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TADATHRT 5 BEANREL THD LHERIS N D& S — RV MHRIRE OO &

[l

DT 5H(Beghi et al., 2019), TADANTHER SR E % & To KA ORI AL D18
BUAE|Z L > CTHIEE 2 &, #0 IR L O W ARIESSE RN K %2 F# L 3 5 (Bozzi

et al., 2018), IEH 72X TIIAREHNL O BN DT o XS FEMED 7V 57 I s
HfED GABA IZ L » THIFI SN TV D, BIRFHIBFZEIC LV AL 28R 723 T A
ARG T & L CRIE &N 7= (Thomas and Berkovic, 2014; Magalhdes et al., 2019),
TNEI T AR—E =1 Va—A T AR—%—1 (GLUT1) [ZTA
MARIRBI & LTHLONTEY | ZRICI DMK TIC XL 0 IKOER R BlE 25| &
it = 9 (Mattison et al., 2018; Koch and Weber, 2019), LU0 5 TCAMADBE Z 5
A F =X LNTERITITAA I TR, TADPAUVBED 20%IFHLTANLAIKIZ LY
Felffz a s b r—/L TERWIRHRIEHUE TH % (Picot et al., 2008), TANAD = b
B —/L AR BT B EATE ORIBRCHF MmO 2 £ 4K 29 2 £ 76 (Tian et al., 2018),
SORD A= ALDOMRPANEENTND

Organic cation/carnitine transporter OCTN1(SLC22A4) 1IN, B, /NME7e & Zkk7s
figias 2 F B L (Tamai et al., 1997, 2000) . f&i x OGHE D F 4 elitAb &Y & k3 5,
OCTN1 I3z T, food-derived compound T& % ergothioneine (ERGO) <°
stachydrine, endogenous {L.&#) T % acetylcholine, spermine, carnitine % 59

% (Peltekova et al., 2004; Griindemann 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), =D H T ERGO 1%, A~ 7 2 (wild-type) D ik Clhigs H ¢ uM 7> 5 sub

mM D L)LV TIEET D —J7, octnl B+ KE~ T A(Octnl”) TlIWE G L AL E

DOREFEH CTHRHRALLT & 725 Z £ 226, in vivo TOCTN1 ORE & LTk S5

TR EN TV A (Kato et al., 2010), AXIZISVNT OCTNT FL A% i Al e o418 M

fa, I 7 v 7 Y TICREI L, Mok, <7 v 7 T OFEMAEIHIC B S L

TWAD Z EARIRE LT 5 (Nakamichi et al., 2012; Ishimoto et al., 2014, 2018),

HTHEE LS ERGO I, §10 DFERIEM, HEIRREF OUGE, HERMEodEEe, B

VYU RET I NA T —IRET L~ T A TORAEERER L2 < (Yang et al.,, 2012

Song et al., 2014; Nakamichi et al., 2016, 2020; Matsuda et al., 2020), OCTN1 & [f]

U SLC22A 7 7 2 U —IZJ@ 3 5 OCT 2 X° OCT3 DFERE B 1 XA LA THEh0 oA M &

E DOREMPRE BIZB G35 Z & AHE I TV D (Wultsch et al., 2009; Nina et al.,

2011), L22L72235 OCTNL DU TO XD L 5 7l P E#ZE b OO IR

HTH D,

Rt A B L AL TANADRIECHEIZE 5925 Z & N5 TE Y (Pearson-smith

and Patel, 2017), #il{tMWE CTHD a b7 =/ — LA T F =3 W RAER

% 159 (Freitas, 2010; Banach et al., 2011), OCTN1 ® in vivo & T&# 5 ERGO I%

Pt E TH 5, 72 OCTN1 OFREE L 72 D5 AL 2 RNV =F TPt Wil A



YEA N % Y (Kumar and Kumar, 2017; Hussein et al., 2018), R UL FE L 57 & F

b3 DR RARD B L Y e ARE A R RTEESE C A A & e Z 3 (Becchetti et al.,

2015), L72728-> T OCTN1 i%, 26 DEEDOMNEE OHIEZ ML T, TANLAD

FIEPCHETENCE ST DN o D L B R T, L L7eA 6 OCTNL & TAADEE

VX 5272 o TR,

Z ZTARMZEIE, OCTNL 23 CAMNAFIEIZ ED L ) 7B % K IFT ONE AT 5 2

LHEREL., TAMNAET LT RAICEBITS OCTNL O&FEfMHZ B & Lz, £7°.

wild-type & Octnl~/- T GABA ZRIKT % 2 =A s T % pentylenetetrazole (PTZ)

BWEIZLY CANAETLEZER L, (TWhAZFMLIZE Z A, Octnl/- 7 AT

T W ANIE S, T2 TEDOA N =ALEMHB T 572D untargeted

metabolomics @ Fi£%Z AW T OCTN1 BE DR Z1To7T-, TDORER., BTG EN

LA Td % homostachydrine 2387l OCTN1 EE & L CRIE I NTZT2 9,

homostachydrine 73 PTZ iR MIT WA G 2 DB EZ T, Hi%IZ OCTN1 0%

B OMHEAITH D ERGO OGN EH PTZ LD 1T W AINZEE L 5 2 505

i

fili L 7=,



Tk

Materials

PTZ i% Sigma-Aldrich Inc. (St. Louis, MO)» G A L7-, ERGO & d9-ERGO 1%

FNEEFE W (FEAE. BA) oHTiEsLE+ - TETRAHEDRON (Paris, France)

@ Dr. Jean-Claude Yadan 7> St X iv7-, o3~ _TOFRIKII T URFREREE 2 H

7’9—
—o

B

Octnl/-~ 7 A%, C57BL/6J wild-type ¥~ T A& D/ Xy 7 uaRX% 6 BTz~

7 A % FZERIZ 7= (Ishimoto et al., 2018), WT ~ U 2 X =W 7 A bHEA L L I1X4

RRFZFBER A FERE o 7 —RBREWIT e T8Il fF S boz vz,

Octnl-/-< 7 A&, GRKRFFERFER ¥ > 7 —EREYIICHER CEIH, TS

b D& W, BRHCEREN WS, 8 725 9 Mo~ A ZFERICHW-, 4%

3-4 BEICHEERL L, BEALB DO~ T AT T XN TEER THE S, KEOEEITIHBICS

A DTz, B EBRITERKFEY FBRIEEHIE > THEME L7,

PTZ &M T W AET LD ER

Wild-type & Octnl~- 12 35, 40, 50 mg/kg @ PTZ % MEEN&KE Uiz, PTZ 35 E



AN AR RIS L W, \G%& ~ 7 ARMERNC T T A F v 7 r =il

20 T ONAATENZ B L=, T WA DO L UL Mizoguchi & D L (Mizoguchi

et al.,, 2011)% modify L CER L7227 T4 7 U TIZfEVWAaT7{k L, 20 4 TROLN

721 FEEWAa T xE&EK L=, Z Z T, Stage0: No behavioral change, Stagel:

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 & &%

L7z, 2oL, PCR BIERY 7 IC 2 K%, ELISA HIEM Y~ 7 Lic 4

R IS 2B U, JIEICHE AT % £ T-80C THR%E L7, Homostachydrine ®

PTZ 2MET W AICEH 2 DB TR R TlX., PTZ 50 4 BRFREIFTIZHEE T T

FRIN 2> 5 homostachydrine 5 L7-, 20 4y O#IEE, MAE WS, KIKME E R %

[B[X L, PCR & homostachydrine 2 FEHIE I V2,

Real-time PCR

B S-S S L <UTKRIMBCERTE NS total RNA Zffit L7z, UK TE L D Ao

KM 2 KIMBERTES & L7=, Total RNA 134 #A) 72 ISOGEN(NIPPON GENE,

Tokyo, Japan) % L < 1% RNAiso-plus(TAKARA BIO, Shiga, Japan)® 7' &1 k 2/L{Z L

73l L7, ¢DNA X RiverTra Ace qPCR RT master mix with gDNA remover



(TOYOBO, Osaka, Japan) ([Z XV {ERIL, cDNA 7> 7L — &K T T4 ~—,

THUNDERBIRD SYBR ¢qPCR Mix (TOYOBO, Osaka, Japan)% /12 T Mx3005P

(Agilent Technologies, Santa Clara, CA) CHilE S E7=, 774 ~—EINILL T D@D

( c-fos forward, GGGACAGCCTTTCCTACTACC and reverse,

TTGGCACTAGAGACGGACAG:; Arc forward, GAGTTCTTAGCCTGTTCGGA and

reverse, GCTCGGCACTTACCAATCT; Egrl forward,

AGCCTTCGCTCACTCCACTATCC and reverse,

GCGGCTGGGTTTGATGAGTTGG; Bdnf forward, GCGGCAGATAAAAAGACTGC

and reverse, TCAGTTGGCCTTTGGATACC; Negf forward,

TCTATACTGGCCGCAGTGAG and reverse, GGACATTGCTATCTGTGTACGG;

