifuged 
at 21,500×g for 10 min at 4 °C to precipitate proteins. The 
supernatant (30 µL) was then mixed with 120 µL acetoni-
trile, and the mixture was again centrifuged. The superna-
tant was subjected to LC-QTOFMS analysis, which included 
accurate parent ion scanning with time-of-flight mass spec-
trometry using an Acquity UPLC system coupled with Xevo 
G2 QTOFMS (Waters, Milford, MA). The mobile phases 
were (A) 0.1% formic acid and 10 mM ammonium acetate 
in 20% acetonitrile solution, and (B) 0.1% formic acid and 
10 mM ammonium acetate in 95% acetonitrile solution. The 
gradient elution (flow rate, 0.4 mL/min) was performed as 
follows: 0–0.5 min, 1% A/99% B; 0.5–6.5 min, 1% A/99% B 
to 50% A/50% B; 6.5–7.5 min, 50% A/50% B to 70% A/30% 
B; 7.5–8.5 min, 70% A/30% B; 8.5–9.0 min, 70% A/30% 
B to 1% A/99% B; 9.0–13.5 min, 1% A/99% B using an 
ACQUITY UPLC BEH Amide column (Waters). QTOFMS 
was operated in positive mode with electrospray ionization, 
and MS data (50–600 Da) were acquired in a centroid for-
mat. Chromatographic and spectral data were deconvoluted 

by MarkerLynx software (Waters) to generate a multivari-
ate data matrix. The threshold was set as follows; 2000 for 
the hippocampus, 1700 for the frontal cortex, and 400 for 
plasma samples. The peaks with signal intensity less than 
the threshold, and those observed in fewer than four of six 
samples were removed as noise. Peak height was divided by 
the height of gabapentin, and the average was calculated. 
The average values in octn1−/− that were two times higher 
or less than half that in wild-type mice with a statistically 
significant difference were chosen. Finally, the peak shape 
was visually checked, and signals showing appropriate peak 
shape were selected. The accurate masses of the parent and 
product were compared with the online METLIN database 
(https​://metli​n.scrip​ps.edu) and the Human Metabolome 
Database (https​://www.hmdb.ca/).

Product Ion Scanning

Synthesized homostachydrine and mouse plasma samples 
were mixed with MeOH and centrifuged twice at 21,500×g 
for 10 min at 4 °C. Supernatants were subjected to product 
ion scanning using high-performance liquid chromatogra-
phy–tandem quadrupole mass spectrometry (LC-TQMS), 
which consisted of a Nexera X2 LC system coupled with an 
LCMS-8040 (Shimadzu, Kyoto, Japan). Parent mass was 
set at m/z of 158.00, and the product ion was scanned at 
m/z of 50,200. The collision energy was 10, 20, or 40 V. 
The mobile phases were (A) 0.1% formic acid and 10 mM 
ammonium acetate in 20% acetonitrile solution, and (B) 
0.1% formic acid and 10 mM ammonium acetate in 95% 
acetonitrile solution. Gradient elution (flow rate, 0.4 mL/
min) was performed as follows: 0–0.5 min, 1% A/99% B; 
0.5–3.5 min, 1% A/99% B to 15% A/85%B; 3.5–4.5 min; 
15% A/85% B to 35% A/65% B; 4.5–4.8 min; 35% A/65% B 
to 60% A/40% B; 4.8–5.8 min; 60% A/40% B; 5.8–6.0 min; 
60% A/40% B to 1% A/99% B; 6.0–8.0 min; 1% A/99% B, 
using an ACQUITY UPLC BEH Amide column.

Measurement of Homostachydrine Concentration

After fasting overnight, plasma and tissues were collected 
and mixed with MeOH containing gabapentin (internal 
standard). Tissues were then homogenized. After vortexing, 
the samples were centrifuged twice at 21,500×g for 10 min 
at 4 °C. The supernatant was subjected to LC-TQMS analy-
sis, as described below.

Uptake of Homostachydrine‑d6 and ERGO‑d9 
in HEK293 Cells Transfected with Human OCTN1

HEK293 cells transfected with human OCTN1 gene 
(HEK293/OCTN1) were seeded onto poly-L-lysine-coated 
4-well plates at a density of 3.8 × 104 cells/cm2. After 72 h, 

https://metlin.scripps.edu
https://www.hmdb.ca/
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the medium was replaced with transport buffer and pre-
incubated for 10 min at 37 °C as described previously [8, 
10]. The buffer was then replaced with fresh one containing 
10 µM homostachydrine-d6 to initiate transport. To analyze 
the concentration-dependent uptake of homostachydrine, 
transport buffer contained a mixture of homostachydrine-d6 
and homostachydrine at 5–1000 µM. The Michaelis constant 
(Km) and maximum velocity (Vmax) values were estimated 
by fitting to Michaelis–Menten equation using GraphPad 
Prism (GraphPad Software, San Diego, CA). To analyze 
inhibition of uptake of ERGO by homostachydrine, transport 
buffer containing 1 µM ERGO-d9 with various concentra-
tions of homostachydrine was used. At designated times, 
the cells were washed and collected with 300 µL of water 
using a cell scraper, followed by sonication to destroy cell 
membranes [8, 10]. Samples were mixed with acetonitrile 
containing gabapentin (internal standard) and centrifuged 
twice at 21,500×g for 10 min at 4 °C. The supernatant was 
subjected to LC-TQMS analysis, as described below.

Plasma Concentration Profile of Homostachydrine

After fasting overnight, homostachydrine-d6 dissolved in 
saline was intravenously and orally administered at doses of 
1 and 3 mg/kg, respectively. Blood was collected at designed 
times and centrifuged to obtain plasma. The plasma sam-
ples were deproteinated with MeOH, including gabapen-
tin, and centrifuged twice at 21,500×g for 10 min at 4 °C. 
Then the supernatant was subjected to LC-TQMS analysis 
as described below. Pharmacokinetic parameters were cal-
culated using moment analysis.

Urinary Excretion of Homostachydrine‑d6

Mice were maintained in a metabolic cage for 24 h for habit-
uation. Homostachydrine-d6 was then administered, and 
urine collection was initiated. As a control study, 50 µmol/
kg of cephalexin was dissolved in the same solution as 
homostachydrine-d6 and simultaneously administered with 
homostachydrine-d6. Urine was collected at 24 and 48 h 
after the initiation of urine collection. The samples were 
then diluted 100 times with water and deproteinated with 
MeOH, including gabapentin or verapamil. After centrifuga-
tion, the supernatant was subjected to LC-TQMS analysis, 
as shown below.

Measurement of Homostachydrine, ERGO, 
and Cephalexin by LC‑TQMS

The amounts of homostachydrine, homostachydrine-d6, 
ERGO-d9, and cephalexin were measured using LC-TQMS. 
The mobile phases were (A) 0.1% formic acid and 10 mM 
ammonium acetate in 20% acetonitrile solution, and (B) 

0.1% formic acid and 10 mM ammonium acetate in 95% 
acetonitrile solution. The gradient elution (flow rate, 0.4 mL/
min) for homostachydrine and homostachydrine-d6 was per-
formed as follows: 0–0.5 min, 1% A/99% B; 0.5–3.5 min, 
1% A/99% B to 15% A/85%B; 3.5–4.5 min; 15% A/85% 
B to 35% A/65% B; 4.5–4.8 min; 35% A/65% B to 60% 
A/40% B; 4.8–5.8 min; 60% A/40% B; 5.8–6.0; 60% A/40% 
B to 1% A/99% B; 6.0–8.0 min; 1% A/99% B, using an 
ACQUITY UPLC BEH Amide column. For ERGO-d9 
measurement, gradient elution was performed as follows; 
0–0.5 min; 1%A/99%B; 0.5–1.5 min, 1% A /99% B to 25% 
A/85% B; 1.5–6.3 min, 25% A/85% B; 6.3–7.0 min, 25% 
A/85% B to 60% A /40% B; 7.0–8.0 min, 60% A/40% B; 
8.0–8.2 min, 60% A/40% B to 1% A/99% B; 8.2–11.5 min, 
1% A/99% B. For cephalexin measurement the mobile 
phases were (A) 0.1% formic acid and (B) 0.1% formic 
acid in acetonitrile. Gradient elution was performed as fol-
lows: 0–0.3 min, 99% A/1% B; 0.3–2.8 min, 99% A/1% B to 
5% A/95% B; 2.8–3.4 min, 5% A/95% B; 3.4–4.5 min, 5% 
A/95% B to 99% A/1% B, on a Cosmosil C18-MS-II packed 
column (Nacalai Tesque, Kyoto, Japan). The MRM transi-
tions of the molecular and product ions were as follows: 
homostachydrine, m/z 158.0 > 58.0; homostachydrine-d6, 
m/z 164.00 > 64.15; ERGO, m/z 230.00 > 127.10; ERGO-
d9, m/z 239.15 > 127.00; cephalexin, m/z 348.00 > 157.90, 
gabapentin (internal standard for homostachydrine, homo-
stachydrine-d6, and ERGO-d9), m/z 172.05 > 154.15; 
and verapamil (internal standard for cephalexin), m/z 
455.20 > 165.05.

Kindling Induced by Repeated Administration 
of PTZ

PTZ at 35 mg/kg was intraperitoneally administered every 
other day for a total of eleven times, and seizure severity was 
evaluated after each injection based on the same criteria as 
that used for PTZ-induced acute seizure. When the mouse 
died during the repeated administration, the score for the 
corresponding mouse was regarded as five in the subsequent 
PTZ administration. To analyze the effect of coadministra-
tion of ERGO, 50 mg/kg ERGO or vehicle (water) alone was 
orally administered every day to 7-week-old wild-type mice 
under isoflurane anesthesia. On the 8th day, PTZ admin-
istration was initiated, while daily ERGO administration 
was continued. To minimize the effect of anesthesia used 
for oral administration, ERGO was administered after PTZ 
administration. After 11 injections of PTZ, the hippocampus 
and frontal cortex from the surviving mice were collected to 
measure the concentration of ERGO and homostachydrine.
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Statistics

Data are expressed as the mean ± S.D. The statistical signifi-
cance of differences was determined using Student’s t-test 
or one-way ANOVA with Tukey–Kramer test. The survival 
rate was evaluated using the Kaplan–Meier test. A p-value 
of < 0.05 was regarded as denoting a significant difference.

Results

Deletion of the Octn1 Gene Reduces PTZ‑Induced 
Acute Seizures

To investigate the possible association of OCTN1 with PTZ-
induced acute seizures, a single intraperitoneal injection 
of PTZ was administered to wild-type and octn1−/− mice, 
and seizure severity was evaluated. Seizure scores in wild-
type mice increased in a dose-dependent manner, whereas 
octn1−/− mice showed significantly lower seizure scores after 
administration of 40 mg/kg of PTZ compared with wild-type 
mice (Fig. 1a). The seizure score was not different between 
the two strains at 35 and 50 mg/kg of PTZ. To confirm this 
difference, PTZ at 45 mg/kg was administered twice in both 
strains, and octn1−/− mice consistently showed lower seizure 
scores after each injection (Fig. 1b).

Up‑Regulation of Epilepsy‑Related Genes 
was not Observed in octn1−/− Mice

To further confirm the association of OCTN1 with PTZ-
induced acute seizure, changes in expression of epilepsy-
related genes were examined in the hippocampus of the 

two strains after PTZ administration. Expression of the 
neuronal excitation marker genes c-fos and Arc was primar-
ily increased in PTZ-treated wild-type mice compared to 
the saline-treated group (Fig. 2a, b). Meanwhile, the up-
regulation of c-fos and Arc by PTZ administration was not 
observed in octn1−/− (Fig. 2a, b). No significant difference 
was observed in the expression of the neuronal excitation 
marker Egr1 among the four groups (Fig. 2c). The expres-
sion of BDNF was also measured by PCR and ELISA as 
BDNF is related to the epilepsy development [23]. The 
expression of BNDF mRNA and protein increased in PTZ-
treated wild-type mice compared with the saline-treated 
group, whereas such up-regulation was not observed in 
octn1−/− mice (Fig. 2d, e). Thus, a deficiency of OCTN1 
may alleviate PTZ-induced seizures through the suppression 
of neuronal excitation in the brain.

Identification of the OCTN1 Substrate Using 
Untargeted Metabolomics Analysis

OCTN1 is involved in the uptake of various types of sub-
strates into cells. Therefore, we hypothesized that OCTN1 
transport some substrates that deteriorate PTZ-induced acute 
seizure and that loss in the substrates in octn1−/− might 
lead to the reduced PTZ-induced seizures in this strain. To 
identify OCTN1 substrates in the brain, untargeted metab-
olomics analysis was conducted in the brain and plasma. 
After automatic picking, 2,599, 2,676, and 1,697 ion peaks 
were detected in the hippocampus, frontal cortex, and 
plasma, respectively. After correcting for noise, 463, 424, 
and 186 peaks remained in the hippocampus, frontal cor-
tex, and plasma, respectively. Among them, five, three, and 
three peaks showed more than two-fold difference between 

Fig. 1   Differences in PTZ-induced acute seizures in wild-type ver-
sus octn1−/− mice. a Wild-type and octn1−/− mice received a single 
intraperitoneal injection of PTZ (35, 40, or 50 mg/kg). Each mouse 
was observed for 20 min after administration, and the seizure sever-
ity was evaluated according to the criteria shown in the experimental 
procedures. The open column shows wild-type mice, and the closed 

column shows octn1−/− mice. Each value represents the mean ± SD 
(n = 4–5). *p < 0.05, significant difference from wild-type mice. b 
Wild-type and octn1−/− mice received intraperitoneal injections of 
PTZ (45  mg/kg) twice within 48  h. Seizure scores were evaluated 
after each injection. Each value represents the mean ± SD (n = 9–14). 
**p < 0.01, significant difference from wild-type mice
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wild-type and octn1−/− mice, and confirmation of peak shape 
resulted in four, two, and two peaks in the hippocampus, 
frontal cortex, and plasma. Among them, only m/z 158 
was detected in all three samples at the same retention time 
(Fig. 3a–c). According to its precursor and product ions, m/z 
158 was identified to be homostachydrine. Then, a product 
ion scan was conducted for both synthesized homostachy-
drine and a plasma sample from wild-type mice, confirming 
that m/z 158 is homostachydrine (Fig. 3d) since common 
product ions, m/z 56, 58, 70, and 84 were detected (Fig. 3e, 
f). The homostachydrine concentration was then measured 
in plasma and each tissue from wild-type and octn1−/− mice 
using LC-TQMS. The homostachydrine concentration in 
octn1−/− was significantly lower in the plasma and all tissues 
except the middle section of the small intestine (Fig. 3g, h).