Nt-3 forward, GGAGGAAACGCTATGCAGAA and reverse,

GTCACCCACAGGCTCTCACT; 36B4 forward, ACTGGTCTAGGACCCGAGAAG

and reverse, TCCCACCTTGTCTCCAGTCT), PCR OFJSSGIFEIZLLTom®mY (95 °

C. 15% — (95 ° C., 10 — 60 ° C., 30 %) x40 1 7 /L), mRNA FHEX,

FXHE D AACE e N CER LT, MXUERTIE, AT A% — U VIR T Th

% acidic ribosomal phosphoprotein PO (36B4)|Z X » CTHIEA 1T > 7=,

ELISA iZ X% BDNF Z {27 BEEDOHRIE




PTZ % 2 [8l HIZ#2 5 4 K122 wild-type & Octnl” OWEEZEFH L, HIE X T-80C

THRE L=, 10 mg DOWFEHEIZ% LT 100 1L @ extraction buffer (50 mmol/L g7

»F=72., 1 mol/L NaCl, 0.1 % Triton X-100 ZE2 T pH 4.0 (ZFH%) %Nz,

WREIR 72Ok ECY =% —3 a3 > (Handy Sonic UR20-P . TOMMY SEIKO. Japan)

kR S B CHERR CE 72 < 72 B E TiT o 7=, 21,600 g T 30 i, m.LL7=, L

i % Mature BDNF Rapid ELISA Kit (Biosensis, Thebarton, South Australia,

Australia) W Ty h 7 ha k30T BDNFEEZTE= LT,

LC-QTOFMS iZ X 5 untargeted metabolomics

Hin D> Wild-type & Octn1”% 1 R —/7—Y CTRE Li-th, MEEEULL, S

& RIMECE RS &2 fi tH L-80°C THRE L7, KRIMEE OFUR TE L midE 5y & KIMEZ

EHIENE Uiz, MikZ2FiE LIS 10 mg 729 60 uL, KM RS 10 mg &H7-0 50

wL @IS ZEN LAY ) — NV EMxlcth, Pra=7T U HE—X 1.2 m

(Biomedical Science, Tokyo, Japan) # A#l, bt — Az homogenizer (Precellys 24

homogenizer, Bertin Technologies, Montigny-le-Bretonneux, France) % HV>. 6,500

rpm T 90 # (30 #Xx3 @, 4> % —,L 30 F) 77T homogenize L7-, IMAEIL

100 pL 2% LT 500 pL @ IS L7 A X J— V& IZ T vortex L7z, 21 H%

21,500 g C 10 4yfliat L7z % 30 pL iz 120 uL » 7 k= kU L% 0% 72, 21,500



g T 10 iz D L7z B % LC-QTOFMS OHIE I VW=, Emifba o ticix,

Waters ACQUITY Arc-System & Xevo G2 TOF (Waters, Milford, MA) % ##¢ L 7= 34

& &7z, BEfHIZ(A) 0.1% formic acid, 10 mM CH3COONH4 in 80% H20/20%

AcCN (B) 0.1% formic acid, 10 mM CH3COONH: in 5% H20/95% AcCN Zffi I L7~

PEI% 0.4 pL/min TiT78 o772, 77V MILLFO#EY (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), 77 7 213 ACQUITY UPLC® BEH Amide (1.7 um particle size, 2.1 mm

1.D.x100 mm; Waters, Milford, MA), 77 AEFEILX 50C, RYT 47— R THIER

1To7, AF¥ o LT m/z50~600 & L7~

Untargeted metabolomics T —Z 5D E—27 ¥y X 7 LEMILEYMOR Y IAK

HMET—Z0b0HBE—7HEIXZ. MS AT L20HI#HY 7 hTH D

MassLynx(Waters, Milford, MA)% FH\\CT4T7 > 72, MassLynx ® A ¥R 1 I 7 AfA4

Trarr TV r—raryv3x—Y % ThbH MarkerLynx THNT 21T > 72, MEHTEED

B — 7 R ORBIEIZLL T ORIZERE Lz (ME:2,000, KAMEE RIS : 1,700, If4E

400), > 7 FIVRREN 1 K. FNEND T I—T"T 416 KDV 7z Loke i &

NN =713 4 XL LTHRW., B—7 @S 2NEEEYE (gabapentin) T



iEL7z, Wild-type & Octnl/- TE— 7 @S OYHELZFE ML, Octnl/- DV —7 &

S OFEIED wild-type (ZxF LT 12 5L T2 25 LA RIZEE L7 — 27 2RO, £0D

FNOHEREPAONT b DDHRZRERATE, FiZICE— 7 BIREZ B CTHERE L, TR

DHEWS OIFFRVWZ, LC-QTOFMS MIE T b AL7- parent ion OFEHEE &4 AW T,

F— 4 ~_X—Z METLIN (https://metlin.scripps.edu) ¢ HMDB(http://www.hmdb.ca/)

BRI DI LICL Y, AW DRIE 22T,

Homostachydrine ®& 5k

Homostachydrine & d-homostachydrine %% O I1ZHE W (Servillo et al., 2012),

EXal U a— RAZ U LTEAKRFEI— FAZ & KHCOs TRELS 5 2

LIk W ARk LT, Bk & 472 homostachydrine {3 'H-NMR & electrospray ionization

mass spectrometry (m/z = 15TIZ KV R L7z, &S 4172 d-homostachydrine I3

H-NMR (2 X 0 a8 L7z,

Product ion scan

Wild-type M4 7/ L& L 72 homostachydrine /(22U T, Nexera X2 LC

system % %t L7~ LCMS-8040(Shimadzu, Kyoto, Japan)% f T product ion scan

#17-7-, 77 A1 ACQUITY UPLC® BEH Amide (1.7 pm particle size, 2.1 mm



[.D.x100 mm; Waters, Milford, MA), B &fHi%(A) 0.1% formic acid, 10 mM
CHsCOONHy in 80% H20, 20% AcCN, (B) 0.1% formic acid, 10 mM CH;COONH,4
in 5% H20, 95% AcCN % 0.4 pL/min THiL7z, 77 Y=y MILLTOm@EY (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)., 17 AR 1L 50 °C,E— R positive, parent ion % m/z 158.00. collision energy

IZ-10, -20, -40 V. product ion scan L > 1% m/z 50-200 TI772 o> 7=,

MRM HIE

Homostachydrine, homostachydrine-d Ol|E 1L Exera X2 LC system % #%fi L 7=
LCMS-8040(Shimadzu, Kyoto, Japan)Z i\ C{T>7=, # 7 A% ACQUITY UPLC®
BEH Amide (1.7 pm particle size, 2.1 mm I.D.X 100 mm; Waters, Milford, MA), %
BHHIZ(A) 0.1% formic acid, 10 mM CH;COONH. in 80% H20, 20% AcCN. (B) 0.1%
formic acid, 10 mM CH3COONH4 in 5% H320, 95% AcCN % 0.4 uL/min T L7z, 7
Zoxy MILLTFO#EY (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%

10



A/99% B, 6.0 to 8.0min, 1% A/99% B), ERGO-dlliED> 7 7 Y= MILLTO#EY (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 ®#lJ7E % Exera X2 LC system % #%#¢ L 72 LCMS-8040 % A TAT

>72, 7 AlE a Cosmosil C18-MS-II packed column (3 mm particle size, 2.0 mm

I.D. X50 mm; Nacalai Tesque, Kyoto, Japan), Z#EH1%(A) 0.1% formic acid, H20. (B)

0.1% formic acid,100% AcCN % 0.4 pL/min Tt L7z, HIED 7T V= MILLFDi@

» (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 @™

precursor ion (¥ m/z 158.00, product ion (¥ m/z 58.00, Homostachydrine-d ®

precursor X m/z 164.00, product ion i¥ m/z 64.15, ERGO-d @ precursor {£m/z 239.15,

product ion (¥ m/z 127.00, Cephalexin ® precursor ion (¥ m/z 348.00, product ion

IZ m/z 157.90, homostachydrine, homostachydrine-d, ERGO- d (Z%f9 2% PNHEBIEHE

gabapentin @ precursor ion |X m/z 172.05, product ion /% 154.15, Cephalexin (Z %}

T D NEHEAED verapamil @ precursor ion % m/z 455.20, product ion (% 165.05 (25X

E LT,

11



g2+ homostachydirine JH|E

Wild-type & Octnl-/- 1Z—BifR L, M4 & Kl 2 B U7, mfE, fggsyr 7 v

IZEED gabapentin AV A% ) —/VENZ, ZNENRNLT v 7 28 LLIFE—XFH

homogenizer % I\ T 90 £ homogenize L 7=, 21,500 g. 4 ‘CT 10 /=L L,k

HEEEINE, &O—EEbL, REZREICHWE,

Homostachydrine ®E Y iAZEB

HEK293 fifaic & » OCTN1 &(x(AOCTND H L < 137 % —(pcDNA3) D I % 220
Bl X7 HEK293/hOCTN1 & HEK293/mock #fifd %2 poly-l-lysine =— h L7z 4 ¥
/LT 4 2T 3.8 X104 cells/em? THEHE L 7=, H;HilE Dulbecco’s modified Eagle’s
medium {2 10%FBS &EHiAEME (X= VK A LT hvA20) ZMATcbD
W, FETEND 48 BFHRICEZH LS OIZAZH LTz, #EFEDN D 72 Kifil#,

BAERE, F7 U AR— Ny 7 7—(123 mM NaCl, 4.8 mM KCl, 5.6 mM glucose,
1.2 mM CaClz, 1.2 mM KH:PO4, 1.2 mM MgSO4, 20 mM HEPES, 4.2 mM
NaHCOs/NaOH, pH 7.4) Cwash L7205 10 57 LA v F2X—T a3 v L, K
IRAFMEE Y 3A Z30% Cld 10 pM @ homostachydrine-d % & A 72 KT > AR — kXN y 7
7 —ZMA TROSZ B L, FTE ORFEIC ice-cold /N> 7 7 —T 3 [Bl wash L7, R

{RAFPERER CTILLL T 4%l homostachydrine-d & homostachydrine % & A 72 7 v

12



AR— "Ry 77 —%FML, 15 %I ice-cold buffer ) 7T EAMMZ 5 Z L1k
DEOGZE A Ny TS0 b | LN HIiE % ice-cold /Yy 7 7 —T 3 [l wash L7z,
I OFALIZLL FOE Y  (Homostachydrine-d 5 uM, homostachydrine-d 5 pM +
homostachydrine 20 uM, homostachydrine-d 5 uM + homostachydrine 100 uM,
homostachydrine-d 6 uM + homostachydrine 300 uM, homostachydrine-d 12 uM +
homostachydine 600 uM, homostachydrine-d 20 uM + homostachydrine 1mM) , #fifi@
ZHL LT, 300 pL ok E & bICilaz LA L—/X—TEINL, Y=F— =
VT CHila A REE LTz, Yo VIENEE (gabapentin) Z# & AT h=FU L ZMZ
T 21,500 g. 4 CT 10 =L L, BEEZS O —EiE0 L T EEZHEICHW,

LSMS-8040(Shimadzu, Kyoto, Japan)% fi\>C homostachydrine-d % |E L 7=,

ERGO [HEFER TiX 1 pM © ERGO-d & k4 7202 D homostachydrine 3 A 72 K 7
YAR— IRy T 7 —T5 4554 % 23— | L7, LSMS-8040 T ERGO-d Ol i

FEERE L, 2RI RETXT Ty R74+— NETHIE LT,

Homostachydrine o ifin 5 i R

Wild-type & Octnl~/- i3—BtiEE L. homostachydrine-d ZFRIN, & L <IIfROE

B UTe, —ERFEICERIRD O Mg 2 [ U, g2 [, JE % T-80 CTHRIFL

Too MABICHNIEZ G ATZA S ) —L &2 T 21,5008, 4°CT 10 23] =L, EiE%

13



FEN#E, b9 —EEbL, BEEZNEICHW, &% 1, 5. 10500 T ds b

MU DHIKT 10 AR L T 56 vz, LSMS-8040 % FHV T homostachydrine-d %

HIE LTz, MAEREE 71~ 74 L5 6 moment T2 W TEIRENNT X — X — %5

Lt 2z . T — A ¥ M oo F v r F A I

https!//www.pharm.kyoto-u.ac.jp/byoyaku/Kinetics/download.html#chuui 7> 5 A F

L7z,

Homostachydrine @ R F 4t

Wild-type & Octnl” ZR#7r —VIC AN THES LEE Lo, 24 Rk, ARk
(2 ¥ L 7= homostachydrine-d # 1 mg/kg #kNIxE. & L <I% 3 mgkg #Hix5
L., 2B — Y TIROEBINZ 5D 72, FEBRO=a - hr—L e LT, E7 7 L%
2 50 pmol/kg % homostachydrine-d & [ USEHIZEME LG L7z, IROEMLE 4
% 24 BRI CIROBUF 2 — 7 2L, S 51T 24 BFHRICH 9 —EIREZBINT 5 Z
LT, 48 FFH £ TORZ[EIUL L7z, FRH D homostachydrine-d & cephalexin D

% LSMS-8040 % IV CHIE L B L 72 JRE & RGBS R~DOPEHIERZFH LT,

PTZ-induced kindling

Wild-type & Octnl~/- 121 HE X2 35 mglkg ® PTZ # NG L, ITWILAZHE

14



BT, AaT7E PTZ 2T VWRA ERERE Lz, ~ T ARBEF T WAL Y E

T L7SAE L% Stages & L CTH#i~7-, ERGO 7 PTZ-induced kindling |Z5-

R DB LERNDI2D s wild-type (2 50 mg/kg ® ERGO %45 H &5 L7,

ERGO #5:-4a7>5 1 W% PTZ 052546 LTz, PTZ & 544 ERGO O

Hdikss U=, ERGO #HEEDA Y 7T VRO B 2505 A7~ . PTZ 5.+

ERGO ¥ 521E2 2 X PTZ %506 L 12 ERGO ##%5-L7-, 11 [11H ® PTZ O 5

. WG & RIMECERITES 2 B U 7o, WIS . KRIMECE AT Y > 7 VICNEE D gabapentin

ANO X% ) — V&%, E—AXAX homogenizer %\ T 30 # homogenize L7,

21,500 g, 4°C T 10 srfiliE 0 U, BEZEINE, b 9 —EmO L, R Z2REICHW -,

LSMS-8040 % > T ERGO & homostachydrine ## % JHIE L 7=,

AT E R 7E T 20 L 7=, Microsoft Excel 2010 T Student @ t ¥ %€ % 1

MU, #EHERISHAT L, — BBt 2 W TT — 2 20 LA B R ARG D

72 & 1%, Dunnett's multiple comparison test Z i L. #etFHIZHENT L 7=, 4

FEROABEMTEIIr 7T ~A Y —1EZ28H Lz, p EA 0.05 K &2 #et#00Icf

BEDLY &L,

15



IS

Octnl+/- Tix PTZ BT Vh ARl Shic

OCTN1 78 PTZ ORMET WA G2 DB A~ D 1202, PTZ 2 5% DT wh

A% Wild-type & Octnl/- Tl L7z, Wild-type TIZIT WA AT 7 IX PTZ &5 &

KEC LA MR e (Fig. 1A), —7F. Octnl-/- Tix PTZ 40mg/kg 58T

wild-type (2R THEIZEWRA a7 2/x L7z (Fig.1A), 50 mg/kg TlX Octnl/- T

TV AR S 72 (Fig.lA), 45 mgkg @ PTZ % 2 A& H L7z & 2 A, [AEEEIC

wild-type (ZtE_T Octnl/- TiEA 27 HBMED - 7= (Fig. 1B), PCR & ELISA O7=®

(2 PTZ % 2 [BIH OG- (48 Fff##%) DS 62 Lh 2 Bk, 4 RpfE# IS 2 [A]

X L7,

Octnl~/- TiX PTZ ¥ 512 L5 cfos, Arc, BDNF OXH EFE S M Sz

PTZ 2 X % i oo B 2 A3~ 5 72 & ik B BB R 1- D FE Bl 4 PCR TRl ~7z,

Wild-type Tl& PTZ & 5- THRRBLUE ~ — 1 — D c-fos &MfA~DRIEITIE U THIN

FHA DR ELEFOOESDTHD Are DA EICEA L7z (Fig. 2A-B), —F.