Human OCTN1‑Mediated Transport 
of Homostachydrine

To examine whether OCTN1 directly transports homo-
stachydrine, an uptake assay was conducted in HEK293/
OCTN1 cells. Homostachydrine-d6 was also synthesized 
to investigate the disposition of homostachydrine, and 
incubated with these cell lines for the detection of uptake 

of this compound. Homostachydrine-d6 was taken up by 
HEK293/OCTN1 cells in a time-dependent manner, and 
the uptake was reduced in the presence of ERGO (Fig. 4a). 
Uptake of homostachydrine-d6 was not detected at 30 s but 
was detected at 15 and 60 min, and this uptake was much 
lower than that observed in HEK293/OCTN1 cells (Fig. 4a). 
Uptake increased almost linearly until 15 s (Fig. 4a inset), 
and concentration-dependent uptake observed at this incuba-
tion period showed saturation of OCTN1-mediated uptake 
of homostachydrine (Fig. 4b), with Km and Vmax values of 
310 µM and 28.3 nmol/mg protein/15 s, respectively. Next, 
we evaluated the inhibition potential of homostachydrine 
for ERGO-d9 uptake. Our results showed that the uptake of 
ERGO-d9 was inhibited in the presence of homostachydrine, 
albeit incompletely (Fig. 4c).

Disposition of Homostachydrine In Vivo

To further evaluate the interaction of homostachydrine with 
OCTN1, the pharmacokinetics of homostachydine-d6 was 
examined. The doses (1 and 3 mg/kg) of homostachydine-d6 
was chosen to observe plasma concentration of homostachy-
drine-d6 less than that of homostachydrine (Fig. 3g) to avoid 
saturation of OCTN1 since the purpose of this study was 

Fig. 2   Expression of epilepsy-related genes in the hippocampus after 
PTZ treatment. a–d PTZ (45  mg/kg) was intraperitoneally admin-
istered twice  within a 48-h interval, and 2  h after the second PTZ 
injection the hippocampus was collected for RT-PCR analysis for 
neuronal excitation-related genes. The open columns show wild-type 
mice treated with saline; the striped columns show wild-type mice 
treated with PTZ. The closed columns show octn1−/− mice treated 
with saline, and the dotted columns show octn1−/− mice treated with 
PTZ. The expression of mRNA was normalized to that of the house-

keeping gene 36B4. Each value represents the mean ± SD (n = 3–8). 
**p < 0.01, significant difference from wild-type controls. ##p < 0.01, 
significant difference from PTZ-treated wild-type mice. e 4 h after 
the second PTZ injection, the hippocampus was collected, homog-
enized, and centrifuged for ELISA of the supernatant to measure the 
expression of BDNF protein. Each value represents the mean ± SD 
(n = 3–4). *p < 0.05, significant difference from wild-type mice. 
#p < 0.05, significant difference from wild-type mice



2670	 Neurochemical Research (2020) 45:2664–2678

1 3

Fig. 3   Identification of homostachydrine as a candidate for the 
in  vivo substrate of OCTN1. a–c Lysates of the hippocampus, cor-
tex, and plasma were subjected to LC-TOFMS, and an ion peak at 
m/z 158 was identified, which was commonly a lower signal in the 
hippocampus (a), frontal cortex (b), and plasma (c) of octn1−/− mice 
compared with wild-type mice. Each point represents each mouse. 
*p < 0.05, significant difference from wild-type mice. d The chemi-
cal structure of homostachydrine. e and f Production scanning against 

m/z 158 was performed for chemically synthesized homostachydrine 
(e) and plasma samples of wild-type mice (f) with various collision 
energies from − 10 to − 40 V. g, h The homostachydrine concentra-
tion in the plasma (g) and various tissues (h) of wild-type (open bars) 
and octn1−/− mice (closed bars) was measured using LC-TQMS. Each 
value represents the mean ± SD (n = 3–4). *p < 0.05, significant differ-
ence from wild-type mice
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to understand the role of OCTN1 in disposition of homo-
stachydrine. After intravenous administration, the homo-
stachydrine-d6 concentration in the plasma of octn1−/− mice 
was higher at the early phase (~ 10 min), but exhibited more 
rapid elimination until 8 h after administration, showing a 
lower plasma concentration after 4 h compared to wild-type 
mice (Fig. 5a). Such rapid elimination of homostachydrine-
d6 in the plasma of octn1−/− mice was also confirmed at 
the terminal phase after oral administration. The plasma 
concentration of homostachydrine-d6 in octn1−/− after 6 h 
was lower than that of wild-type mice (Fig. 5). The maxi-
mum concentration (Cmax) after oral administration and 
bioavailability were almost similar between the two strains, 

suggesting that gastrointestinal absorption of homostachy-
drine may not be affected by OCTN1 (Table 1). Conversely, 
the half-life at the terminal phase and distribution volume 
in octn1−/− were higher than those in wild-type mice, sug-
gesting the involvement of OCTN1 in the distribution and 
elimination phases (Table  1). The smaller distribution 
volume in octn1−/− could indicate limited tissue uptake 
of this compound and might be compatible with lower tis-
sue concentration in octn1−/− (Fig. 3h). The total clearance 
in octn1−/− mice tended to be higher than wild-type mice 
(Table 1).

Fig. 4   The interaction of homostachydrine with human OCTN1. 
a HEK293 cells transfected with human OCTN1 gene (HEK293/
OCTN1) and vector alone (HEK293/mock) were incubated with 
homostachydrine-d6 (10  µM) in the presence or absence of ERGO 
(500  µM), and the uptake of homostachydrine-d6 was measured by 
LC-TQMS. Closed circles and triangles indicate HEK293/OCTN1 
cells without and with ERGO, whereas the open circles indicate 
HEK293/mock cells without ERGO. The inset represents the early-
phase uptake of homostachydrine-d6 in HEK293/OCTN1 cells. Each 
value represents the mean ± SD (n = 3). b HEK293/OCTN1 cells 

were incubated with various concentrations of homostachydrine for 
15  s, and the uptake was measured by LC-TQMS. The uptake of 
homostachydrine-d6 in HEK293/mock cells was below detection lim-
its, and therefore, the uptake represents OCTN1-mediated uptake. 
Each value represents the mean ± SD (n = 3). c HEK293/OCTN1 cells 
were incubated with ERGO-d9 in the presence of various concentra-
tions of homostachydrine for 5 min, and the uptake of ERGO-d9 was 
measured using LC-TQMS. Each point represents the mean ± SD 
(n = 3)

Fig. 5   Plasma concentration 
profile of homostachydrine-d6 
after iv and po administra-
tion. Homostachydrine-d6 was 
intravenously (a) and orally 
(b) administered at a dose of 1 
and 3 mg/kg, respectively, and 
the plasma concentration of 
homostachydrine-d6 was meas-
ured by LC-TQMS. Open and 
closed circles showed wild-type 
and octn1−/− mice, respectively. 
Each circle represents the 
mean ± SD (n = 3–5). *p < 0.05, 
significant difference from wild-
type mice
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Homostachydrine is Mainly Excreted in the Urine

To investigate the excretory route of homostachydrine, urine 
was collected for 48 h after intravenous and oral administra-
tion of homostachydrine-d6 (Table 2). Approximately 70% of 
the dose was excreted in the urine after intravenous admin-
istration in both strains, and this was comparable or slightly 
higher than the urinary recovery of cephalexin (Table 2), 
which is known to be mainly eliminated by urinary excre-
tion in rodents. Urinary excretion of homostachydrine-d6 
after oral administration tended to be slightly lower (50–65% 
of the dose) than that after intravenous administration in 
both strains (Table 2), and this finding would be compatible 
with incomplete gastrointestinal absorption (bioavailabil-
ity ~ 80%, Table 1).

Homostachydrine Deteriorates PTZ‑Induced Acute 
Seizures

To investigate whether homostachydrine deteriorates PTZ-
induced acute seizures, homostachydrine was administered 
intravenously 4 h before PTZ administration in wild-type 
mice. The severity of PTZ-induced seizures was elevated 
in the homostachydrine-treated group compared with the 
saline-treated control group (Fig. 6a). After 20 min of obser-
vation, the plasma and brain were collected, and the homo-
stachydrine concentration was measured (Fig. 6b, c). The 
homostachydrine concentration in plasma of the homostach-
ydrine-treated group was around seven times higher than 
that in the PTZ only group (Fig. 6b). The homostachydrine 
concentration in the hippocampus and frontal cortex of the 
homostachydrine-treated group was also much higher than 
that in the control group (Fig. 6c). The expression of Arc 
in the hippocampus of the homostachydrine-treated group 
was significantly increased compared with the control group 
(Fig. 6d). The expressions of Arc, Egr1, and Bdnf in the fron-
tal cortex of the homostachydrine-treated group were also 
up-regulated compared with the control group (Fig. 6e). The 
expression of c-fos in the homostachydrine-treated group 
tended to be increased compared with the control group in 
both brain tissues (Fig. 6d, e).

Gene Knockout of octn1 and Repeated 
Administration of ERGO Inhibits PTZ‑Induced 
Kindling

PTZ-induced kindling is regarded as an acquired epilepsy 
model that can be used to evaluate epileptogenesis, whereas 
PTZ-induced acute seizure is regarded as an epileptic 

Table 1   Pharmacokinetic parameters of homostachydrine-d6

Mean ± SD (n = 5 and 3 for intravenous and oral administration, respectively)
*Significantly difference from wild-type (p < 0.05)
a Maximum concentration
b Half-life at the terminal phase
c Total body clearance
d Initial-phase distribution volume
e Steady-state distribution volume
f Bioavailability

Dose 
(mg/kg)

Cmax
a (µg/mL) AUC (µg/mg h) T1/2

b (h) CLtot
c (L/h/kg) V0

d (L/kg) Vdss
e (L/kg) Ff (%)

Wild-type
 i.v. 1 – 3.58 ± 1.29 2.15 ± 0.26 0.307 ± 0.098 0.332 ± 0.140 0.649 ± 0.144 77.8
 p.o. 3 1.29 ± 0.25 8.35 ± 1.16 3.05 ± 0.75 – – –

octn1−/−

 i.v. 1 – 2.91 ± 0.87 1.70 ± 0.51 0.368 ± 0.103 0.204 ± 0.033 0.346 ± 0.058* 77.3
 p.o. 3 1.42 ± 0.16 6.74 ± 1.01 1.05 ± 0.08* – – –

Table 2   Urinary excretion of homostachydrine-d6

Urinary excretion was recovered for 48 h after the administration and 
expressed as % of dose (Mean ± SD, n = 5 and 3 for wild-type and 
octn1−/− mice, respectively)
*Significantly different from wild-type mice (p < 0.05)
a Dose of homostachydrine-d6 was 1 and 3  mg/kg for i.v. and p.o., 
respectively
b Dose of cephalexin was 50 µmol/kg

Homostachydrine-d6
a Cephalexinb

i.v.
 Wild-type 71.4 ± 14.2 49.8 ± 19.8
 octn1−/− 69.8 ± 12.7 51.9 ± 8.2

p.o.
 octn1−/− 52.2 ± 4.4* 48.1 ± 6.8
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seizure model [24]. Effect of OCTN1 on epileptogenesis 
was next examined using a PTZ-induced kindling model. 
The seizure scores resulting from the repeated adminis-
tration of PTZ at a sub-convulsive dose in wild-type mice 
was gradually increased, whereas that in octn1−/− was 
minimally changed, and the scores in octn1−/− mice were 
significantly lower than that in wild-type mice after the 
8th kindling stimulation (Fig. 7a). The survival rate after 
the final kindling stimulation in wild-type mice was 50%, 
whereas that in octn1−/− mice was 86%, and the rate in 
octn1−/− mice was significantly higher than that in wild-type 
mice (Fig. 7b). Next, we investigated the effect of inhibiting 

homostachydrine transport by OCTN1 on PTZ-induced kin-
dling. ERGO was used to inhibit OCTN1 since OCTN1-spe-
cific inhibitor has not yet been clarified. The seizure scores 
following repeated PTZ stimulation in the ERGO-treated 
group was minimally changed like that in the octn1−/− group. 
Furthermore, the score in the ERGO-treated group was sig-
nificantly lower than that in the wild-type group after the 
6th kindling stimulation (Fig. 7c). The survival rate after 
the final kindling stimulation in the control group was 50%, 
whereas that in the ERGO-treated group was 91%, and the 
rate in the ERGO-treated group was significantly higher 
(Fig. 7d).

Fig. 6   The stimulating effect of homostachydrine on PTZ-induced 
acute seizures. a Homostachydrine (50  mg/kg) was intravenously 
administered, followed by intraperitoneal administration of PTZ 
(40  mg/kg) 4  h after homostachydrine administration in wild-type 
mice. Each mouse was then observed for 20 min after treatment, and 
seizure scores were evaluated. Each value represents the mean ± SD 
(n = 9) *p < 0.05, significant difference from control. b, c After sei-
zure scores were recorded, the plasma (b) and brains (c) were col-
lected, and homostachydrine concentrations were measured by 

LC-TQMS. Open columns showed controls, and closed columns 
showed the homostachydrine-treated group. Each value represents the 
mean ± SD (n = 9) *p < 0.05, significant difference from controls. d, e 
After the seizure score observation, the hippocampus (d) and frontal 
cortex (e) were collected, and mRNA expression of epilepsy-related 
genes was evaluated. Closed and open columns showed homostach-
ydrine-treated and control groups, respectively. Each value repre-
sents the mean ± SD (n = 9) and was normalized to the control value. 
*p < 0.05, significant difference from control
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ERGO and homostachydrine concentrations in the brain 
were measured in surviving mice after the final PTZ admin-
istration. ERGO concentrations in the hippocampus and 

frontal cortex in the ERGO-treated group were significantly 
higher than those in the control group (Fig. 7e). In contrast, 
homostachydrine concentrations in the two brain tissues 

Fig. 7   The effect of octn1 gene knockout and ERGO administration 
on PTZ-induced kindling. a, b PTZ (35 mg/kg) was intraperitoneally 
administered 11 times within a 48-h interval. Each mouse was then 
observed for 20 min after administration, and seizure scores (a) and 
survival rates (b) were evaluated. Open and closed circles showed 
wild-type and octn1−/− mice, respectively. Each value represents the 
mean ± SD (n = 7–8) *p < 0.05, significant difference from wild-type 
mice. c–f ERGO (50 mg/kg) or vehicle (water) was orally adminis-
tered every day for 1 week. On day 8, the intraperitoneal administra-

tion of PTZ (35 mg/kg) was initiated, while daily ERGO administra-
tion was continued. Closed and open circles showed ERGO-treated 
and control groups, respectively. Each mouse was then observed for 
20 min after administration, and seizure scores (c) and survival rates 
(d) were evaluated. After the 11th administration of PTZ, the concen-
tration of ERGO (e) and homostachydrine (f) in the hippocampus and 
frontal cortex was measured using LC-TQMS. Each value represents 
the mean ± SD (n = 3–6). *p < 0.05, significant difference from con-
trol
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from the ERGO-treated group were substantially lower than 
those in the control group (Fig. 7f). These results suggest 
that the inhibition of OCTN1 may suppress not only epi-
leptic seizures but also the acquisition of epilepsy through 
the decline of homostachydrine concentrations in the brain.

Discussion

This study demonstrated that OCTN1 deficiency inhib-
its PTZ-induced seizures and excitation of brain neurons 
in mice (Figs. 1, 2). Since OCTN1 transports the antioxi-
dant ERGO and anti-seizure compounds such as l-carnitine 
and spermine [8, 10], we predicted that seizure scores in 
octn1−/− mice would be increased compared with wild-type 
mice. However, the opposite result was observed. In our pre-
liminary studies, the PTZ concentration in the whole brain 
and extracellular fluid (assessed by microdialysis) was meas-
ured 30 min after intraperitoneal PTZ administration (50 mg/
kg), but no differences between wild-type and octn1−/− mice 
were observed (data not shown). Therefore, the differences 
in seizure scores between the two strains may not be the 
result of the pharmacokinetic alteration of PTZ effects. We 
then hypothesized that OCTN1 transports unknown sub-
strates which deteriorates PTZ-induced seizures, since both 
transporters accept a variety of compounds as substrates.

To clarify putative substrates involved in PTZ-induced 
acute seizure, untargeted metabolomics analysis was per-
formed, and homostachydrine was identified as a candidate 
OCNT1 substrate in vivo (Figs. 3, 4). Homostachydrine is 
one alkaloid contained in the Citrus genus, alfalfa, and rye 
[21, 25, 26]. Homostachydrine is putatively synthesized 
from pipecolic acid in plants [27], whereas biosynthesis in 
animals and humans has not yet been reported. Thus, it is 
assumed that animals acquire homostachydrine from daily 
food intake, as in the case of the typical OCTN1 substrate 
ERGO.

After intravenous and oral administration, homostachy-
rine in plasma was rapidly eliminated in octn1−/− mice 
compared with wild-type mice (Fig. 5). In contrast, the 
maximum concentration after oral administration and bio-
availability was almost the same between the two strains 
(Table 1), suggesting that OCTN1 is mainly involved in 
the elimination of this compound, but not the primary 
transporter for its gastrointestinal absorption. OCTN1 
is expressed on the apical membranes of proximal renal 
tubules and involved in the reabsorption of ERGO in the 
kidney, which at least partially explains why ERGO is pre-
sent in plasma and almost all tissues of wild-type, but not 
octn1−/− mice [10]. When we consider that ~ 70% of an 
administered dose was eliminated into the urine after intra-
venous administration (Table 2), the rapid elimination of 
homostachydrine in octn1−/− mice (Fig. 5) can be similarly 

explained by a deficiency in renal reabsorption of this com-
pound in the kidney. This hypothesis is supported by the 
lower renal concentration in octn1−/− mice compared with 
wild-type mice (Fig. 3g). Recovery of homostachydrine-d6 
into the urine was similar in the two strains (Table 2), but 
this may be caused by chronic urine sampling (~ 48 h) which 
may result in minimizing the effect of the excretion rate on 
recovery or the contribution of another transporter(s) besides 
OCTN1 in the renal handling of this compound.

Homostachydrine deteriorated PTZ-induced acute sei-
zures in wild-type mice (Fig. 6). Plasma concentrations of 
homostachydrine are reportedly associated with schizophre-
nia and attention deficit hyperactivity disorder in humans 
[28]. In addition, the plasma concentration of homostachy-
drine was increased in experimental autoimmune encepha-
litis in mice [29]. However, the pathophysiological activ-
ity of homostachydrine has not yet been clarified in those 
studies. In contrast, the present study, for the first time, 
reported that homostachydrine exhibits stimulatory effects 
on PTZ-induced acute seizures. Pipecolic acid, a precur-
sor of homostachydrine in plants, has a similar structure to 
homostachydrine and was reported to exacerbate epilepsy 
and experimental seizure models, although its proposed 
effect was controversial. Patients with pyridoxine-dependent 
seizures showed increased pipecolic acid concentrations in 
the plasma and cerebrospinal fluid [30]. In addition, intra-
peritoneal administration of high doses of pipecolic acid 
deteriorated PTZ-induced seizures [31]. Conversely, intrac-
erebroventricular administration of low doses of pipecolic 
acid inhibited PTZ-induced seizures [31]. These reports sug-
gest that pipecolic acid elicits contradictory seizure-related 
effects depending on its brain concentration. However, our 
study did not detect such contradictory effects of homostach-
ydrine, though further investigations are warranted. Pipec-
olic acid is a modulator of GABAergic transmission and 
stimulates GABA release and inhibits GABA uptake [32]. 
Although there have been no reports regarding the effect 
of homostachydrine on GABAergic transmission, further 
investigation of the possible association of this compound 
with GABA homeostasis should be conducted to explain its 
deteriorating effects on seizures.

The deteriorating effect of homostachydrine (50 mg/
kg) on PTZ-induced seizure was observed at much higher 
plasma and brain concentration (Fig. 6b, c) compared with 
the background level (Fig. 3g, h). Therefore, the effect of 
homostachydrine at lower dose would be much more helpful 
to understand its exact role in the body, but was not exam-
ined in the present study since effect of the background level 
of homostachydrine cannot be neglected. Further studies by 
constructing homostachydrine-free mice are needed to know 
its exact role in the body.

Plasma concentrations of homostachydrine in healthy vol-
unteers were reported to be around 7.0 ng/mL [33], whereas 
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in mice after overnight fasting plasma concentrations aver-
aged 0.35 µg/mL (Fig. 3g). Thus, homostachydrine concen-
trations in humans could be much lower than in mice. In 
humans, however, homostachydrine concentration in plasma 
is affected by dietary intake [34], as strict sodium restric-
tion and a healthy Nordic diet has been shown to increase 
homostachydrine concentrations by 1.47- and 1.41-fold, 
respectively [35]. In addition, homostachydrine is present 
in plants that are used as herbal medicine such as Medicago 
sativa (alfalfa) and Achillea millefolium [26, 36]. Therefore, 
consuming homostachydrine-rich foods or herbal medicines 
may increase exposure to homostachydrine in humans. In 
addition, brain concentrations of homostachydrine seem to 
be highly dependent on the octn1 (Fig. 3a–c, h). In contrast, 
SNPs in the OCTN1 in humans profoundly affect the trans-
port activity of gene products for specific substrates. The 
L503F SNP in the OCTN1 gene is prominent in Caucasians 
(allele frequency: 0.458), whereas the I306T SNP is promi-
nent in both Caucasians and the Japanese [37, 38]. Transport 
activity for ERGO and organic cations such as tetraethylam-
monium and metformin in L503F is higher compared with 
wild-type OCTN1, whereas that for l-carnitine and gabapen-
tin in L503F is lower [38, 39]. Conversely, transport activity 
for ERGO is almost the same for either SNP, but is lower for 
gabapentin in the I306T variant compared with wild-type 
[38]. Thus, the genetic background may affect the exposure 
of homostachydrine to the brain, and further studies on 
plasma homostachydrine concentrations in humans and its 
association with food or medicine consumption are required 
to clarify whether homostachydrine affects seizure or not.

The PTZ-induced kindling model has been used to exam-
ine epileptogenesis, the process of transformation from a 
normal to an epileptic brain. In the PTZ-induced kindling 
model, sub-convulsive doses of PTZ are repeatedly admin-
istered to mice, and the brain is sensitized to stimulation. 
Since common phenotypes such as neuronal loss and mossy 
fiber sprouting are observed in the brain of both kindled 
mice and epilepsy patients [24], the PTZ-kindling model 
is regarded as the premium epilepsy model. In our study, 
octn1−/− mice exhibited lower seizure scores and higher 
survival rates compared with wild-type mice in the PTZ-
induced kindling model (Fig. 7a, b), suggesting that OCTN1 
may be associated with epileptogenesis as well as seizures. 
In addition, repeated oral administration of the OCTN1 
substrate/inhibitor ERGO exhibited inhibitory effects on 
PTZ-induced kindling (Fig. 7). ERGO is a diet-derived 
antioxidant and is synthesized in fungi or gut bacteria [40]. 
Administration of ERGO protected neurons from damage 
caused by cisplatin and β-amyloid via its antioxidant effects 
[41, 42]. Since the dose of ERGO in the present study was 
higher than previous reports, a portion of the anti-kindling 
effects (Fig. 7) may be due to antioxidant effects. However, 
homostachydrine concentrations in the brain were decreased 

in the ERGO-treated group (Fig. 7f). This result implies that 
the protective effects of ERGO in PTZ-induced kindling may 
be at least partially caused by the inhibition of OCTN1, 
thereby reducing brain concentrations of homostachydrine 
or other endogenous substrates. If we consider the poten-
tial inhibition of OCTN1 by ERGO treatment, our findings 
regarding octn1 gene knockout (Fig. 7a, b) and ERGO treat-
ment (Fig. 7c, d) in the PTZ-induced kindling model suggest 
the possibility that OCTN1 inhibition may improve epilep-
tic seizure or development of epilepsy. Since octn1−/− mice 
show no distinct phenotype under normal conditions, the 
inhibition of OCTN1 should not cause serious side-effects. 
Thus, the utility of OCTN1 inhibitors as potential anti-epi-
leptic compounds may require further examination. Another 
antioxidant, melatonin, also showed anti-seizure effects in 
animals and humans [16]. Melatonin is a dietary supplement 
food, and treatment with melatonin is considered relatively 
safe, although headache and sleepiness were reported in a 
study of insomnia treatment [43]. Conversely, side-effects 
were not reported following a 1-week treatment with ERGO 
in humans [44]. ERGO exhibits an extremely long half-life 
in humans and mice [10, 44], whereas the elimination of 
melatonin is much more rapid, with a half-life of 30 to 
120 min [45]. Therefore, the anti-seizure activity of ERGO 
is promising and requires further examination.

In conclusion, this study showed that a deficiency of 
OCTN1 inhibits PTZ-induced seizures. A newly identified 
OCTN1 substrate, homostachydrine, may behave as a sei-
zure-deteriorating compound in the brain. OCTN1 substrate 
and inhibitor ERGO decreases homostachydrine concentra-
tions in the brain and inhibits PTZ-induced kindling. These 
findings indicate the necessity for further investigation of 
whether OCTN1 or its typical substrate and inhibitor ERGO 
is associated with epilepsy, and whether OCTN1 represents 
a suitable target for anti-epileptic drugs in the future.
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Hydrolyzed Salmon Milt Extract Enhances Object Recognition and Location Memory
Through an Increase in Hippocampal Cytidine Nucleoside Levels in Normal Mice
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ABSTRACT Salmon milt extract contains high levels of nucleic acids and has antioxidant potential. Although salmon milt

extract is known to improve impaired brain function in animal models with brain disease, its effects on learning and memory

ability in healthy subjects is unknown. The purpose of the present study was to clarify the effect of hydrolyzed salmon milt

extract (HSME) on object recognition and object location memory under normal conditions. A diet containing 2.5% HSME

induced normal mice to devote more time to exploring novel and moved objects than in exploring familiar and unmoved

objects, as observed during novel object recognition and spatial recognition tests, respectively. A diet containing 2.5% nucleic

acid fraction purified from HSME also induced similar effects, as measured by the same behavioral tests. This suggests that

the nucleic acids may be a functional component contributing to the effects of HSME on brain function. Quantitative

polymerase chain reaction analysis revealed that gene expression of the markers for brain parenchymal cells, including neural

stem cells, astrocytes, oligodendrocytes, and microglia, in the hippocampi of mice on an HSME diet was higher than that in

mice on a control diet. Oral administration of HSME increased concentrations of cytosine, cytidine, and deoxycytidine in the

hippocampus. Overall, ingestion of HSME may enhance object recognition and object location memory under normal

conditions in mice, at least, in part, via the activation of brain parenchymal cells. Our results thus indicate that dietary intake

of this easily ingestible food might enhance brain function in healthy individuals.

KEYWORDS: � amino acids � brain parenchymal cells � hydrolyzed salmon milt extract � nucleic acids � object location

memory � object recognition memory

INTRODUCTION

Learning and memory are brain functions involved in
the acquisition of information essential for animal sur-

vival. Impairment in the abilities of learning and memory
resulting from brain injury or neurodegenerative disor-
ders leads to a considerable decrease in the quality of life.
Therefore, many studies have been performed with the aim
of recovering learning and memory abilities that have been
degraded by brain lesions or neurodegeneration. Learning
and memory impairments are generally improved by com-
pounds with antioxidant properties and/or those that promote
neurogenesis and synaptic plasticity.1–3

Under normal conditions of mental health and intellect,
on the contrary, humans are able to learn and memorize
various information unrelated to survival, but essential to
the construction of a sophisticated and diversified society.

Possession of high learning and memory ability is advan-
tageous in pursuing a successful social life. Indeed, the in-
telligence quotient has been reported to be highly
correlated with health and wealth.4,5 Despite these benefits,
however, limited information is available regarding com-
pounds that enhance learning and memory ability in healthy
animals, which is in contrast to extensive research on
compounds that improve these abilities after brain injury.

Salmon milt extract is produced by removing fluids and
lipids from salmon milt, and mainly contains protein and
deoxynucleotides. It is used as an ingredient in health food,
and can be easily assimilated. The components of salmon
milt extract are further hydrolyzed to obtain small, water-
soluble molecules by treatment with hydrolases, including
proteases and nucleases. The resultant substance is known
as hydrolyzed salmon milt extract (HSME). The deox-
ynucleotides abundantly contained in salmon milt extract
not only form genetic material but also contribute to the
improvement of brain function.

Oral ingestion of a diet supplemented with nucleotides
has been reported to enhance learning and memory ability in
rats as assessed by the water-filled multiple T-maze test and

Manuscript received 10 July 2018. Revision accepted 9 January 2019.

Address correspondence to: Yukio Kato, PhD, Faculty of Pharmacy, Institute of Medical,
Pharmaceutical and Health Sciences, Kanazawa University, Kakuma-machi, Kanazawa
920-1192, Japan, E-mail: ykato@p.kanazawa-u.ac.jp

JOURNAL OF MEDICINAL FOOD
J Med Food 22 (4) 2019, 408–415
# Mary Ann Liebert, Inc., and Korean Society of Food Science and Nutrition
DOI: 10.1089/jmf.2018.4285

408

D
ow

nl
oa

de
d 

by
 D

A
L

H
O

U
SI

E
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

IE
S 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
20

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



passive avoidance test.6 Dietary nucleotides and nucleo-
sides have also been found to improve impaired abilities
related to learning and memory in aged, memory-deficient
mice and in senescence-accelerated mice as assessed by the
passive avoidance test.7,8 Furthermore, oral administration
of the purine nucleoside guanosine promotes hippocampal
neuronal differentiation and exerts an antidepressant-like
effect in mice.9

In addition, various components contained in salmon milt
extract are known to exhibit protective effects against brain
impairment. For example, oral ingestion of nucleoprotein
extracted from salmon milt suppresses dopaminergic neu-
ronal death and motor deficiency in mice models of Par-
kinson’s disease induced by 1-methyl-4-phenyl-1, 2, 3, 6-
tetrahydropyridine (MPTP),10 and inhibits neuronal death
induced by brain ischemia in mice hippocampi.11 Thus, sal-
mon milt extract is a promising candidate for treatment of
brain injury or degeneration as a food-derived ingredient
exhibiting beneficial effects on learning and memory. How-
ever, its effect on learning and memory under normal con-
ditions cannot be easily predicted owing to limited research
on enhancement of brain function in healthy individuals.