Octnl~/- TIX PTZ 2 X % c-fos, Arc DEEE 723 B LHITR 572 7= (Fig. 2A-B) .,

Flo, TAMADORIE, #EITICEE T 2 & 5hiv T2 BDNF 0%3l% PCR(Fig. 2D)

& ELISA(Fig. 2F) CHIE L7z, Wild-type TiL PTZ # 512 X Y mRNA, # /37 &
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J7°C BDNF #BL&0 EH L7223, Octnl~- TIRHBE T EFNE L0 - 7=(Fig. 2D,

F)., 7%, PTZ 1 [E#5 2 B0 c-fos, Arc. Egrl. Bdnf ® mRNA ¥4 JlE L

723, wild-type DIEH DTN REN-72720, HBEREWVIIRETE 2o 7z,

Untargeted metabolomics IZ &5 OCTN1 B DR

OCTN1 (I, EEDOHMIIHN~DIY AL < kA ThH D, £ T, Octnl” Tl
WAL A DM S 472 B & LT, OCTN1 23k L, PTZ #F258MET WivAUIZ Bk~ 5 (]
DNOERRNEENEHIETE o722 LITERT 5 &5 %, wildtype O IZAFAE
L. Octnl” TIFIE F4% OCIN1 @ in vivo #£E #4595 /2% untargeted
metabolomics f##T %17 - 7=, Wild-type & Octnl” % [Fl—/ — T 1 AMEAER S,

KB TR, M2 £ E L RTALEE#% . LC-TOF/MS % H\ > untargeted metabolomics
HiTolc, E—0 By XU ORR, i, 2,599, 2,676, 1,697 [HDA A 3k
HEnz, 206 /A4 X%REL, wildtype & Octnl”~ U ARICHEEZENH Y |

=7 @man 22U EL LT 20D 11U TObDE-7L A, 5, 3, 3D E—
JIZE TRV AL, & BIZ chromatogram TE— 27 EIKEZMELTZE Z A7y
TINBEEZRTLE—7 224, 2, 2fH%EFI T, 2095 m/z 158 13,

WSS KIMBVERTE, Mg CH@ L T~ v AMICEDH L E—7 Thololz, LI

DOfiEFTi g & L= (Fig. 3A-C), LC-QTOFMS & T+ 5 #1172 parent ion, product ion
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775 m/z 158 X homostachydrine Th 5 E#EE N, £ T, A¥AEK LT

homostachydrine #25h & 4% % V72 product ion scan 21772 -7=& 2 A, D7pl &

t m/z 56, 58, 70, 84 /I product ion & L CHiH &7z (Fig. 3D,E) Z &6,

m/z158 |% homostachydrine Toh % & [RE S 7z, Wild-type & Octnl-/- OIiE & £

figi %5 1 @ homostachydrine J#RE 2 W E L7z & Z A, /IWNFEHE LI O AL T

homostachydrine 2 72Y Octnl /- THEIZIE -7 (Fig. 3F,G).,

hOCTN1 %4 L7z Homostachydrine ME Y A

Homostachydrine 73 OCTN1 2 LK » THa ik S N2 0 2 MR T 5729,

HEK293/hOCTN1 iffifa & HEK293/mock el 2 AV THL Y JA BB 21T > 7,

hOCTNT1 (2 & % FFREEATHY 72 homostachydrine-d M HL V) A &5 H & 372 (Fig. 4A), 500

uM ERGO DRI homostachydrine M HY AL HE S 7= (Fig. 4A), £72 15 B F

THY IAB O ERREDNHER S 7- 2 & H 5 (data not shown), HLV ALK % 15 7 &

L CIREEFM 2 gt L7-, Homostachydrine [3J&EMKAFERI7Z A EFPED & 2 HLD 1A

F% < L7-(Fig. 4B), Eadie—Hofstee 7' »» 1 Z X W homostachydrine B ¥ iAZx? Km,

Vmax #HHH L7=EZ A, ZEI 236 uM, 102 nmol/mg protein/min & 72> 7=,

Homostachydrine (Z X % OCTN1 #aik O [HES R 2 7HE 9 5 72912, ERGO-d |28k~

72 ¥R D homostachydrine % ¥R L CTHLY iAARERZ1T > 72, Homostachydrine %
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ERGO-d |Z%f L THIW P E 2 7r L 7= (Fig. 4C),

Homostachydrine D{ENENREIZ X1E 3 OCTN1 D%

OCTN1 @ homostachydrine K NEREIZ 5 1T 5 &E 2 T~ 5 7=  wild-type & Octnl-/-

|\Z homostachydrine-d Z RN E 72158 05 L, M REHER 2 ik L7z, R

WG TII&E% 15, 597, 10 2Tl Octnl~- D) wild-type (2~ TE L

IR 2R L7223, Octnl /- TIXHG-1% 4 R LUERIT0E0 0 228 R 03 L & 7= (Fig. 5A),

PO ETITH 5% 6 BEREILIEE Octnl-/- Tif wild-type (ZE-_XT homostachydrine-d

NI R LT (Fig. 5B), % 5-% 24 FF[#] TlE homostachydrine-d IXE &BEHRLLT

THo7-, Moment fEHTIZ L W EBNRE T A — X —Z B H L7- (Table 1), #HRNIZ 5D

P X wild-type & Octnl-/- THEZIZZ) -T2 DD, Octnl~/- OJFH3EMER]

7Eole—7, BAHEG%OEEIL wild-type (2 Octnl/- THEIZEME S L

(Table 1), EFIRESAMAER (Vdss) 1E wild-type (2%} LT Octnl~/- THERKT

DR O (Tablel), &8 7 V7 7 AL wild-type & Octnl-/-TFElTH BV

72 BRIV Z & 12 bioavailability 13 wild-type & Octnl-/-CRIZThH 7=, LTIz -

C. homostachydrine 7% Octnl/-TIE»->T2RRIE, WL E Y HIEKIERICER T 5

LEZ BN,
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Homostachydrine ® g FHEHEZ X I1F 3 OCTN1 D%

Homostachydrine M {H2<#%# & . homostachydrine @ JR F1HEHH 2 %92 OCTNL @

B Z 572, homostachydrine-d Z#IRNI G 7213 AHKEG L TO L, 48 K

IR & AU L 7= (Table 2), EFARNE 5% @ homostachydrine-d @ R PEilt =3 |3

wild-type & Octnl-/-Di 7T T0%FREE L 72 0 | ZliZA LR -T2 (Table2), 1

5% O homostachydrine-d DR L IZIE[EETH - 7= (Table 2) Octnl-/- TR

RVMETANZ B > 72, RIFEFICHIE L=t 7 7 ¥ oo O R R R Xl R B8O CER R

NG, #RO# 5% 50%FRE Th - 7= (Table 2),

Homostachydrine i% PTZ ¥ A&t WVWhAZELL I ES

Homostachydrine ® PTZ T WAL A~OEBE LI 25 72D, wild-type T

homostachydrine % §FfJRINE S L T WA Z5EHII L7=, PTZ 40 mgkg 5 5-FF,

homostachydrine #&GHETIiL, M (ERKG) BT, TWhARITHEE

2 B L7z (Fig. 6A), 20 M DT Wi ABLEE/K T % M4 & K & [\ L,

homostachydrine #£E 2 & L7z, MAE+ homostachydrine 313 xf FREEIZ b~ TR

FlZ@E o1 (Fig. 6B), EE. KA E RIS C ORI homostachydrine # 5-#f T x}

FRRRIC LA 8 AERREZ & 72 0 | WSS & RIMBVE R CIRE 21T 722 o 7= (Fig. 6C), /5.

R BB RS O+t BUAE B R 7 DBl &2 PCRICTHERR L7 & 2 A, 1 Tl Arc
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DIEHLH homostachydrine # 57 THEIZ EF L Tz (Fig. 6D), KIMEZERTS Tl

Arc & Egrl, Bdnf OFRBNAEIZHI L T /- (Fig. 6E),

Octnl~/- TiZ PTZ 12 k% Kindling ORI #1HI <Nh 3

PTZ OHEE 5T /IITWNAZTHMIT 25D THLDIIx L, K& 5 E&D PTZ %

i 595 PTZ-induced kindling &7 /WX TAMNADIRIECHLT 2 59 5T /L

Thod, BHEDOETNTIE, PTZ BIGRHIZITONANTE A ERBNRWD, frx il

[F CHRIPEIC T L T WA ZEZ 3 X 912720 WAz 2 Lo W MORE 4 1

37 %, PTZ-induced kindling model CIIff#R A0 B RARHME D B R 222 T Ad

PBFE ERRDIMOZER R 6N 5720 XV BIRISEWTANALET LV THD LHE R

51T % (Morimoto et al., 2004; Becker, 2018), OCTN1 @ PTZ (Z X % kindling @

TR 52 BB A5 7=, wild-type & Octnl~/- \Z 35 mglkg ® PTZ % 48 K]

IlE T 11 [EhEK & 5 L 7=, Wild-type CTiZIFWILA A a7 % W EHN RS0,

Octnl/- Tix PTZ B EGHENITIZTEAETVRANRLNT, TV AZX AT

wild-type (2~ BT (Fig. 7A). mWEGFER%ZR L (Fig. 7B), %iZ OCTN1

DLEHI PTZ 2 X % kindling DFERL A TE 272 HEF L7z, OCTN1 (Zi345 5%

HI72 FLEAIS R DD > TV e, invivo THEEOTE % ERGO ZHFAI & LTH

W=, ERGO ODEHHEIZ LV T W HNAD R a7 IAEICHH S (Fig. 7C) . ERGO
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BRI EmWEFRZ R LT2(Fig. TD), #& PTZ 5% A7 L TW e~ U ADIE &
KM E a1 ERGO & homostachydrine #E 2 HIE L7z, ERGO JREE IR (K
Feh) B~ T ERGO # 5.8 C LA 2R & 7= (Fig. 7E), Homostachydrine ¥/