In the present study, to examine the effect of salmon milt
extract on learning and memory under normal conditions, a
diet supplemented with HSME was fed to healthy mice.
Novel object recognition test (NORT) and spatial recogni-
tion test (SRT) were performed to appraise learning and
memory. The effects of diets supplemented with nucleic
acid fraction (NAF) of HSME or with a mixture of amino
acids (AAM) contained in HSME were also studied to
identify the functional components of HSME.

MATERIALS AND METHODS

Materials

HSME consisted of salmon milt water solubilized by
nuclease and protease as described previously,12 and con-
tained oligo- and mononucleotides, nucleosides, bases,
peptides, and amino acids. NAF was a DNA sodium salt
produced from salmon milt extract,13 which was then hy-
drolyzed by nuclease. AAM was a mixture of 18 authentic
amino acids in the ratio in which they are found in HSME.
HSME, NAF, and AAM were provided by Life Science In-
stitute Co. Ltd (Tokyo, Japan) and Fordays Co. Ltd (Tokyo,
Japan). ISOGEN, MultiScribe� Reverse Transcriptase, and
THUNDERBIRD SYBR qPCR Mix were purchased from
Nippon Gene (Tokyo, Japan), Biosystems (Foster City, CA,
USA), and TOYOBO (Osaka, Japan), respectively. All other
chemicals and reagents were of the highest purity available
and were purchased from commercial sources.

Animals

Male Institute of Cancer Research (ICR) mice were used
for in vivo analyses of behavior, measurement of nucleic
acid concentration, and gene expression, and pregnant ICR
mice were used for in vitro analysis using neural stem cell
culture. These ICR mice were purchased from Sankyo Labo

Service Co. (Tokyo, Japan). Mice were housed under
pathogen-free conditions at a controlled temperature (21–
25�C) and were subjected to a 12 h light per dark cycle. The
lights remained on from 8:00 to 20:00, and food and water
were available ad libitum. The animals were cared for in
strict compliance with the guidelines outlined in the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals. All animal procedures used in this
work were approved by the Kanazawa University Animal
Care Committee (Permit Number: AP-132875).

Behavioral tests in mice

The experimental schedule is summarized in Supple-
mentary Figure S1. The mice were purchased at the age of 4
weeks and fed control diets for 1 week. Then, they were
randomly divided into four groups based on diet. The four
groups of mice were fed a control diet (PicoLab Rodent Diet
20�; PMI Nutrition International, Brentwood, MO), a con-
trol diet containing 2.5% (w/w) HSME, NAF, or AAM,
respectively, for 2 weeks. The body weights of mice from
the control and HSME groups were measured every week,
whereas those of mice from the NAF and AAM groups were
measured on experimental day 14. To perform NORT, each
mouse was individually placed in an acrylic chamber
(45 · 45 · 45 cm) and allowed to explore for 10 min. The
next day, each mouse was placed in the chamber with two
similar objects located on a diagonal line, and allowed to
explore for 5 min. Following a 24 h period, one of the ob-
jects was replaced by a new one at the same position in the
chamber, and each mouse was allowed to explore for 5 min.
Exploration time for each object was recorded. Discrimi-
nation index was calculated as follows: (novel object ex-
ploration time/total exploration time) - (familiar object
exploration time/total exploration time) · 100.

SRT was conducted on the following day. Each mouse was
individually placed in an acrylic chamber and allowed to ex-
plore for 10 min. The next day, each mouse was placed in the
chamber with two similar objects located on a diagonal line
and allowed to explore for 5 min. After 1 h, one of the objects
was displaced, and each mouse was allowed to explore for
5 min. Exploration time devoted to each object was recorded.
Discrimination index was calculated as follows: (moved
object exploration time/total exploration time) - (unmoved
object exploration time/total exploration time) · 100.

Measurement of nucleic acid concentration
in the forebrain and hippocampus

For detailed information, see Measurement of Nucleic
Acid Concentration in the Forebrain and Hippocampus
section in Supplementary Data.

Quantitative reverse transcription-polymerase
chain reaction

For detailed information, see Quantitative reverse tran-
scription-polymerase chain reaction section in Supplementary
Data.
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Neural stem cell culture

For detailed information, see Neural Stem Cell Culture
section in Supplementary Data.

MTT assay

For detailed information, see MTT Assay section in
Supplementary Data.

Adenosine triphosphate assay

Adenosine triphosphate (ATP) assay was performed in
primary cultured neural stem cells according to the standard
procedure of the ATP assay kit ATPlite� (PerkinElmer,
Waltham, MA).

Statistical analysis

Data are expressed as means – standard error of the mean.
The statistical significance of differences was determined
using Student’s t-test or one-way analysis of variance, fol-
lowed by Dunnett’s multiple comparison tests for the
appropriate post hoc analysis. P < .05 was regarded as in-
dicative of significant difference.

RESULTS

Nucleoside composition of HSME and NAF is shown in
Table 1. Approximately 32% and 69% of HSME and NAF,
respectively, consisted of mono- or oligodeoxynucleotides
(Table 1). Gel filtration analysis revealed that mono-, di-, tri-
, and tetranucleotides were present in both HSME and NAF
(Supplementary Fig. S2). The amino acid composition of
HSME is shown in Table 2. Approximately 48% of HSME
was made up of amino acids, and of this, 40% was arginine
(Table 2).

To clarify the effect of HSME on learning and memory
ability, NORT and SRT were performed. The body weights
of the mice on the HSME diet showed similar changes as
did those of the mice on the control diet (Fig. 1A). To clarify
the effect of diet containing HSME on object recognition
memory, NORT was performed under the condition in
which normal mice ingested with the control diet cannot

distinguish the novel object from the familiar one. The ex-
ploration time devoted to the novel object was significantly
longer than the time devoted to the familiar one in mice on
the HSME-supplemented diet, whereas it was similar for
both novel and familiar objects in mice on control diet
(Fig. 2A). SRT was performed under the condition in which
normal mice ingested with the control diet cannot distin-
guish the moved object from the unmoved one, with an aim
to clarify the effect of diet containing HSME on object lo-
cation memory in normal mice. The exploration time de-
voted to the moved object was significantly longer than that
devoted to the unmoved one in mice on the HSME-
supplemented diet, whereas it was similar for both objects in
mice on control diet (Fig. 2B). These results suggest that
oral ingestion of HSME under normal conditions of health
may enhance object recognition and object location memory
in mice. Discrimination index for NORT in mice on the
HSME-supplemented diet was significantly higher than that
in mice on control diet (Table 3). To clarify the component
responsible for the improvement in brain function induced
by HSME, two components of the substance were prepared
for analysis. HSME was fractionated, and the nucleic acid
portion was separated out as NAF. AAM was prepared by
mixing authentic amino acids in the ratios in which they are
present in HSME (Table 2). Body weights of 14 days fol-
lowing the commencement of the experimental diets were
similar among mice on the control, HSME, NAF, and AAM
diets (Fig. 1B). The effect of NAF on exploration times
assessed by both NORT and SRT was similar to that of
HSME (Fig. 2A, B), and discrimination indices for both
NORT and SRT in mice that were given NAF were sig-
nificantly higher than in mice that were on control diet
(Table 3). AAM had effects on exploration time (Fig. 2A)
and discrimination index (Table 3) as assessed by NORT.

To verify that the enhancement in learning and memory
seen upon oral ingestion of HSME is indeed provoked by
nucleic acids, the concentrations of several nucleic acids in
the hippocampus, a region of the forebrain closely associated
with learning and memory abilities, and in the remainder of
the forebrain were measured using liquid chromatography-
tandem mass spectrometry, following oral administration of
HSME. Concentrations of cytosine and cytidine in both the

Table 1. Nucleoside Composition of Hydrolyzed Salmon Milt Extract and Nucleic Acid Fraction

HSME NAF

Oligo- and
monodeoxynucleotides

(g/100 g)a

Monodeoxynucleotides
(g/100 g)b

Oligo- and
monodeoxynucleotides

(g/100 g)a

Monodeoxynucleotides
(g/100 g)b

dAMP 8.78 3.93 17.0 10.1
dTMP 10.3 1.83 23.4 6.42
dGMP 6.74 1.96 14.2 6.66
dCMP 6.39 2.51 14.6 8.01

aContent of each monodeoxynucleotide was measured after hydrolysis of the samples. Therefore, the amount represents the sum of oligo- and

monodeoxynucleotides.
bContent of each monodeoxynucleotide was measured before hydrolysis of the samples. Therefore, the amount represents monodeoxynucleotides alone.

dAMP, deoxyadenosine monophosphate; dCMP, deoxycytidine monophosphate; dGMP, deoxyguanosine monophosphate; dTMP, deoxythymidine monopho-

sphate; HSME, hydrolyzed salmon milt extract; NAF, nucleic acid fraction.
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hippocampus and the rest of the forebrain in mice adminis-
tered HSME were significantly higher than in mice admin-
istered the vehicle alone (Fig. 3). In addition, concentrations
of deoxycytidine in the hippocampus of mice administered
HSME were significantly higher than in mice administered
the vehicle alone (Fig. 3). Hippocampal thymidine concen-
tration was slightly, but significantly, higher in mice admin-
istered HSME than in the control group mice (Fig. 3). Plasma
concentration profiles were also measured (Supplementary
Fig. S3), and concentration of cytosine, deoxycytidine, and
thymidine in mice administered HSME tended to be higher
than that in mice administered the vehicle alone, although
experimental variation was relatively large possibly due to the
effect of any homeostatic regulation.

To understand the mechanisms underlying the enhance-
ment of object recognition and object location memory by
dietary HSME, gene expression of the neuronal maturation
markers, and the markers for brain parenchymal cells found
in the hippocampus was investigated. In our preliminary
study, expressions of all the marker genes examined in the
present study were almost identical between control and
HSME groups at 2 weeks following the start of the experi-
mental diet (data not shown). Therefore, we thought that the
change in gene expression of these markers may be induced
within 1 week following the start of the experimental diet,
and gene expression of these markers was examined at 2, 4,
and 6 days following the start of the experimental diet. Gene
expression of the neural stem cell marker nestin, astro-

cyte marker glial fibrillary acidic protein, microglia marker
CD11b, oligodendrocyte marker myelin basic protein
(MBP)-1 and -2, and undifferentiated proliferative cell
marker sex determining region Y-box 2 (SOX2) at 2 days
following the start of the experimental diet in mice fed
HSME was significantly higher than in mice on control diet
(Fig. 4). On the contrary, expressions of these marker genes
were almost identical in all groups at 4 and 6 days following
the start of the experimental diet (Fig. 4).

Furthermore, to verify that HSME and NAF directly in-
fluence brain parenchymal cells, the effect of HSME and
NAF on cellular proliferation in cultured neural stem cells
was investigated. Exposure of cultured neural stem cells to
10 lg/mL of HSME and NAF, and the positive control
forskolin at 10 lM significantly increased MTT reduction
activity (Fig. 5A). HSME, NAF, and forskolin also in-
creased cellular ATP level (Fig. 5B). These results suggest
that HSME and NAF promote cellular proliferation in neural
stem cells. Moreover, oral ingestion of HSME may enhance
learning and memory abilities, at least in part, through the
direct action in brain parenchymal cells. It should be noted
that dose dependency was minimally observed for the pro-
motive effect of HSME and NAF on the cellular prolifera-
tion (Fig. 5). Although exact reason for the minimal dose
dependency is unknown, HSME and NAF are the mixture of
various compounds, and some of which may exhibit sup-
pressive effect at higher concentrations of HSME and NAF
on the cellular proliferation.

Table 2. Amino Acid Composition of Hydrolyzed Salmon Milt Extract

Arg Lys His Phe Tyr Leu Ile Met Val Ala
18.70 2.60 0.67 0.87 0.85 1.90 1.22 0.58 2.11 1.93

Gly Pro Gln Ser Thr Asp Trp Cysa Total
4.09 2.67 3.30 2.54 1.23 2.10 0.20 0.23 47.8

Unit is g/100 g of HSME.
aCysteine was measured as cystine.

FIG. 1. Effect of ingestion of HSME,
NAF, and AAM on body weight in
mice. Mice were fed a control diet or a
control diet supplemented with 2.5%
(w/w) of HSME, NAF, or AAM for 2
weeks. (A) Body weights of mice fed
the control diet (white) or the diet
containing HSME (black) were mea-
sured on days 7, 0, 7, and 14. (B) Body
weights of mice fed control diet
(white), or the diet containing HSME
(gray), NAF (black), or AAM (diago-
nal) were measured on day 14. Each
value represents the mean – SEM
(n = 6). AAM, mixture of amino acids;
HSME, hydrolyzed salmon milt ex-
tract; NAF, nucleic acid fraction; SEM,
standard error of the mean.
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DISCUSSION

The present findings indicate that oral ingestion of salmon
milt extract enhances object recognition and object location
memory in healthy mice (Fig. 2 and Table 3). Salmon milt
extract contains an abundance of nucleic acids and can be
made available as a nutritional ingredient. That is, it can be
easily assimilated from the daily diet. This makes it even
more noteworthy that brain function in healthy mice can be
enhanced by this easily available food ingredient.

NAF could be one of the functional components in
HSME, since both object recognition and object location
memory in mice, assessed as exploration time devoted to
novel and moved objects, respectively, upon oral ingestion
of this fraction, were enhanced to a degree similar to that in
mice on an HSME-supplemented diet (Fig. 2). Discrimina-
tion index after ingestion of NAF was significantly in-
creased in both studies, a tendency that was also observed
after ingestion of HSME (Table 3). In addition, exposure of
neural stem cells to NAF as well as HSME increased cellular
proliferation (Fig. 5). NAF used in the present study con-
tained mono- and oligonucleotides (Table 1 and Supple-
mentary Fig. S2). Oral ingestion of the mononucleoside
uridine has been previously reported to enhance learning
and memory ability through improvement of lipid metabo-

lism in the cerebral cortex of rats and in the brain of ger-
bils.6,14 However, the dietary intake of nucleotides and
nucleosides has been reported to improve memory function
in aged, memory-deficient mice, and not in normal mice.7,8

In the present study, the dietary intake of HSME and NAF
was shown to improve learning and memory function in
normal mice (Fig. 2). It should be noted that both substances
contained not only mononucleotides but also oligonucleo-
tides as major components (Supplementary Fig. S2), but
little information is available on the direct effect of this
latter component on learning and memory ability in normal
mice.