I3 ERGO #5-8E Txf BRI TR 1/2 1T R L 7= (Fig. 7F),
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EE

AWFIEDORERIL octnl BART DRI~ 7 AT PTZ IZ & D1 W ivA & AR EEE o#)

HINB< = & 277 (Figs. 1, 2), OCTN1 1%, B kHitwE ERGO 2z T,

TrEFNaY L AN=F AL U EOFUTWIAAER O H DLEY &tk

% (Kato et al., 2010; Pochini et al., 2012a; Masuo et al., 2018), L7=723-> T, W%

PGS AL Octnl~- TiE. FWHADNEALT DL TFHIL T, LLRR6, #R

FIEKRHZ 72572, OCTNL IE#MT X /B Th 5 ERGO Z k3 %5 Z & invitro T

OCTN1 Ik a7 ®F val) Uilakd GABA NHET S Z & 55 (Pochini et al.,

2012b), OCTN1 7 Glu X° GABA ##iik 3 5 a[REE LB 2 Hivd, L L7235 saline

t L<1X PTZ #%51% 0 wild-type & Octnl~/- THAOWEE & KM ERIENH O Glu,

GABAREZJE LT L Z A, WARFEOMICHHfE: 21X 7/2h > 7= (data not shown),

F7-. PTZ (50 mgrkg) # EHENE G- 30 34Dk PTZ <>, PTZ (35 mg/kg) #

HEREN 12 5-1% 12 microdialysis %% W CHIE U772 IGHIARAME HFIREEIC S 21370 <, &

72, hOCTN1 ZBL A 2 W EER TS PTZ @ OCTN1 241 L72H D IAZIT AL & v 7e

M- 72 (data not shown), L7273 > T, WAMMBE DTV ILADIEWIL, Glu <X° GABA,

PTZ OEHEDE VNI LB LD TITRWEEZ Bz,

OCTN1 ¢[FU SLC22 77 2 U—bD OCT2 13 EmTH LY IV U J — L2/

~HUY iATe Z & T OCT2 # B IRAYIZ #E 2 7sd (Taubert et al.,, 2007), 2T
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OCTN1 MARIDIT WA FIREYE Z BN ~iEL TWD & WA T,

untargeted metabolomics % 1T > 72 & Z A, OCIN1 O #H i EE & L C

homostachydrine 73 [FE S #1172 (Figs. 3,4), Homostachydrine (3K~ 7 X Cligzs +

RENELT D &) BT, ERGO. spermine (Zfi< 3 DH® in vivo #&£E Th 5,

Homostachydrine [IMHEESCT V7 7 VT 7, TFARBIZEEND T VA RThH

% (Wiehler and Marion, 1958; Servillo et al., 2012, 2018), Homostachydrine [3HE#)

TIIER2 Y VBN L ARSI ILD &R STV 5 23 (Servillo et al., 2012), FHELIET

DEGHRITHE SN TE LT, BEPLEREND LEZZLONTVD, TORIZENT

(I F <SR TESRSN T, b o X6 RN HER SIS ERGO LRKTH 5,

Octnl~/- TlXhomostachydrine-d % wild-type |Z bt T 7218 LM 7 5 v 7= (Fig.

5), —Ji. bioavailability I wild-type & Octnl-/"CTZENR S/ ->7= (Table 1),

L 727235 T, homostachydrine O{H{LERIIZIWT OCTNL OFHITD7NZ &2

R E 7z, OCTN I XE D lumen MIICHEL L TEH Y . ERGO [ LEE T OCTN1 2

X > THWIN %% T 5 (Kato et al., 2010), Homostachydrine  ERGO & [FIEEIZ &

bW S, Octnl/- TIEHHRRAITORRWI LITXDESNR

homostachydrine D KIZ DN > TV L AREENH 5, FEE. BlEH o

homostachydrine J2 1%, wild-type (2T Octnl-- THHFEIZEKL (Fig. 3G), =

% 3k LTV %, Homostachydrine-d O R HHEMR S FRIRN G4 7T0% Toh -
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722 &5 (Table 2). homostachydrine ® EE/ZRHARIKITE THD EEZHND,

— 5T, ARIOERFPEMOMFTCIEL, wild-type & Octnl-/-TOEWITR BN 7=

(Table 2), 48 Kff#] & VD RIFHIOH TV I Thololzh, X0 FHOWEFH TORM

RS & o TR PEIEEREE 2 BT 2 BN D 5.,

Homostachydrine OF RN 5 1% PTZ I X 217 WA % B & ¥ 7-(Fig. 6), M4

"' homostachydrine 2 1%, A RIE, HEXME - ZEMEREE (ADHD) & OFHE

DERE SN TV 5 (Yang et al., 2020), F 7= ZRMMALIERFZEIZ AV B2 FEBRADHE C

TS MM (experimental autoimmune encephalitis:EAE) &5 /L~ 7 A2 Tl

homostachydrine @ Ifi#EH 2 EH 9% Mangalam et al., 2013), L2>L720R 5

homostachydrine OZEBRRIRERE & H BN L7 DIXAME N WD T TH 5, HEMIZEBIT

% homostachydrine ORIBMATH U #EENFHLEL L TWHERZ U VR, W< OO

T EDBRRZRTHREDN DD, BV R AT A BE DM & HE

W T, BXal UBREEO EAN R 55 (Plecko et al., 2000, 2005), F7z, B

o) VR ERE CHMENICERER ST 5 L EER TV ILA LR Z 9 (Takahama et

al., 1982; Plecko et al., 2005), — i T, EXal UEROMEENE S & KR i.cv.ik 5

Tl PTZ IZ L BT WivAlzxt LT L ATLITWiILA R % 753" (Yung-Feng Chang et

al,, 1988), TN OHDOHEFIIE N Y UEEMNMEEE & SREDOMA~DOZZE T, ITWA

IZXF L TR DIRD BV AT S A[REME A 7~ T, Homostachydrine 28, Z D X 5 IZFEX
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FTHIEEAERTNE I DICONTIE, AEIORFPSITRENTEL T, 4%DOE Bk
DA NI TH D, Octnl/- £33 Y VT GABA ZAMKICHES L. GABA O
DiAZ M L, GABA O #EE+ 5 Z &) 5 (Feigenbaum and Chang, 1986;
Gutirrez and Delgado-coello, 1989; Takagi et al., 2003), GABA #f{5ERDEY =
L—Z—ThbHEE2 5N T\W5, Homostachydrine 75 GABA ##&IEIC A 5 2
DEDNTHRE DRV GABA Z BRI B OE- AT % 2 & T PTZ#FRMET W
NACEEZ G2 EBEZNTSRIOFMREIHATE 200 LAy, 5
homostachydrine & GABA #1152 DERICOWVWTE LR MPNMLETH D,
KIFFEDOFER %5 2 5 & . homostachydrine % & {efiEEC 7 A X/ EDO R EZ <
BT 22 L THOWNADET 2008 9 DEERIRICBWTHAT 2 Z LITEETH
L0 h LiL7Ze\, AL T W ILA OBEEN FL 53172 50 mg/kg homostachydrine
N GEE T, 8EH homostachydrine JRE X = bR — /LT THETH- T2
(Fig. 6B), t MZH1F % homostachydrine D IHEFEEIL 7.0 ng/mL I THY
(Tuomainen et al., 2019), A EIOFER TIE, v v A MHEPIREIL, £ T T 0.35 pg/mL
BETH-T27DFig. 8F), v~V A LT MIS0 D 1EETHL, —FHT, b
k DI 4EH homostachydrine JEE TR FDOEELZIT 5 Z L2130 > TE Y (Guertin
et al., 2014; Kirkkiinen et al., 2018), & 22455 HilfR<° healthy Nordic diet (Z X Y

FIEI 1.47 %, 141 (512725 2 &R E ST 5 (Derkach et al., 2017;
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Tuomainen et al., 2019), Homostachydrine (% herbal medicine & L Cffiboiu 5