The concentrations of several nucleic acids such as cy-
tosine, cytidine, deoxycytidine, and thymidine in the hip-
pocampus and in the remaining part of forebrain were
elevated upon oral administration of HSME (Fig. 3), sup-
porting the hypothesis that the nucleic acid component of
HSME played a role in the enhancement of brain function.
In the present study, the concentration of each nucleic acid
was directly measured, and to our knowledge, this is the first
report on changes in each nucleic acid component in the
hippocampus upon oral administration of food ingredients
containing high proportions of nucleic acids. Due to the
limitation of the study design, however, further studies are
required to know whether the elevation of these nucleic
acids directly represents the ingestion of nucleic acids in
HSME or reflects any indirect phenomenon due to homeo-
static regulation. Although the exact component responsible
for the improvement in brain function is still unknown,
energy-independent equilibrative nucleoside transporters
(ENTs), which recognize nucleosides as endogenous sub-
strates, are known to be expressed in brain capillary epi-
thelial cells.15 It is plausible that nucleosides such as
cytidine and deoxycytidine might be distributed to the brain
across the blood–brain barrier via the transporter after oral
ingestion. Administration of cytidine diphosphorylcholine,
which is a precursor of cytidine and uridine, raises the

FIG. 2. Effect of ingestion of HSME,
NAF, and AAM on object recognition
and object location memory. Mice
were fed a control diet or a control diet
supplemented with 2.5% (w/w) of
HSME, NAF, or AAM for 2 weeks,
and NORT (A) and SRT (B) were
conducted. In (A), white and black
columns show exploration time de-
voted to familiar and novel objects,
respectively. In (B), white and black
columns show exploration time de-
voted to the unmoved and moved
object, respectively. Each value repre-
sents the mean – SEM (n = 10–15).
*Significant difference relative to the
corresponding control values (P < .05).
NORT, novel object recognition test;
SRT, spatial recognition test.

Table 3. Discrimination Index Assessed in Novel Object

Recognition Test and Spatial Recognition Test

Control HSME NAF AAM

Discrimination index
NORT -3.01 – 5.38 13.9 – 3.3* 13.2 – 5.0* 14.3 – 4.8*
SRT 2.91 – 4.74 20.3 – 4.5 26.9 – 8.5* 20.7 – 7.5

*Significant difference relative to the corresponding control values

(P < .05).

AAM, mixture of amino acids; NORT, novel object recognition test; SRT,

spatial recognition test.
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plasma concentration of cytidine and uridine and improves
memory function in memory-impaired rats and humans.16–18

Taken together, enhancement of learning and memory in-
duced by oral ingestion of HSME might be caused, at least
in part, by the increase in levels of certain nucleic acids in
the brain. It is interesting to note that elevation of brain
levels of nucleic acids upon oral administration of HSME
was selectively observed in the cases of cytosine, cytidine,
and deoxycytidine (Fig. 3), even though all nucleosides
were present at almost evenly distributed levels in HSME
(Table 1), and ENTs nonselectively recognize nucleo-

sides.19 Hossain et al. recently postulated a promotive effect
of dietary cytidine monophosphate on the growth of fishes in
early stages that might contribute to their high rate of cel-
lular replication.20 It is also possible that the nucleosides are
unevenly supplied to the brain by oral administration of
nucleic acid ingredients, and levels of both cytosine and
deoxycytidine might be relatively easily elevated compared
with those of other nucleosides (Fig. 3).

AAM contained glutamate and aspartate (Table 2), both
of which are agonists of the N-methyl-d-aspartate (NMDA)
receptor and play an important role in synaptic plasticity.21,22

FIG. 3. Concentration of nucleo-
bases, nucleosides, deoxynucleosides,
and deoxynucleotides in the hippo-
campus and in the remaining part of
the forebrain in mice upon oral ad-
ministration of HSME. Mice were or-
ally administered saline or 2 g HSME
per kg of body weight. The forebrain
was collected at 24 h following ad-
ministration, and hippocampus was
isolated from the forebrain. White and
black columns show the saline and
HSME groups, respectively. Con-
centration of each nucleic acid was
measured using liquid chromatography-
tandem mass spectrometry. Each value
represents the mean – SEM (n = 3).
*Significant difference relative to the
corresponding control values (P < .05).
dAMP, deoxyadenosine monopho-
sphate; dCMP, deoxycytidine mono-
phosphate; dGMP, deoxyguanosine
monophosphate; dTMP, deoxythymidine
monophosphate.

FIG. 4. Effect of ingestion of HSME on expression in
the hippocampus of the marker genes for neuronal
maturation and brain parenchymal cells. Mice were fed
a control diet or a control diet supplemented with 2.5%
HSME for 6 days. Hippocampus was collected on days
2, 4, and 6. Total RNA was extracted from the tissue for
quantitative reverse transcription-polymerase chain re-
action analysis. White and black columns show the
control and HSME groups, respectively. Data were
normalized to the expression level of 36B4 and ex-
pressed as relative to the corresponding controls. Each
value represents the mean – SEM (n = 4–8). MAP2 and
GAP43 stand for microtubule-associated protein 2 and
growth associated protein 43, respectively. *Significant
difference relative to the corresponding control values
(P < .05).

NUCLEIC ACIDS ENHANCE LEARNING AND MEMORY 413

D
ow

nl
oa

de
d 

by
 D

A
L

H
O

U
SI

E
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

IE
S 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

4/
20

/1
9.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



This fraction also contained essential amino acids such as
leucine (Table 2), which is an activator of mammalian target
of rapamycin signaling and plays an important role in neu-
ronal maturation.23,24 However, these hydrophilic amino
acids are already present in endogenous plasma and/or
brain, so it is unclear whether their concentration is elevated
upon oral ingestion of AAM. Meanwhile, learning and
memory abilities were increased by oral ingestion of AAM
(Fig. 2 and Table 3). Improvement of blood flow to the brain
must also be considered as a possible mechanism underlying
the enhancement of brain function induced by AAM.

Gene expression of the markers for proliferative brain
parenchymal cells was increased 2 days after oral ingestion
of HSME was begun (Fig. 4), suggesting that orally ingested
HSME activates the proliferative brain parenchymal cells
such as glial cells and neural stem cells. The activated glial
cells are known to release neurotrophic factors that promote
neuronal differentiation and maturation. Furthermore, gene
expression of the synapse marker synapsin I (Syn1) and the
immature neuron marker doublecortin (DCX) showed an
increasing trend at 4 days following the start of the experi-
mental diet (Fig. 4). Based on the increasing trend in the
levels of neuronal markers that occur after activation of glial
cells, it can be speculated that HSME may promote neuronal
differentiation and maturation through the release of neu-
rotrophic factors by glial cells. A previous report found that
oral administration of guanosine promoted neuronal differ-
entiation in the hippocampi of mice.11 In other studies, ATP
and adenosine were found to promote neuronal differentia-
tion and synaptic plasticity through the activation of the
purinergic signaling pathway in cultured neural cells.25,26

Activation of NMDA receptor by its agonists, such as glu-
tamate and aspartate, has also been found to promote neu-
ronal differentiation and maturation in cultured neural
cells.22,27,28 Thus, multiple mechanisms may be involved in

the enhancement of learning and memory upon oral inges-
tion of HSME.

Astaxanthin and the flavonoid nobiletin are known as
food ingredients that enhance brain function in normal an-
imals. Astaxanthin enhances brain function through anti-
oxidant activity and the promotion of neurogenesis.29,30

Salmon milt extract also possesses antioxidant activity12 and
induces enhancement through the promotion of neurogen-
esis, leading to increased learning and memory ability
(Fig. 2 and Table 3). Contrarily, nobiletin activates extra-
cellular signal-regulated kinase and protein kinase A sig-
naling.31 This flavonoid enhances object recognition
memory, but not object location memory.32 The mechanism
underlying its enhancement of learning and memory ability
may be different from that associated with the effects caused
by salmon milt ingestion.

In conclusion, oral ingestion of HSME elevates the
concentrations of nucleic acids, including cytosine, cyti-
dine, deoxycytidine, and thymidine in the hippocampus,
and may enhance learning and memory abilities, at least in
part, through the activation of brain parenchymal cells in
normal mice. The easily available and ingestible food in-
gredient, salmon milt extract, could thus potentially be
used as a ‘‘brain food’’ that enhances brain function in
healthy people.
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FIG. 5. Effect of HSME and NAF on cellular proliferation in primary cultured neural stem cells. Cortical neural stem cells were exposed to
HSME, NAF, or forskolin at the indicated concentrations. Mitochondrial activity and ATP concentration were measured by MTT (A) and ATP
(B) assay, respectively. Each value represents the mean – SEM (n = 8). *Significant difference relative to the corresponding control values
(P < .05). ATP, adenosine triphosphate.
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Abstract: Background: The enhancement of learning and memory through food-derived ingredi-
ents is of great interest to healthy individuals as well as those with diseases. Ergothioneine (ER-
GO) is a hydrophilic antioxidant highly contained in edible golden oyster mushrooms (Pleurotus
cornucopiae var. citrinopileatus), and systemically absorbed by its specific transporter, carnitine/or-
ganic cation transporter OCTN1/SLC22A4.

Objective: This study aims to examine the possible enhancement of object recognition memory by
oral administration of ERGO in normal mice.

Method: Novel object recognition test, spatial recognition test, LC-MS/MS, Golgi staining, neuron-
al culture, western blotting, immunocytochemistry, and quantitative RT-PCR were utilized.

Result: After oral administration of ERGO (at a dose of 1–50 mg/kg) three times per week for two
weeks in ICR mice, the novel object recognition test revealed a longer exploration time for the nov-
el object than for the familiar object. After oral administration of ERGO, the spatial recognition
test also revealed a longer exploration time for the spatially moved object than the unmoved one in
mice fed ERGO-free diet. The discrimination index was significantly higher in the ERGO-treated
group than the control in both behavioral tests. ERGO administration led to an increase in its con-
centration in the plasma and hippocampus. The systemic concentration reached was relevant to
those found in humans after oral ERGO administration. Golgi staining revealed that ERGO admin-
istration increased the number of matured spines in the hippocampus. Exposure of cultured hippo-
campal neurons to ERGO elevated the expression of the synapse formation marker, synapsin I.
This elevation of synapsin I was inhibited by the tropomyosin receptor kinase inhibitor, K252a.
Treatment with ERGO also increased the expression of neurotrophin-3 and -5, and phosphorylated
mammalian target of rapamycin in hippocampal neurons.

Conclusion: Oral intake of ERGO may enhance object recognition memory at its plasma concentra-
tion achievable in humans, and this enhancement effect could occur, at least in part, through the
promotion of neuronal maturation in the hippocampus.

Keywords: Ergothioneine, Object recognition memory, Neuronal maturation, Hippocampus, Neurotrophin, Organic cation
transporter.

1. INTRODUCTION
Dysfunction of learning and memory due to neuronal dis-

orders causes dementia,  resulting in an extremely lowered
quality of life in patients. There are 50 million dementia pa-
tients worldwide [1], and the treatment of dementia is an ur-
gent issue. However, despite the clinical application of sever-
al therapeutic agents for the treatment of  dementia,  such as

* Address correspondence to this author at the Faculty of Pharmacy, Insti-
tute of Medical, Pharmaceutical and Health Sciences, Kanazawa Universi-
ty, Kakuma-machi, Kanazawa 920-1192, Japan;
Tel/Fax: +81-76-234-4465; E-mail: ykato@p.kanazawa-u.ac.jp

inhibitors of cholinesterase and the N-methyl-D-aspartate re-
ceptor [2, 3], there are no fundamental therapeutic drugs for
recovering the neurons that are lost during brain disorders.
Some patients are insensitive to the current clinically avail-
able  drugs  [2].  In  addition,  the  administration  of  cho-
linesterase  inhibitors  sometimes  causes  several  adverse
events,  such  as  gastrointestinal  or  mental  disorders  [2,  4].
Therefore,  the  development  of  drugs  with  a  novel  mech-
anism of action and minimal adverse effects is desirable.

Food-derived ingredients that improve recognition func-
tion through the enhancement of brain function would also
be a promising tool for the treatment of dementia and may

http://dx.doi.org/10.2174/1874467213666200212102710
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help to clarify novel mechanisms of action for the drug de-
velopment.  Food-derived ingredients  that  have an antioxi-
dant effect and/or promotive effect on neuronal maturation
and neurogenesis may improve learning and memory ability.
For example, intake of antioxidant polyphenol catechin and
resveratrol, which are found in high levels in green tea and
red grapes, respectively, improves the decline in spatial me-
mory  provoked  by  the  suppression  of  spine  reduction  in
aged mice [5, 6]. Intake of carotenoid astaxanthin, which is
found in salmon roe, enhances neurogenesis and spatial me-
mory in normal mice [7]. However, over-intake of resvera-
trol inhibits neurogenesis and reduces the learning and mem-
ory ability [8]. The astaxanthin intake required to improve
learning  and  memory  in  mice  may  cause  several  adverse
events, such as hepatic impairment [9]. Thus, it would be de-
sirable to improve the pharmacokinetic properties to gain ef-
ficient activity of learning and memory with minimal toxici-
ty at the clinically relevant amount of ingestion.

Ergothioneine (ERGO) is an antioxidant that is abundant-
ly found in certain edible mushrooms, including golden oys-
ter mushrooms (Pleurotus cornucopiae var. citrinopileatus),
meat,  and  grains.  ERGO is  synthesized  by  fungi  and  my-
cobacteria,  but  not  by  mammals.  Thus,  ERGO is  ingested
from daily food and is  present  at  a  concentration range of
μM to sub mM in the blood and organs of humans and mice
[10, 11]. The hydrophilic nature of ERGO hinders its mem-
brane permeation, however, it is actively transported across
membranes by the specific transporter carnitine/organic ca-
tion transporter (OCTN1/SLC22A4), which was identified
by  the  metabolomics  approach  [12].  ERGO  is  orally  ab-
sorbed mainly through this transporter [13]. The concentra-
tion of ERGO in any of the organs of octn1 gene knockout
mice is below the detection limit [11], indicating the funda-
mental role of this transporter in the distribution of ERGO.
ERGO can enter the brain by crossing the blood-brain barri-
er [14]. Thus, this antioxidant appears to have the beneficial
pharmacokinetic properties of a candidate for the improve-
ment of brain function. In fact, ERGO shows protective ef-
fects against the neuronal damage provoked by H2O2, β-amy-
loid, and cisplatin [15-17]. Exposure of cultured neural stem
cells  to  ERGO  promotes  cellular  differentiation  into  neu-
rons,  through  an  unidentified  mechanism  that  is  distinct
from its  antioxidant  activity  [18].  Oral  ingestion  of  a  diet
that includes ERGO actually promotes hippocampal neuroge-
nesis and exerts an antidepressant-like effect in mice [14]. In
addition to these beneficial effects of exogenous administra-
tion  of  ERGO  in  experimental  animals,  recent  clinical
studies have indicated that the systemic concentration of ER-
GO is reduced in older adults (0.8–1.4 µM in serum of older
subjects) [19], patients with Parkinson’s disease [20], and in
people with mild cognitive impairment (0.1–0.2 µg/mg he-
moglobin in  whole  blood)  [21].  These findings imply that
ERGO may play a role in the maintenance of normal brain
function. However, though ERGO is known to improve the
decline of learning and memory ability in senescent model
mice [22], the effect of ERGO on learning and memory un-
der normal (untreated) conditions has not yet been clarified.

In the present study, we investigated whether orally ad-
ministered  ERGO  can  enhance  the  learning  and  memory
ability of normal mice. For such purposes, both the novel ob-
ject recognition test (NORT) and the spatial recognition test
(SRT) were performed after the oral administration of ER-
GO. To support  such an effect  on brain  function,  the  gas-
trointestinal absorption and hippocampal distribution of ER-
GO were also examined. The promotion of neuronal matura-
tion by ERGO, through the induction of neurotrophic fac-
tors, was also demonstrated as the possible underlying mech-
anism.

2. MATERIALS AND METHODS

2.1. Materials
ERGO was  kindly  provided  by  Yukiguni  Maitake  Co.

Ltd. (Minamiuonuma, Japan). L-(+)-Ergothioneine-d9 was
kindly  provided  by  TETRAHEDRON  (Romainville,
France).  ISOGEN,  MultiScribe™  Reverse  Transcriptase,
and  THUNDERBIRD  SYBR  qPCR  Mix  were  purchased
from Nippon Gene (Tokyo, Japan), Biosystems (Foster City,
CA, USA), and TOYOBO (Osaka, Japan), respectively. ER-
GO-free feed (basal diet®) was obtained from TestDiet (St.
Louis, MO, USA) and contained less than 0.01 µg ERGO/g
chaw [23]. All other chemicals and reagents, of the highest
purity available, were purchased from commercial sources.

2.2. Animals
Male ICR mice for in vivo experiments and female preg-

nant  ICR  mice  for  neuronal  culture  were  purchased  from
Sankyo Labo Service Co. (Toyama, Japan). Male mice fed
control  diet  were  regarded  as  “normal  mice”.  Male  ICR
mice  at  the  age  of  3  weeks  were  also  purchased  from
Sankyo Labo Service and fed ERGO-free diet. These mice
were  regarded  as  “ERGO-free  mice”.  These  ERGO-free
mice were prepared with an aim to clearly observe pharma-
cological  effect  of  ERGO exogenously administered since
ERGO exists in the body of normal mice that were not ad-
ministered ERGO due to ingestion from the daily diet which
includes  ERGO  [11,  14].  Mice  were  housed  in  patho-
gen-free conditions at a controlled temperature (21–25 °C)
under a 12 h light/dark cycle. The lights remained on from
8:00 to 20:00. Food and water were available ad libitum. To-
tal number of normal mice used for behavioral tests, mea-
surement  of  ERGO concentration,  and  Golgi  staining  was
70,  24,  and  19,  respectively,  whereas  that  of  ERGO-free
mice used for behavioral tests and measurement of ERGO
concentration was 48 and 32, respectively.

2.3. Behavioral Tests in Normal and ERGO-free Mice
ERGO was dissolved in autoclaved pure water and oral-

ly administered to normal mice at the age of 5 weeks at 0, 1,
5, 20, or 50 mg/kg on experimental days 0, 2, 4, 7, 9, and 11
by gavage (Supplementary Fig. S1A). The number of mice
administered 0, 1, 5, 20, and 50 mg/kg ERGO was 14, 15,
14, 13, and 14, respectively. ERGO was orally administered
to ERGO-free mice at the age of 6 weeks at 0, 5, 20, or 50
mg/kg on experimental days 0, 2, 4, 7, 9, and 11 by gavage
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(Supplementary  Fig.  S1A).  The  number  of  mice  adminis-
tered 0, 5, 20, and 50 mg/kg ERGO was 12. On experimen-
tal day 14, NORT was first performed: each mouse was indi-
vidually  placed  in  an  acrylic  chamber  (45  ×  45  ×  45  cm)
without any objects and was allowed to explore for 10 min.
On the next day, each mouse was placed in the same cham-
ber with two identical objects located on a diagonal line. Ani-
mals were allowed to explore the chamber for five minutes
(Supplementary Fig. S2). The time spent exploring each ob-
ject was recorded. Twenty-four hours later, one of the ob-
jects was replaced by a novel object of a different shape at
the same location in the chamber. Each mouse was allowed
to explore the chamber under these conditions for five min-
utes. The exploration time for each object was recorded. The
discrimination index was calculated as [(novel object explo-
ration time/ total exploration time) − (familiar object explora-
tion time/ total exploration time) × 100] (Table 1).

The SRT was conducted on the day after the final NORT
day (Supplementary Fig. S1A): each mouse was individual-
ly placed in an acrylic chamber without any objects and al-
lowed to explore for 10 min. On the next day, each mouse
was placed in the same chamber with two identical objects
located  on  a  diagonal  line.  Animals  were  allowed explore
the chamber for five minutes (Supplementary Fig. S3). The
time spent exploring each object was recorded. One hour lat-
er, one of the objects was moved, and each mouse was al-
lowed to explore the chamber under these conditions for five
minutes. The exploration time for each object was recorded.
The discrimination index was calculated as [(moved object
exploration time/ total exploration time) − (unmoved object
exploration time/ total exploration time) × 100] (Table 1).

2.4. Measurement of ERGO Concentration
Repeated oral administration of ERGO at 0, 1, 5, 20, 50,

or  100  mg/kg  was  performed  in  a  separate  set  of  normal
mice at the age of 5 weeks, in the similar schedule to the be-
havioral tests. In these mice, the plasma was collected on ex-
perimental days 0, 7, 14, and 19 (Fig. S1A). Similarly, ad-
ministration of ERGO was also performed in another set of
mice at the age of 5 weeks in which the hippocampus was
collected on experimental day 14. These experiments were
performed to examine oral absorption and brain distribution
of ERGO in mice. On the other hand, plasma and hippocam-
pal  samples  were  obtained  in  the  same  mice  used  for  be-
havioral  tests  on  the  experimental  day  19  (Supplementary
Fig. S1A) to confirm reduction in basal level of ERGO and
systemic absorption of ERGO in ERGO-free mice. All sam-
ples were preserved at –80 °C before the determination of
ERGO concentration. Hippocampal samples were weighed,
and portions were homogenized in 2 volumes of distilled wa-
ter. Plasma and hippocampus homogenates were diluted 5-
and  250-fold  with  water,  respectively,  deproteinized  with
methanol, and subjected to LC-MS/MS after centrifugation.
The LC-MS/MS system was based on the LCMS-8040 mod-
el  (Shimadzu,  Kyoto,  Japan).  Chromatography  was  per-
formed  by  means  of  step-gradient  elution  (flow  rate,  0.4
mL/min) as follows: 0–0.5 min: 5% A/95% B; 0.5–3.5 min:
5% A/95% B to 70% A/30% B; 3.5–5.5 min: 70% A/30%

B; 5.5–5.6 min: 70% A/30% B to 5% A/95% B; 5.6–8 min:
5% A/95% B (A, water containing 0.1% formic acid; B, ace-
tonitrile-containing 0.1% formic acid), using a Luna 3.0 µm
HILIC column (200 Å,  150 × 2.0 mm; Phenomenex,  Tor-
rance,  CA)  at  40  °C.  L-(+)-Ergothioneine-d9  was  used  as
the internal standard.

2.5. Golgi Staining
Mice  were  purchased  at  the  age  of  5  weeks,  0  or  50

mg/kg ERGO was orally administered on experimental days
0,  2,  4,  7,  9,  and  11  (Fig.  S1B).  Golgi  staining  was  per-
formed according to the recommended procedure of the FD
Rapid  GolgiStain  Kit  (PK401;  FD  Neuro  Technologies,
Columbia, MD, USA). On experimental day 14, mice were
decapitated  under  anesthesia  by  pentobarbital,  and  brains
were removed. Brains were put into the recommended solu-
tion and kept at room temperature in the dark for two weeks,
followed by further incubation for 72 h in another solution.
Brains  were  embedded in  TFM (Triangle  Biomedical  Sci-
ences,  Durham, NC, USA),  and coronal  slices  were cut  at
the thickness of 100 µm using a cryostat. The sections were
placed on gelatin coated glass slides (Matsunami Glass, Osa-
ka, Japan), dried overnight, washed with pure water, and im-
mersed in the recommended solution for 10 min. The sec-
tions were washed with phosphate-buffered saline (PBS), se-
quentially immerged in 50, 75, and 90% ethanol, and then
dehydrated in 100% ethanol, followed by 100% xylene. The
sections were then coverslipped using Permount (Sigma-Al-
drich, St. Louis, MO, USA) and observed with BZ9000 fluo-
rescence microscope (Keyence, Osaka, Japan). Two to four
neurons from the hippocampal dentate gyrus were randomly
selected from each mouse for spine analysis. A total of nine
to 10 neurons were analyzed in each group. Quantification
of spines was performed using NIH ImageJ software. Spines
were classified into 3 groups: mushroom, filopodia/thin, and
stubby. Mushroom spines were characterized by a big head
that was more than three times larger than its neck. Filopodi-
a/thin spines were characterized by the absence of a head or
the presence of a head that was not big. Stubby spines were
characterized by their short and round appearance.

2.6. Neuronal Culture
Primary hippocampal neuronal cultures were performed

according  to  the  methods  described  by  Nakamichi  et  al.
[24],  with minor modifications.  In brief,  hippocampi from
15-day-old embryonic ICR mice were dissected and incubat-
ed with 0.25% trypsin in PBS containing 28 mM glucose at
37°C for 20 min. Cells were mechanically dissociated using
a 1,000-μL pipette tip in culture medium and plated at a den-
sity of 5 × 104 cells/cm2 on plastic dishes that were coated
with  7.5  μg/ml  poly-L-lysine.  Hippocampal  neurons  were
cultured in Neurobasal™ media (Thermo Fisher Scientific,
Waltham,  MA,  USA)  that  was  supplemented  with  100
U/mL  penicillin,  100  μg/mL  streptomycin,  B-27  supple-
ment, 0.5 mM glutamine, and 25 µM glutamate from 0 to 3
days in vitro (DIV) at 37°C in a humidified 5% CO2 incuba-
tor (Fig. S1C). At three DIV, half of the culture medium was
replaced with Neurobasal™ media supplemented with B-27
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Table 1. Discrimination index in novel object recognition (NORT) and spatial recognition tests (SRT).

Discrimination index
ERGO (mg/kg)a

0 1 5 20 50

Normal
mice

NORTb 1.83
± 4.02

16.6
± 5.6

16.3
± 4.2

18.8
± 3.6*

16.8
± 4.6

SRTc 1.63
± 4.25

5.91
± 6.18

10.5
± 7.7

15.5
± 6.5

24.9
± 6.7*

ERGO-free
mice

NORTb -2.88
± 7.55 - d 22.5

± 4.0*
23.6

± 3.4*
28.5

± 4.3*

SRTc 4.61
± 4.38 - d 18.5

± 5.0
18.9
± 4.1

34.5
± 3.4*

a) Orally administered in normal mice on days 0, 2, 4, 7, 9, and 11
b) Performed at three days after the last ERGO administration
c) Performed at six days after the last ERGO administration
d) Not performed
* Significant difference from the corresponding control values (P < 0.05)

supplement, 100 U/mL penicillin, 100 μg/mL streptomycin,
and 0.5 mM glutamine, and cells were incubated for a fur-
ther  three  days.  At  six  DIV,  the  culture  medium  was  re-
placed  with  Neurobasal™  media  supplemented  with  100
U/mL penicillin, 100 μg/mL streptomycin, and 0.5 mM glu-
tamine. From 6 to 9 or 12 DIV, the cells were treated with 0,
5,  50,  and  500  µM  ERGO  (Fig.  S1C).  For  the  inhibition
study, 10 or 100 nM tropomyosin receptor kinase (Trk) in-
hibitor K252a dissolved in Neurobasal™ media that was sup-
plemented  with  100  U/mL  penicillin,  100  μg/mL  strepto-
mycin, 0.5 mM glutamine, and 25 µM glutamate was added
to  the  medium  at  six  DIV  and  incubated  for  20  min.  The
medium  was  then  replaced  with  Neurobasal™  media  that
was  supplemented  with  100  U/mL  penicillin,  100  μg/mL
streptomycin, 0.5 mM glutamine, and 25 µM glutamate, and
cells were incubated until 12 DIV (Fig. S1C).

2.7. Western Blot Analysis
Western  blot  analysis  was  performed  according  to  the

methods of Nakamichi et al. [25], with minor modifications.
Hippocampal neurons were seeded at 5.0 × 104 cells/cm2 on
12  well  plastic  dishes,  cultured  for  12  days,  and  washed
twice with ice-cold PBS. Cells were centrifuged at 4°C for 5
min at 15,000 g after cell harvesting. Pellets thus obtained
were  suspended  and  sonicated  in  20  mM  Tris-HCl  buffer
(pH  7.5)  containing  1  mM  EDTA,  1  mM  EGTA,  10  mM
sodium  fluoride,  10  mM  sodium  β-glycerophosphate,  10
mM sodium pyrophosphate,  1  mM sodium orthovanadate,
and  1  µg/mL  of  various  protease  inhibitors  [(p-
amidinophenyl)methanesulfonyl  fluoride,  leupeptin,  anti-
pain,  and  benzamidine].  The  suspensions  were  added  at  a
volume ratio of 4:1 to 10 mM Tris-HCl buffer (pH 6.8) con-
taining 10% glycerol, 2% sodium dodecylsulfate, 0.01% bro-
mophenol  blue,  and  5%  mercaptoethanol,  and  mixed  at
room temperature  for  one hour.  The protein  concentration
was determined using a Bio-Rad Protein Assay Kit. The con-
centration of polyacrylamide gel was 7.5% for the detection
of  βIII-tubulin,  microtubule-associated  protein  2  (MAP2),
and synapsin I, or 12.5% for the detection of mammalian tar-
get  of  rapamycin  (mTOR),  p-mTOR,  S6K1,  p-S6K1
(Ser371),  p-S6K1  (Thr389),  4EBP1,  and  p-4EBP1.  Each
aliquot of 10 µg proteins was loaded on to a polyacrylamide

gel  for  electrophoresis  at  a  constant  current  of  60  mA/2
plates for 100 min at room temperature, using a widemini-s-
lab  size  PAGE  system  (Sima  Biotech,  Chiba,  Japan),  fol-
lowed  by  blotting  to  a  polyvinylidene  fluoride  membrane
that was previously treated with 100% methanol. The mem-
brane was blocked with a 2% bovine serum albumin (BSA)
solution at 4°C overnight. The membrane was then reacted
with  antibodies  against  βIII-tubulin  (1:10,000),  MAP2
(1:10,000), Synapsin I (1:10,000), or β-actin (1:50,000) and
diluted with buffer containing 0.2% BSA at room tempera-
ture for two hours while shaking [18], or reacted with anti-
bodies against mTOR (1:1,000), p-mTOR (1:1,000), S6K1
(1:500),  p-S6K1  (Ser371)  (1:500),  p-S6K1  (Thr389)
(1:500),  4EBP1  (1:500),  or  p-4EBP1  (1:500)  and  diluted
with  Can  Get  Signal®  at  room  temperature  for  two  hours
while shaking [26]. The membrane was then washed and re-
acted with an anti-mouse IgG (1:10,000–50,000) or anti-rab-
bit  IgG (1:  2,000–10,000),  diluted with 0.2% BSA or Can
Get Signal®. Proteins reactive with these antibodies were de-
tected with the aid of ECL™ detection reagents using a lumi-
no image analyzer (LAS-4000; FUJIFILM, Tokyo, Japan).
Densitometric  determination  was  performed  using  ImageJ
software.