Medicago sativa (alfalfa) <° Achillea millefolium (2% < & £ 5 72 (Wood et al.,

1991; Tunén et al.,, 1994), BHE/IT TR IO DOARMIC XL 0 A EE N &< 725 7]

etk d & 5, Homostachydrine 23t R Tl WH A Z AL S 2 0 & kim0 21213

FLN—T1Z2 L % homostachydrine DIENIREDZELIZOWT HEDLETHIET 5 Z

EBBETH D,

ERGO [T EFHKOIMILME THY ., O ZHBANMEICL > THEREND

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

PURILIEM Z T LT RAT T F U0 BT I v A NI K HMIaiEE 5 U CREER %

IRTEEZ LTS (Song et al., 2010; Yang et al., 2012), A#FZETHV = ERGO ©

BERIIINOOMIL LY SN &b, AUETHEGE SN R PTZ %5281 %

ERGO O WAL AARIER (Fig.7) 14, FEHCHBLIER 200 L T TREtE 23 5,

— 5T ERGO O#:51Z X Y X homostachydrine #EIZIK T LT\ 5 72D (Fig. 7F).

homostachydrine DX TF23F WA DIHNZ SR ST RSB biLd, T78b

B, ERGO 135l b/EA 721 ©72 <. homostachydrine I2EZ{LTFEED L) =

DA = AL TTANLEMEITE DR H D, R LTI E THDL AT F =

X, FERRIR., R CTHIT W AIERH D Z L 23/RE LT 5 (Banach et al,

2011)(Goldberg-Stern et al., 2012), A 7 k=X HABHWERA N D72 b oD, FER
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(2B B AR ZE CHERRSCIR K O D HERR STV 5 (Boeve et al., 2003), — 5, b hiZ

BiF5 ERGO 05 IZBWTIEA D & Z ARWERITHRE ST 72 (Cheah et al.,

2017), BHEEDH Tl A 7 b= O 30 7305 2 BEEEEE CTH 5 A (Harpsee et al.,

2015). ERGO I~ 7 A L b F T CEBEBIMPICHE T 5206, —EORMAT

EVRIER™HIETX 2008 Lv W (Kato et al., 2010; Cheah et al., 2017) .

PTZ-induced kindling I TA A DIIELCHEITIRFE TH 5 epileptogenesis % Al C

ELHETNANTHY  TANAEE TR LI DRI O Bk 0B Rkt D RE FE 222 &

NROENDTZH, B FOTADAIZEDIITWNWET IV EEZ 5TV S (Morimoto et al.,

2004)(Becker, 2018), Kindling TIHEE G- &D PTZ #5420 K3 Z & T, FWiLA

R LT WIOMEZ ST 5, AR W T, Octnl/- TIHHEHRE &

kinding D 55 T, wild-type (2T W LA O 23 7 5 47z (Figs. 1, 7)72 %, OCTN1

TV ATZT T < epileptogenesis (ZB5-3 2 FIREMED B 5

t b OCTNI &z ® SNPs & LT Caucasians (2% < A 5115 L503F(allele

frequency: 0.458)<° Caucasians & HAAIZZ 0 1306T 23501 541 TV % (Urban et al.,

2007; Toh et al., 2013), OCTN1 ® SNPs TIIHiEiEHNE T T 5200 & FHTH 6D

NHY ., EHIT SNP s IZ ko TUTEEIC L vigmENLE+ 5, =& 21 L503F Tlix

ERGO < tetraethylammonium D H Y iAZ|ZEH9" % intrinsic clearance(Vmax/Km) (%

B4 OCTN1 (TR TH < 725 —7 T, carnitine X° gabapentin D HL Y iAZ D
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intrinsic clearance T8 ERNZ LT/ & < 72 % (Peltekova et al., 2004), —J5, 1306T

®» ERGO BtV A& |ZEH9 % intrinsic clearance IXEFA & [RIFEEE727Y gabapentin @

BV iAZ® intrinsic clearance [FEAEM|ZE~EL T 7 % (Futatsugi et al., 2016),

Homostachydrine OV ARIEEN Z I H DRI L > TED K 9 72 BT 5

\ZOWTIIRARIA T 2 23, homostachydrine 2387 WA & Bk &8 2 Z & (Fig. 6)X°.

ERGO 7} kindling # & # 7 5 Z & (Fig. V&5 E 341X, OCTN1 ® SNPs A TAMNA

DIERIT bR E KT T b LR,

AWFFENZBWN T, Octnl/- TIZTWHIAX kindling 2P (2K (Figs. 1, 1) 2 &

5. OCTN1 OERERIZRBAE D 2 b OIER 2 il T 2 fIREMEAVR S iz, Octnl-/-

1B OB ERE T IR 7 = ) 2 A TE RSN D, OCTN1 ORERER 72

PHEEINZ2BIER 2 5| & 23 areEttid b e n e RS D 720, OCTNI FHEAE

MTADPAFEE LTHIRTE 5, —HTHERERE LT, OCTN1 @ SNPs 137 1 — 95

L ORI RENTUVWD Z & (Peltekova et al., 2004). Octnl~/- TIIRIEMEGRET

FILVOGEIR 7 BAL X5 5 Z L (Shimizu et al., 2015)7> 5, RIEMIGIEE B &2 FFoEE 12

LTIl 7= iR L LivZguy,

3L L C.OCTN1 OBETFRENPTZIZEA T WA EZIHETAZ 2R LT,

FFDOA T =L E L THHBL OCTN1 F£E homostachydrine 73 17 VW iU A EEY)E L

L Cflh < ATREM: 27~ L 7=, OCTN1 OFEE 2 EAIToH 5 ERGO 7% homostachydrine
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BEAKT S, WA ZIHT 5 Z & &2/RLT7Z, 4% homostachydrine 73 PTZ |2

L2 T VN AE B S EDFHEMR AT = X LORI LD TANAET V% FIVT- iR

PradT o> Z &1L - T, OCTNL 2SREEER L 720 5 DM OV THRRETT 2 L ER H 5,

30



51 FSTHR

Banach M, Gurdziel E, Jédrych M, Borowicz KK (2011) Melatonin in experimental seizures

and epilepsy.

Becchetti A, Aracri P, Meneghini S, Brusco S, Amadeo A (2015) The role of nicotinic

acetylcholine receptors in autosomal dominant nocturnal frontal lobe epilepsy. Front

Physiol 6:22.

Becker AJ (2018) Review: Animal models of acquired epilepsy: insights into mechanisms of

human epileptogenesis. Neuropathol Appl Neurobiol 44:112—-129.

Beghi E et al. (2019) Global, regional, and national burden of epilepsy, 1990-2016: a

systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol

18:357-375.

Boeve BF, Silber MH, Ferman TJ (2003) Melatonin for treatment of REM sleep behavior

disorder in neurologic disorders: Results in 14 patients. Sleep Med 4:281-284.

Bozzi Y, Provenzano G, Casarosa S (2018) Neurobiological bases of autism-epilepsy

comorbidity: a focus on excitation/inhibition imbalance. Eur J Neurosci 47:534—548.

Cheah IK, Halliwell B (2012) Ergothioneine; antioxidant potential, physiological function

and role in disease. Biochim Biophys Acta - Mol Basis Dis 1822:784—793.

Cheah IK, Tang RMY, Yew TSZ, Lim KHC, Halliwell B (2017) Administration of Pure

31



Ergothioneine to Healthy Human Subjects: Uptake, Metabolism, and Effects on

Biomarkers of Oxidative Damage and Inflammation. Antioxid Redox Signal 26:193—

206.

Derkach A, Sampson J, Joseph J, Playdon MC, Stolzenberg-Solomon RZ (2017) Effects of

dietary sodium on metabolites: The Dietary Approaches to Stop Hypertension (DASH)—

Sodium Feeding Study. Am J Clin Nutr 106:1131-1141.

Drenberg CD, Gibson AA, Pounds SB, Shi L, Rhinehart DP, Li L., Hu S, Du G, Nies AT,

Schwab M, Pabla N, Blum W, Gruber TA, Baker SD, Sparreboom A (2017) OCTN1 Is a

High-Affinity Carrier of Nucleoside Analogues. Cancer Res 77:2102—2111.

Feigenbaum P, Chang Y (1986) Pipecolic acid antagonizes barbiturate-enhanced GABA

binding to bovine brain membranes. 372:176-179.

Freitas DFRM (2010) The Effects of Alpha-Tocopherol on Hippocampal Oxidative Stress

Prior to in Pilocarpine-Induced Seizures. :580-587.

Futatsugi A, Masuo Y, Kawabata S, Nakamichi N, Kato Y (2016) L503F variant of

carnitine/organic cation transporter 1 efficiently transports metformin and other

biguanides. J Pharm Pharmacol 68:1160—1169.

Genghof DS (1970) Biosynthesis of Ergothioneine and Hercynine by Fungi and

Actinomycetales.

32



Genghof DS, Damme O Van (1964) BIOSYNTHESIS OF ERGOTHIONEINE AND

HERCYNINE BY MYCOBACTERIA. Available at: http://jb.asm.org/ [Accessed June 30,

2020].