2.8. Immunocytochemical Analysis

Hippocampal  neurons  were  seeded  at  1.25  ×  104

cells/cm2 on 12 well plastic dishes and cultured for 12 days.
Neurons were washed with PBS, then fixed with 4% para-
formaldehyde for 20 min at room temperature, and incubat-
ed for 30 min in blocking solution (3% BSA and 0.2% Tri-
ton X-100 in PBS) at room temperature. Cells were then in-
cubated overnight in 10-times-diluted blocking solution con-
taining  antiserum  against  MAP2  (1:1,000)  or  an  antibody
against synapsin I (1:2,000) at 4°C, washed with PBS, and
reacted with Alexa Fluor series-conjugated secondary anti-
bodies (1:2,000) for one hour at room temperature. The cells
were rinsed again with PBS, treated with mounting medium
that  contained DAPI,  and observed under  a  confocal  laser
scanning microscope (LSM710) with a 63× objective. Five
fields per well were chosen at random for analysis, and only
non-clustered  neurons  were  evaluated.  The  data  were  ob-
tained  from  four  wells  in  each  preparation.  To  minimize



Ergothioneine Enhances Learning and Memory Current Molecular Pharmacology, 2020, Vol. 13, No. 0   5

bias, neurons were evaluated blindly without the knowledge
of the sample condition. Five neurons were analyzed from
each well for the measurement of the number of synapsin I--
positive  puncta/10  μm neurite  length,  total  neurite  length,
number of neurites, and Sholl analysis. Measurement of neu-
rite length, total number of neurites, and Sholl analysis were
conducted using the Simple neurite tracer plug-in [27] on Fi-
ji,  an  open-source  platform  for  biological-image  analysis
[28]. Sholl analysis was carried out at a 3.36 µm interval to
a maximum radius of 137.2 µm. The area under the curve
(AUC)  was  calculated  using  the  trapezoidal  rule  for  each
Sholl profile.

2.9. Quantitative RT-PCR

Hippocampal neurons were seeded at 5.0 × 104 cells/cm2

on 12 well plastic dishes and cultured for nine days. The to-
tal RNA was extracted from cultured cells according to the
manufacturer’s  protocol  of  ISOGEN.  cDNA  was  synthe-
sized with oligo (dT)12–18 primers, deoxynucleotide triphos-
phate mix, RT buffer, and MultiScribe Reverse Transcrip-
tase, and amplified on Mx3005P (Agilent Technologies, San-
ta Clara, CA, USA) using a reaction mixture containing cD-
NA with the relevant forward and reverse primers and the
THUNDERBIRD SYBR qPCR Mix. PCR reactions were ini-
tiated by template denaturation at 95°C for 15 min, followed
by 40 cycles of amplification (denaturation at 95°C for 10 s,
and primer annealing and extension at 60°C for 30 s). Rela-
tive quantification of expression levels of  the target  genes
was  determined  by  the  delta-delta  Ct  method  using  tran-
scripts of acidic ribosomal phosphoprotein P0 (36B4) as the
internal  standard.  The  sequences  of  the  primers  (5’  to  3’)
were as follows: nerve growth factor (NGF) forward, TCTA-
TACTGGCCGCAGTGAG  and  reverse,  GGACATTGC-
TATCTGTGTACGG;  brain-derived  neurotrophic  factor
(BDNF) forward, GCGGCAGATAAAAAGACTGC and re-
verse,  TCAGTTGGCCTTTGGATACC;  NT3  forward,
GGAGGAAACGCTATGCAGAA  and  reverse,  TTCTCT-
GAGGCCGTGAAGTT;  NT-5  forward,  CCCAAGTT-
GAGGGAAAACAA  and  reverse,  TCCTCCGGGA-
GAACTCCTAT; 36B4 forward, ACTGGTCTAGGACCC-
GAGAAG and reverse, TCCCACCTTGTCTCCAGTCT.

2.10. Statistical Analysis
Data are expressed as the mean ± S.E.M. The statistical

significance of differences was determined by means of Stu-
dent’s t-test or one-way or repeated measures ANOVA, us-
ing Excel or IBM SPSS Statistics (Chicago, IL, USA), fol-
lowed by the appropriate post-hoc tests. P < 0.05 was regard-
ed as denoting a significant difference.

3. RESULTS

3.1. Enhancement of Object Recognition and Object Lo-
cation Memory by Oral Administration of ERGO

To investigate  whether  oral  intake  of  ERGO enhances
the  learning  and  memory  ability  under  normal  conditions,
the experimental schedule in NORT was first constructed us-
ing mice that had not been exposed to ERGO treatment (Fig.

S2). The exploration time for the novel object was signifi-
cantly longer than that for the familiar one under the condi-
tion that retention time was set to be three hours, whereas
the exploration time was not different between the novel and
familiar objects under the condition that retention time was
set to 24 h (Fig. S2). This suggests that mice cannot recog-
nize a difference between the novel and familiar object after
a 24 h retention time. Thus, the enhancement effect of ER-
GO on object recognition memory was next observed under
the condition that retention time was set to 24 h. ERGO was
orally administered at 0–50 mg/kg three times per week for
two weeks, and then NORT was performed (Fig. S1A). In re-
tention trials, the exploration time for the novel object was
significantly longer than that for the familiar object in nor-
mal mice administered 1–50 mg/kg ERGO, whereas the ex-
ploration  time  for  the  two  objects  was  similar  in  normal
mice that had not been treated with ERGO (Fig. 1A).  The
similar results were obtained in ERGO-free mice (Fig. 1B).
The discrimination index at each dose was calculated to com-
pare  object  recognition  ability.  The  discrimination  index
was significantly higher in normal mice exposed to ERGO
at a dose of 20 mg/kg than in the control group (Table 1).
The  discrimination  index  was  significantly  higher  in  ER-
GO-free  mice  exposed  to  ERGO  at  a  dose  of  5  mg/kg  or
higher dose than in the control  group (Table 1).  These re-
sults suggest that oral administration of ERGO enhances the
object recognition memory under normal conditions in mice.

Next, the possible enhancement effect of oral administra-
tion of ERGO on object location memory was investigated
using the SRT. In mice that were not exposed to ERGO treat-
ment, the exploration time for the moved object was signifi-
cantly longer than that for the unmoved object when mea-
surement  time was set  to  10 min,  whereas  the exploration
time  was  minimally  different  between  the  moved  and  un-
moved objects when the measurement time was set to five
minutes (Fig. S3). Thus, the enhancement effect of ERGO
on object location memory was next examined under the con-
dition that measurement time was five minutes. In retention
trials, the exploration time for the moved object tended to be
longer than that for the unmoved object in normal mice that
were treated with 50 mg/kg ERGO (Fig. 1C). The explora-
tion time for the moved object was significantly longer than
that  for  the  unmoved  object  in  ERGO-free  mice  adminis-
tered 5 or 50 mg/kg ERGO, whereas the exploration time for
the two objects was similar in ERGO-free mice that had not
been treated with ERGO (Fig. 1D). The discrimination in-
dex at each dose was calculated to compare spatial recogni-
tion ability. The discrimination index was significantly high-
er  in  normal  and  ERGO-free  mice  exposed  to  ERGO at  a
dose of 50 mg/kg than in the control group (Table 1). This
suggests  that  oral  administration  of  ERGO  may  also  en-
hance  object  location  memory under  normal  conditions  in
mice.

3.2. Plasma and Hippocampal Concentration of ERGO
after Oral Administration

To support the findings that oral administration of ER-
GO has an enhancement effect on learning and memory abili-
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ty, we examined the gastrointestinal absorption and distribu-
tion to the hippocampus of ERGO following oral administra-
tion. During and after oral administration of ERGO (1–100
mg/kg) three times per week for two weeks, the plasma con-
centration profile of ERGO was measured. The plasma con-
centration of ERGO was remarkably higher in the mice that
were  treated  with  100  mg/kg  ERGO  than  in  the  control
group from days 7 to 19 (Fig. 2A). In the group treated with
50 mg/kg ERGO, the plasma concentration of ERGO tended
to be higher than that in the control on day 7 and this differ-
ence reached significance on day 14 (Fig. 2A). In the group
treated with 20 mg/kg ERGO, the plasma concentration of
ERGO  also  tended  to  be  higher  than  that  in  the  control
group on day 14 (Fig. 2A). Meanwhile, the hippocampal con-
centration of ERGO on day 14 in the group treated with ER-
GO  was  also  measured  and  showed  a  dose-dependent  in-
crease (Fig. 2B). The hippocampal concentration of ERGO
in the group treated with ERGO at 20 mg/kg or more was
significantly higher than that in the control group (Fig. 2B).
The plasma and hippocampal concentrations of ERGO were
also  increased  in  a  dose-dependent  manner  in  ERGO-free
mice (Table S1). These results indicate that orally adminis-
tered ERGO is absorbed from the gastrointestinal tract and
distributed  to  the  hippocampus,  after  passing  through  the
blood-brain  barrier.  These  results  support  the  finding  that

learning and memory ability is enhanced after oral adminis-
tration of ERGO and suggest that this may result from the ac-
tion of ERGO being distributed to the hippocampus.

3.3. Promotive Effect of ERGO on Neuronal Maturation
in the Hippocampal Dentate Gyrus

Neuronal  maturation  was  next  examined  as  a  possible
mechanism of action for the learning and memory enhance-
ment  observed  after  oral  administration  of  ERGO.  Golgi
staining demonstrated that neurons with numerous neurites
existed  in  the  hippocampal  dentate  gyrus  of  the  control
group (Fig. 3A). Furthermore, morphological observation of
the neurites revealed the existence of at least three types of
spines (mushroom, filopodia/thin, and stubby; (Fig. 3B). In
the dentate gyrus of mice that were orally administered 50
mg/kg ERGO three times per week for two weeks, there ap-
peared to be more mushroom type spines than in the control
group (Fig. 3C). Quantification of the number of each type
of spines in each condition revealed that the population of
mushroom type spines in the ERGO-treated group was signi-
ficantly higher than that observed in the control group (Fig.
3D). These results suggest that oral administration of ERGO
may promote neuronal maturation in the hippocampal den-
tate gyrus.

Fig. (1). Effect of oral administration of ERGO on object recognition and object location memory under normal conditions.
Normal (A, C) and ERGO-free (B, D) mice were orally administered ERGO at 0, 1, 5, 20, or 50 mg/kg on days 0, 2, 4, 7, 9, and 11. Three
and six days after the final ERGO administration, NORT (A, B) and SRT (C, D) were conducted, respectively, and the exploration time was
measured. The white and black columns in panels (A) and (B) display the exploration time for the familiar and novel objects, respectively.
The white and black columns in panels (C) and (D) show the exploration time for the unmoved and moved objects, respectively. Each value
represents the mean ± S.E.M. (n = 12–15). * Significant difference from the control (P < 0.05); ** Significant difference from the control (P
< 0.01)
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Fig. (2). ERGO concentration in the plasma (A) and hippocampus (B) after oral administration of ERGO.
Mice were orally administered 0, 1, 5, 20, 50, or 100 mg/kg ERGO on days 0, 2, 4, 7, 9, and 11. Plasma samples were collected on days 0, 7,
14, and 19, and hippocampal samples were collected on day 14. The ERGO concentration was then measured by LC-MS/MS. Each value rep-
resents the mean ± S.E.M. (n = 3–6). * Significant difference from the values obtained in mice not treated with ERGO (P < 0.05); ** Signifi-
cant difference the values obtained in mice not treated with ERGO (P < 0.01)

Fig. (3). Effect of oral administration of ERGO on spine morphology in the hippocampal dentate gyrus.
Mice were orally administered 0 or 50 mg/kg ERGO on days 0, 2, 4, 7, 9, and 11. On day 14, the brain was collected for Golgi staining. Neu-
rons in the hippocampal dentate gyrus were observed, and spines were classified. (A) A representative image of Golgi staining in the hippo-
campus of the control group. Scale bar: 50 µm. (B) Examples of the three classifications of spines in the control group. The white triangle in-
dicates the mushroom-type spine, the white arrows indicate the filopodia/thin-type spines, and the black triangle indicates the stubby-type
spine. Scale bar: 1 µm. (C) Representative images of dendritic branches in the hippocampal dentate gyrus of control mice and mice treated
ERGO. Scale bar: 5 µm. (D) The quantitative results of spine morphological analysis in control mice (white) and mice treated with ERGO
(black). Nine to 10 neurons from three mice were analyzed in each group. Each value represents the mean ± S.E.M. (n = 9–10). * Significant
difference from the control group (P < 0.05).
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3.4. Promotive Effect of ERGO on Cellular Maturation
in Primary Cultured Hippocampal Neurons

To further investigate the promotive effect of ERGO on
neuronal  maturation,  the  expression  of  neuronal  matura-
tion-related  markers  was  examined  through  quantitative
PCR and Western blotting in primary cultured hippocampal
neurons. The expression of mRNA for βIII-tubulin and sy-
napsin  I  was  significantly  higher  in  the  hippocampal  neu-
rons that were exposed to 50 or 500 μM ERGO than in the
control group (Fig. 4A). Exposure of hippocampal neurons
to 5–500 μM ERGO also elevated the protein expression of
βIII-tubulin  and  synapsin  I  in  a  concentration-dependent
manner (Fig. 4B, C). To confirm that exposure to ERGO in-
creased the expression of these neuronal markers through a
mechanism distinct from its neuroprotective effect, the pro-
tective effect of ERGO was also examined under the same
culture condition. No significant difference was observed in

the number of Hoechst- and propidium iodide (PI)-positive
cells  between  the  control  and  ERGO-treated  groups  (Fig.
S4). This result indicates a minimal protective effect of ER-
GO under this experimental condition. Meanwhile, exposure
to  ERGO  minimally  affected  the  expression  of  MAP2  at
both the mRNA and protein level (Fig. 4). In cultured hippo-
campal neurons, more synapsin I-positive puncta per neurite
were observed in the group exposed to 500 μM ERGO than
in the control group (Fig. 5A, B). However, ERGO exposure
appeared  to  minimally  affect  neurite  length  (Fig.  5C)  and
the number of neurites per cell (Fig. 5D). However, the num-
ber  of  neurite  intersections was significantly  higher  in  the
groups that were exposure to 50 and 500 μM ERGO than in
the control group (Fig. 5E, F). These results suggest that ER-
GO may promote synapse formation by increasing the num-
ber of neurite intersections in hippocampal neurons, support-
ing a promotive effect of ERGO on neuronal maturation.