Goldberg-Stern H, Oren H, Peled N, Garty B-Z (2012) Effect of melatonin on seizure

frequency in intractable epilepsy: a pilot study. J Child Neurol 27:1524—-1528.

Grigat S, Harlfinger S, Pal S, Striebinger R, Golz S, Geerts A, Lazar A, Schéomig E,

Griindemann D (2007) Probing the substrate specificity of the ergothioneine

transporter with methimazole, hercynine, and organic cations. Biochem Pharmacol

74:309-316.

Griindemann D, Harlfinger S, Golz S, Geerts A, Lazar A, Berkels R, Jung N, Rubbert A,

Schoémig E (2005) Discovery of the ergothioneine transporter. Proc Natl Acad Sci U S A

102:5256—-5261.

Guertin KA, Moore SC, Sampson JN, Huang W-Y, Xiao Q, Stolzenberg-Solomon RZ, Sinha R,

Cross AJ (2014) Metabolomics in nutritional epidemiology: identifying metabolites

associated with diet and quantifying their potential to uncover diet-disease relations in

populations. Am J Clin Nutr 100:208-217.

Gutirrez CM, Delgado-coello BA (1989) Influence of Pipecolic Acid on the Release and

Uptake of [ 3H ] GABA from Brain Slices of Mouse Cerebral Cortex. 14:405—408.

33



Harpsoe NG, Andersen LPH, Gégenur I, Rosenberg J (2015) Clinical pharmacokinetics of

melatonin: A systematic review. Eur J Clin Pharmacol 71:901-909.

Hussein A, Adel M, El-Mesery M, Abbas K, Ali A, Abulseoud O (2018) 1-Carnitine Modulates

Epileptic Seizures in Pentylenetetrazole-Kindled Rats via Suppression of Apoptosis

and Autophagy and Upregulation of Hsp70. Brain Sci 8:45.

Ishimoto T, Nakamichi N, Hosotani H, Masuo Y, Sugiura T, Kato Y (2014) Organic cation

transporter-mediated ergothioneine uptake in mouse neural progenitor cells

suppresses proliferation and promotes differentiation into neurons. PLoS One 9.

Ishimoto T, Nakamichi N, Nishijima H, Masuo Y, Kato Y (2018) Carnitine/Organic Cation

Transporter OCTN1 Negatively Regulates Activation in Murine Cultured Microglial

Cells. Neurochem Res 43:107—119.

Kiarkkéainen O, Lankinen MA, Vitale M, Jokkala J, Leppdnen J, Koistinen V, Lehtonen M,

Giacco R, Rosa-Sibakov N, Micard V, Rivellese AAA, Schwab U, Mykkénen H,

Uusitupa M, Kolehmainen M, Riccardi G, Poutanen K, Auriola S, Hanhineva K (2018)

Diets rich in whole grains increase betainized compounds associated with glucose

metabolism. Am J Clin Nutr 108:971-979.

Kato Y, Kubo Y, Iwata D, Kato S, Sudo T, Sugiura T, Kagaya T, Wakayama T, Hirayama A,

Sugimoto M, Sugihara K, Kaneko S, Soga T, Asano M, Tonuta M, Matsui T, Wada M,

34



Tsuji A (2010) Gene knockout and metabolome analysis of carnitine/organic cation

transporter OCTN1. Pharm Res 27:832—840.

Koch H, Weber YG (2019) The glucose transporter type 1 (Glutl) syndromes. Epilepsy

Behav 91:90-93.

Kumar M, Kumar P (2017) Protective effect of spermine against pentylenetetrazole kindling

epilepsy induced comorbidities in mice. Neurosci Res 120:8-17.

Magalhdes PHM, Moraes HT, Athie MC, Secolin R, Lopes-cendes I (2019) Epilepsy &

Behavior New avenues in molecular genetics for the diagnosis and application of

therapeutics to the epilepsies. Epilepsy Behav.

Mangalam A, Poisson L, Nemutlu E, Datta I, Denic A, Dzeja P, Rodriguez M, Rattan R, Giri

S (2013) Profile of Circulatory Metabolites in an Animal Model of Multiple Sclerosis

using Global Metabolomics. J Clin Cell Immunol 04.

Masuo Y, Ohba Y, Yamada K, Al-Shammari AH, Seba N, Nakamichi N, Ogihara T,

Kunishima M, Kato Y (2018) Combination Metabolomics Approach for Identifying

Endogenous Substrates of Carnitine/Organic Cation Transporter OCTN1. Pharm Res

35.

Matsuda Y, Ozawa N, Shinozaki T, Suzuki K, Kawano Y, Ohtsu I, Tatebayashi Y (2020)

Ergothioneine, a metabolite of the gut bacterium Lactobacillus reuteri, protects against

35



stress-induced sleep disturbances. bioRxiv:1-11.

Mattison KA, Butler KM, Inglis GAS, Dayan O, Boussidan H, Bhambhani V, Philbrook B,

da Silva C, Alexander JJ, Kanner BI, Escayg A (2018) SLC6A1 variants identified in

epilepsy patients reduce y-aminobutyric acid transport. Epilepsia 59:e135—e141.

Mizoguchi H, Nakade J, Tachibana M, Ibi D, Someya E, Koike H, Kamei H, Nabeshima T,

Itohara S, Takuma K, Sawada M, Sato J, Yamada K (2011) Matrix metalloproteinase-9

contributes to kindled seizure development in pentylenetetrazole-treated mice by

converting pro-BDNF to mature BDNF in the hippocampus. J Neurosci 31:12963—

12971.

Morimoto K, Fahnestock M, Racine RJ (2004) Kindling and status epilepticus models of

epilepsy: Rewiring the brain. Prog Neurobiol 73:1-60.

Nakamichi N, Nakao S, Nishiyama M, Takeda Y, Ishimoto T, Masuo Y, Matsumoto S,

Suzuki M, Kato Y (2020) Oral administration of the food derived hydrophilic

antioxidant ergothioneine enhances object recognition memory in mice. Curr Mol

Pharmacol 13:1-15.

Nakamichi N, Nakayama K, Ishimoto T, Masuo Y, Wakayama T, Sekiguchi H, Sutoh K,

Usumi K, Iseki S, Kato Y (2016) Food-derived hydrophilic antioxidant ergothioneine is

distributed to the brain and exerts antidepressant effect in mice. Brain Behav 6.

36



Nakamichi N, Taguchi T, Hosotani H, Wakayama T, Shimizu T, Sugiura T, Iseki S, Kato Y

(2012) Functional expression of carnitine/organic cation transporter OCTN1 in mouse

brain neurons: Possible involvement in neuronal differentiation. Neurochem Int

61:1121-1132.

Nina H, Lizer MH, Kidd RS (2011) Evaluation of Genetic Variations in Organic Cationic

Transporter 3 in Depressed and Nondepressed Subjects. ISRN Pharmacol 2011.

Pearson-smith JN, Patel M (2017) Metabolic Dysfunction and Oxidative Stress in

Epilepsy. :1-13.

Peltekova VD, Wintle RF, Rubin LA, Amos CI, Huang Q, Gu X, Newman B, Van Oene M,

Cescon D, Greenberg G, Griffiths AM, St. George-Hyslop PH, Siminovitch KA (2004)

Functional variants of OCTN cation transporter genes are associated with Crohn

disease. Nat Genet 36:471-475.

Picot MC, Baldy-Moulinier M, Daurés JP, Dujols P, Crespel A (2008) The prevalence of

epilepsy and pharmacoresistant epilepsy in adults: A population-based study in a

Western European country. Epilepsia 49:1230-1238.

Plecko B, Hikel C, Korenke GC, Schmitt B, Baumgartner M, Baumeister F, Jakobs C,

Struys E, Erwa W, Stockler-Ipsiroglu S (2005) Pipecolic acid as a diagnostic marker of

pyridoxine-dependent epilepsy. Neuropediatrics 36:200—205.

37



Plecko B, Stéckler - Ipsiroglu S, Paschke E, Erwa W, Struys EA, Jakobs C (2000) Pipecolic

acid elevation in plasma and cerebrospinal fluid of two patients with pyridoxine -

dependent epilepsy. Ann Neurol 48:121-125.

Pochini L, Scalise M, Galluccio M, Indiveri C (2012a) Regulation by physiological cations of

acetylcholine transport mediated by human OCTN1 (SLC22A4). Implications in the

non-neuronal cholinergic system. Life Sci 91:1013-1016.

Pochini L, Scalise M, Galluccio M, Pani G, Siminovitch KA, Indiveri C (2012b) The human

OCTNI1 (SLC22A4) reconstituted in liposomes catalyzes acetylcholine transport which

is defective in the mutant L503F associated to the Crohn’s disease. Biochim Biophys

Acta - Biomembr 1818:559-565.