Fig. (4). Effect of ERGO on the expression of neuronal maturation markers in primary cultured hippocampal neurons.
Hippocampal neurons were cultured in neurobasal medium supplemented with B-27 for six days, followed by further culture in neurobasal
medium without B-27 in either the absence (white columns) or presence (gray or black columns) of ERGO until experimental day 12. (A)
The total RNA was extracted from neurons cultured for 9 days for quantitative RT-PCR analysis. Data were normalized by the expression
level of 36B4 mRNA and expressed as relative values to the corresponding control obtained in the absence of ERGO. The mRNA expression
of MAP2, βIII-tubulin, and synapsin I was evaluated in the control group and in mice treated with ERGO at 50 and 500 μM. Each value rep-
resents the mean ± S.E.M. (n = 9). (B, C) Neurons cultured for 12 days were homogenized, followed by SDS-PAGE for immunoblotting us-
ing antibodies against MAP2, βIII-tubulin, and synapsin I. In panel (B), typical immunoblots were shown. In panel (C), data were normal-
ized by the expression level of β-actin and expressed as relative values to the corresponding control obtained in the absence of ERGO. Each
value represents the mean ± S.E.M. (n = 8–11). * Significant difference from the control (P < 0.05).
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Fig. (5). Effect of ERGO on synapse formation and neurite outgrowth in primary cultured hippocampal neurons.
Hippocampal neurons were cultured in neurobasal medium supplemented with B-27 for six days, followed by further culture in neurobasal
medium without B-27 in either the absence (white columns) or presence (gray or black columns) of ERGO until experimental day 12. (A) Pri-
mary hippocampal neurons were fixed with 4% paraformaldehyde, followed by immunocytochemical detection of neuronal marker MAP2
(green), synapse marker synapsin I (red), and nuclear marker DAPI (blue). Scale bars: 1 (lower panel) or 10 µm (upper panel). The merged
images are shown. (B) The number of puncta that were positive for synapsin I were counted by using ImageJ software and normalized by the
length of neurites. Each value represents the mean ± S.E.M. (n = 15–20). (C–F) The length (C) and number (D) of neurites per cell were mea-
sured. Sholl analysis was also carried out using simple neurite tracer plug-in on Fiji (E), and the AUC was calculated using the trapezoidal
rule for each Sholl profile (F). Twenty neurons in each group were analyzed. Each value represents the mean ± S.E.M. (n = 20). * Significant
difference from the control (P < 0.05).

3.5. Induction of Neurotrophic Factors and Activation of
mTORC1 Signaling by ERGO

To further investigate the mechanism underlying the pro-
motion of neuronal maturation by ERGO, the possible induc-
tion of the expression of neurotrophic factors by ERGO was
examined in cultured hippocampal neurons. The expression
of mRNA for NT3 and NT5 was higher in the ERGO-treat-
ed group than in the control group (Fig. 6A). This ERGO-in-
duced increase  in  the  expression of  NT3 and NT5 mRNA
was  concentration-dependent  (Fig.  6A).  However,  the  ex-
pression of NGF mRNA was slightly lower in the group ex-
posed to 500 μM ERGO than in the control (Fig. 6A). Addi-
tionally,  the  mRNA  expression  of  BDNF  was  minimally
changed by ERGO (Fig. 6A). Next, the effect of inhibitor of
Trk, which is the receptor for NT3 and NT5, on the expres-
sion of synapsin I was examined. The increase in the gene
product of synapsin I that was provoked by ERGO was signi-
ficantly  suppressed  in  the  presence  of  the  Trk  inhibitor

K252a  at  a  concentration  of  100  μM  (Fig.  6B,  C).  This
suggests the possible involvement of Trk signaling in the ef-
fects of ERGO.

Because ERGO is an amino acid and is incorporated into
the intracellular space by the transporter OCTN1, the possi-
ble activation of the intracellular amino acid sensor mTOR-
C1 signaling by ERGO was examined in cultured hippocam-
pal neurons. In rodents, three isoforms of 4EBP1 are detect-
ed: α is the least phosphorylated form, β is an intermediate
form, and γ is a hyperphosphorylated isoform [29]. The ex-
pression of phosphorylated mTOR and its downstream effec-
tor, 4EBP1, in hippocampal neurons was higher in the group
exposed  to  ERGO  than  in  the  control  group,  whereas  the
phosphorylation of S6K1 was minimally changed by ERGO
(Fig. 7). These results suggest that ERGO may promote cel-
lular maturation at least in part through the induction of the
neurotrophic  factors  NT3  and  NT5,  and  activation  of  the
Trk/mTORC1 signaling pathway in hippocampal neurons.
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Fig. (6). Involvement of neurotrophic factor signaling in ERGO-induced neuronal maturation in cultured hippocampal neurons.
Hippocampal neurons were cultured in neurobasal medium supplemented with B-27 for six days, followed by further culture in neurobasal
medium without B-27 in either the absence (white columns) or presence (gray or black columns) of ERGO until experimental day 9 or 12.
(A) The total RNA was extracted from neurons cultured for 9 days for quantitative RT-PCR analysis. Data were normalized by the expres-
sion level of 36B4 mRNA and expressed as relative values to the corresponding control obtained in the absence of ERGO. Each value repre-
sents the mean ± S.E.M. (n = 9). (B, C) Neurons that were cultured for six days were exposed to the Trk inhibitor, K252a (10 or 100 nM), for
20 min and further cultured in either the absence (white columns) or presence (gray or black columns) of 500 µM ERGO until experimental
day 12. Cultured neurons were then homogenized, followed by SDS-PAGE for immunoblotting using an antibody against MAP2, βIII-tubu-
lin, and synapsin I. In panel (B), typical immunoblots are shown. In panel (C), data were normalized by the expression level of β-actin and ex-
pressed as relative values to the corresponding control obtained in the absence of ERGO. Each value represents the mean ± S.E.M. (n =
8–11). * Significant difference from the control obtained in the absence of ERGO (P < 0.05); † Significant difference from the value ob-
tained in neurons treated with 50 µM of ERGO (P < 0.05); # Significant difference from the values obtained in the presence of ERGO alone
(P < 0.05).

4. DISCUSSION
The present study demonstrated that the food-derived in-

gredient  ERGO is  distributed  to  the  hippocampus  through
the blood-brain barrier after oral administration, and that ER-
GO  may  enhance  learning  and  memory  ability  at  least  in
part through the promotion of neuronal maturation in the hip-
pocampus. It is noteworthy that the NORT results indicated
a significant effect of ERGO at 5 mg/kg (Fig. 1A, Table 1),
while both the NORT and SRT results indicated a promotive
effect of ERGO at 20 or 50 mg/kg (Table 1). This dose of
ERGO  yielded  a  systemic  concentration  of  3–4  µM  (Fig.
2A).  This  ERGO concentration is  clinically  relevant  since
Cheah  et  al.  recently  reported  a  pharmacokinetic  study  of
orally administered ERGO in healthy volunteers, which indi-
cated that the plasma concentration of ERGO was 1 µM at
the basal level and 2–3 µM after repeated daily oral adminis-

tration of ERGO at a dose of 25 mg/body [21]. Thus, the en-
hancement effect of ERGO on brain function may be advan-
tageous in terms of its clinical application.

Because ERGO is  ingested from the daily diet,  ERGO
exists in the plasma and hippocampus in normal mice that
were not administered ERGO (Fig. 2). Nevertheless, exoge-
nously  administered  ERGO displayed  an  enhancement  ef-
fect  on the  learning and memory ability  (Fig.  1,  Table  1).
The ERGO concentration in the hippocampus after oral ad-
ministration for two weeks showed a significant increase at
a dose of 20 mg/kg or than (Fig. 2B), whereas, the discrimi-
nation index for the NORT in the group that was exposed to
ERGO at a dose of 20 mg/kg was significantly higher than
in the control group. The discrimination index for the SRT
tended to be higher in the group exposed to 20 mg/kg ERGO
than in the control group (Table 1). These results support the
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Fig. (7). Activation of the mTOR signaling pathway by ERGO in cultured hippocampal neurons.
Hippocampal neurons were cultured in neurobasal medium supplemented with B-27 for six days, followed by further culture in neurobasal
medium without B-27 in either the absence (white columns) or presence (gray or black columns) of ERGO until experimental day 12. Cul-
tured neurons were homogenized, followed by SDS-PAGE for immunoblotting using antibodies against p-mTOR, mTOR, p-S6K1 (Ser371),
p-S6K1 (Thr389), S6K1, p-4EBP1, 4EBP1, and β-actin. In panel (A), typical immunoblots are shown. In panel (B), data were normalized by
the protein level of β-actin and expressed as relative values to the corresponding control. Each value represents the mean ± S.E.M. (n =
4–12). * Significant difference from the control (P < 0.05).

theory that ERGO may be incorporated in the hippocampus
and may exert an enhancing effect on learning and memory.
This  hypothesis  is  also  supported  by  the  previous  finding
that OCTN1, which actively transports ERGO into the intra-
cellular space, is expressed in both neurons [24] and neural
stem cells [18]. Neural stem cells are abundantly present in
the hippocampus. Additionally, exposure to ERGO leads to
the uptake of ERGO in cultured neural stem cells and pro-
motes  cellular  differentiation  into  neurons  [18].  Learning
and memory ability are improved by the promotion of neuro-
genesis in the hippocampus [30], whereas spatial memory de-
clines  when  hippocampal  neurogenesis  is  inhibited  [31],
suggesting that there is a potential association between hip-
pocampal neurogenesis and brain function. The oral intake
of  a  diet  containing  ERGO  promotes  neurogenesis  in  the
murine hippocampus [14], further supporting a role of ER-
GO in the enhancement of learning and memory ability, at
least in part through promotion of neurogenesis and neuron-
al maturation. Expression of the uptake transporter OCTN1
for ERGO in neurons and neural stem cells would be advan-
tageous for ERGO to exert its biological activity in the brain
since the concentration of ERGO in the hippocampus after
14  days  of  oral  ERGO administration  at  5–20  mg/kg  was
5–6 μM, which is 2–3 times higher than that in plasma (2–3
μM) if we assume that the specific gravity of the hippocam-
pal tissue is 1.

It is noteworthy that ERGO enhanced object recognition
memory under normal conditions (Fig. 1, Table 1). Improve-
ment of the learning and memory ability in dementia is an ur-
gent social problem. Therefore, compounds that improve the
impaired learning and memory ability in aged and/or brain--
damaged animals have been extensively researched. In fact,
it  has  been  reported  that  curcumin  and  acetyl-L-carnitine
both improve the impaired learning and memory ability in
aged animals [32, 33]. However, limited reports are avail-
able  on  compounds  that  exert  an  enhancement  effect  on
learning  and  memory  under  normal  conditions.  Advanced
learning and memory abilities are advantageous for success-
ful living in human society, which consists of diverse and ad-
vanced social tasks [34, 35]. The compounds that can be tak-
en from daily diet and exert an enhancement effect on learn-
ing  and  memory  could  possess  a  prophylactic  activity
against dementia. Therefore, improvement of brain function
through the daily diet is of great interest to healthy people as
well as diseased people. Oral administration of ERGO exert-
ed an improvement in learning and memory in the healthy
condition  (Fig.  1,  Table  1).  Because  ERGO  is  a  food-
derived compound, improvement of brain function may be
expected by its daily ingestion. Krill phosphatidylserine and
certain  types  of  nucleotide  are  also  known  as  compounds
that exert enhancement effects on the learning and memory
ability in normal animals [36, 37]. However, limited informa-
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tion is available regarding the clinical relevance of the dose
required  for  such  enhancement  effect.  Additionally,  the
mechanism controlling the systemic exposure of these com-
pounds is mostly unknown, whereas the exposure of ERGO
in  the  body  is  principally  governed  by  OCTN1  [11,  13].
Mice were used at the age of 5 weeks in the present study.
Further studies using aged mice are required to consider the
prevention of dementia.

In the present study, the promotion of neuronal matura-
tion, such as synapse formation, by ERGO was demonstrat-
ed in hippocampal neurons (Figs. 3, 4, 5). This may also be
associated with the enhancement effect of ERGO on learn-
ing and memory, since neuronal activity in the hippocampus
plays a crucial role in learning and memory, and synapse for-
mation is essential for neuronal activity. This may also imp-
ly that the neuronal maturation that is provoked by ERGO
may exert an enhancement effect not only on learning and
memory, but also on other brain functions. The antidepres-
sant effect of ERGO has already been demonstrated through
oral  administration  in  mice  [14].  Antidepressants,  such  as
fluoxetine and agomelatine, also exhibit a promotive effect
on neuronal maturation and neurogenesis [38, 39]. Exposure
to ERGO increased the expression of NT3 and NT5 in hippo-
campal neurons (Fig. 6). These neurotrophic factors caused
neurite outgrowth [40, 41]. Administration of NT3 improves
memory impairment in adult rats with damaged basal fore-
brain cholinergic neurons [42]. Furthermore, administration
of NT5 also improves memory impairment in aged rats [43].
Thus, the induction of these neurotrophic factors may be at
least partially associated with the enhancing effect of ERGO
on learning and memory ability.

The transporter, OCTN1, is ubiquitously expressed in al-
most all of the bodily organs, at least in mice. This expres-
sion  profile  is  compatible  with  the  existence  of  ERGO  in
those organs, including brain, at the µM to sub mM range in
wild-type  mice,  while  ERGO  is  absent  in  the  octn1  gene
knockout mice [11]. Exogenous administration of ERGO im-
proved brain function in the present study (Fig. 1, Table 1).
Similar beneficial effects of ERGO have also been observed
in the peripheral organs. Administration of ERGO yields a
protective effect against ischemia-reperfusion injury in the
heart, small intestine, and liver [11, 44-46] and suppresses
liver fibrosis [23], acute lesions in the lung [47], and skin ag-
ing  [48].  These  results  support  the  existence  of  potential
pharmacological activities of ERGO in various organs in the
body, implying that it is a potential target of novel therapeu-
tic agents for diseased conditions. However, the molecular
mechanism(s) of ERGO, other than its antioxidant activity,
that may underlie such pharmacological activities are largely
unknown. In the present study, activation of the Trk/mTOR-
C1 signaling pathway was proposed in hippocampal neurons
(Figs. 6, 7). Yoshida et al. recently proposed that ERGO has
immune-enhancing  properties,  through  the  potentiation  of
the toll-like receptor signaling pathway [49]. Further clarifi-
cation of the mechanisms that underlie the action of ERGO
will clarify its potential as a therapeutic target.

CONCLUSION
The food-derived hydrophilic amino acid, ERGO, is dis-

tributed  to  the  hippocampus  after  oral  administration  and
may enhance learning and memory abilities, at least in part,
through the promotion of neuronal maturation in the hippo-
campus in normal mice. This pharmacological effect of ER-
GO in the brain is observed at a plasma ERGO concentra-
tion achievable in humans. Although further clarification of
the mechanisms that underlie the action of ERGO, consider-
ing its safety, based on the ingestion of ERGO as a food in-
gredient for many years, and the transporter-mediated gas-
trointestinal absorption of ERGO followed by its uptake into
brain parenchymal cells, this compound may be a unique tar-
get for improving brain function in normal subjects.

LIST OF ABBREVIATIONS

AUC = Area under the curve

BDNF = Brain-derived neurotrophic factor

BSA = Bovine serum albumin

DIV = Days in vitro

ERGO = Ergothioneine

MAP2 = Microtubule-associated protein 2

NGF = Nerve growth factor

mTOR = Mammalian target of rapamycin

NORT = Novel object recognition test

NT = Neurotrophin

PBS = Phosphate-buffered saline

PI = Propidium iodide

SRT = Spatial recognition test

Trk = Tropomyosin receptor kinase

36B4 = Acidic ribosomal phosphoprotein P0
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