Servillo L, D’Onofrio N, Giovane A, Casale R, Cautela D, Ferrari G, Castaldo D, Balestrieri

ML (2018) The betaine profile of cereal flours unveils new and uncommon betaines.

Food Chem 239:234-241.

Servillo L, Giovane A, Balestrieri ML, Ferrari G, Cautela D, Castaldo D (2012) Occurrence

of pipecolic acid and pipecolic acid betaine (homostachydrine) in Citrus genus plants. J

Agric Food Chem 60:315-321.

Shimizu T, Masuo Y, Takahashi S, Nakamichi N, Kato Y (2015) Organic cation transporter

Octnl-mediated uptake of food-derived antioxidant ergothioneine into infiltrating

38



macrophages during intestinal inflammation in mice. Drug Metab Pharmacokinet

30:231-239.

Song T-Y, Chen C-L, Liao J-W, Ou H-C, Tsai M-S (2010) Ergothioneine protects against

neuronal injury induced by cisplatin both in vitro and in vivo. Food Chem Toxicol

48:3492-3499.

Song TY, Lin HC, Chen CL, Wu JH, Liao JW, Hu ML (2014) Ergothioneine and melatonin

attenuate oxidative stress and protect against learning and memory deficits in

C57BL/6J mice treated with D-galactose. In: Free Radical Research, pp 1049-1060.

Informa Healthcare.

Takagi T, Bungo T, Tachibana T, Saito E-S, Saito S, Yamasaki I, Tomonaga S, Denbow DM,

Furuse M (2003) Intracerebroventricular administration of GABA-A and GABA-B

receptor antagonists attenuate feeding and sleeping-like behavior induced

byL-pipecolic acid in neonatal chicks. J Neurosci Res 73:270-275.

Takahama K, Miyata T, Okano Y, Kataoka M, Hitoshi T, Kasé Y (1982) Potentiation of

phenobarbital-induced anticonvulsant activity by pipecolic acid. Eur J Pharmacol

81:327-331.

Tamai I, Ohashi R, Nezu JI, Sai Y, Kobayashi D, Oku A, Shimane M, Tsuji A (2000)

Molecular and functional characterization of organic cation/carnitine transporter

39



family in mice. J Biol Chem 275:40064—40072.

Tamai I, Yabuuchi H, Nezu JI, Sai Y, Oku A, Shimane M, Tsuji A (1997) Cloning and
characterization of a novel human pH-dependent organic cation transporter, OCTN1.
FEBS Lett 419:107-111.

Taubert D, Grimberg G, Stenzel W, Schémig E (2007) Identification of the Endogenous Key
Substrates of the Human Organic Cation Transporter OCT2 and Their Implication in
Function of Dopaminergic Neurons Raible D, ed. PLoS One 2:e385.

Thomas RH, Berkovic SF (2014) The hidden genetics of epilepsy - A clinically important new
paradigm. Nat Rev Neurol 10:283-292.

Tian N, Boring M, Kobau R, Zack MM, Croft JB (2018) Active Epilepsy and Seizure Control
in Adults — United States, 2013 and 2015. MMWR Morb Mortal Wkly Rep 67:437—442.

Toh DSL, Cheung FSG, Murray M, Pern TK, Lee EJD, Zhou F (2013) Functional Analysis of
Novel Variants in the Organic Cation/Ergothioneine Transporter 1 Identified in
Singapore Populations. Mol Pharm 10:2509-2516.

Tunén H, Thorsell W, Bohlin L (1994) Mosquito repelling activity of compounds occurring in
Achillea millefolium L. (asteraceae). Econ Bot 48:111-120.

Tuomainen M, Kéarkkéinen O, Leppanen J, Auriola S, Lehtonen M, Savolainen Md,

Hermansen K, Risérus U, Akesson B, Thorsdottir I, Kolehmainen M, Uusitupa M,

40



Poutanen K, Schwab U, Hanhineva K (2019) Quantitative assessment of betainized

compounds and associations with dietary and metabolic biomarkers in the randomized

study of the healthy Nordic diet (SYSDIET). Am J Clin Nutr 110:1108-1118.

Urban T, Brown C, Castro R, Shah N, Mercer R, Huang Y, Brett C, Burchard E, Giacomini

K (2008) Effects of Genetic Variation in the Novel Organic Cation Transporter, OCTN1,

on the Renal Clearance of Gabapentin. Clin Pharmacol Ther 83:416-421.

Urban TJ, Yang C, Lagpacan LL, Brown C, Castro RA, Taylor TR, Huang CC, Stryke D,

Johns SJ, Kawamoto M, Carlson EJ, Ferrin TE, Burchard EG, Giacomini KM (2007)

Functional effects of protein sequence polymorphisms in the organic

cation/ergothioneine transporter OCTN1 (SLC22A4). Pharmacogenet Genomics

17:773-782.

Wiehler G, Marion L (1958) (—)-HOMOSTACHYDRINE, A NEW ALKALOID ISOLATED

FROM THE SEEDS OF MEDICAGO SATIVA L. GRIMM. Can J Chem 36:339-343.

Wood K V., Stringham KJ, Smith DL, Volenec JJ, Hendershot KL, Jackson KA, Rich PJ,

Yang WJ, Rhodes D (1991) Betaines of alfalfa: Characterization by fast atom

bombardment and desorption chemical ionization mass spectrometry. Plant Physiol

96:892—-897.

Wultsch T, Grimberg AG, Schmitt AA, Painsipp AE, Wetzstein H, Frauke ZEA,

41



Breitenkamp S, Gru &D, Lesch £K, Gerlach &M, Reif £A (2009) Decreased anxiety

in mice lacking the organic cation transporter 3. :689-697.

Yang J, Yan B, Zhao B, Fan Y, He X, Yang L., Ma Q, Zheng J, Wang W, Bai L, Zhu F, Ma X

(2020) Assessing the Causal Effects of Human Serum Metabolites on 5 Major

Psychiatric Disorders. Schizophr Bull:1-10.

Yang NC, Lin HC, Wu JH, Ou HC, Chai YC, Tseng CY, Liao JW, Song TY (2012)

Ergothioneine protects against neuronal injury induced by B-amyloid in mice. Food

Chem Toxicol 50:3902—-3911.

Yung-Feng Chang, Hargest V, Jing-Shyong Chen (1988) Modulation of benzodiazepine by

lysine and pipecolic acid on pentylenetetrazol-induced seizures. Life Sci 43:1177-1188.

42



T
Q
|

(A) (B)

Seizure Score
N W A~ O

Seizure Score
=

SO P N W b~ O
I

‘m =
0
35 40 50 1 2
Dose (mg/kg)

Number of stimulation

Fig. 1 Difference in PTZ-induced acute seizure between wild-type and Octnl-/-

Octnl-/-

(A)Wild-type and Octnl-/- Octnl7/- 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 Octnl~/- 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 Octnl-/- Octnl-/- mice were administered PTZ at a dose of 45

43



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 Octn/-/- 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 Octn/-/- with
saline, and dot column showsOctn7-/- /- 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 Octn7/-/- 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 Octni-/-. 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 Octn/-/- 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/hOCTNT1 cells

(A)JHEK293/hOCTN1 and HEK293/mock cells were incubated with the buffer
containing 10 pM homostachydrine-d with or without 500 uM ERGO at 37°C. 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)

(BJHEK293/hOCTN1 cells were incubated with the buffer containing various

concentration of homostachydrine-d for 15 s at 37 °C, and wuptake 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 ‘C. 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 Octn7-/~ 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®

Dose Crax AUC Tz CLiot Vdo Vdss BA
mg/kg  pg/mL  pg/mg - hr hr L/hr/kg L/kg L/kg %
V. 1 - 3.58 2.15 0.307 0.332 0.649
+1.29 +0.26 +0.098 +0.140 +0.144
Wild-type 77.8
p.o. 3 1.29 8.35 3.05 - - -
+0.25 +1.16 +0.75
V. 1 - 291 1.70 0.368 0.204 0.346
+0.87 +0.51 +0.103 £0.033 +0.058*
/- 77.
Octnl/ o 3 1.42 6.74 1.05 - - - 3
+0.16 +1.01 +0.08*

a: Mean = S.D. (n =5 and 3 for intravenous and oral administration, respectively).
*: significantly difference from wild-type (p<0.05)

52



Table 2 Urinary excretion of homostachydrine-d#

Homostachydrine-d Cephalexin

iV, wild-type 71.4+14.2 49.8+19.8
Octnl-/- 69.8 £12.7 51.9+8.2

p.o. wild-type 65.3+6.5 58.2+10.9
Octnl-/- 522+4.4 48.1 +6.8*

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

*; Significantly different from wild-type (p<0.05)
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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 Octnl~- 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 Octnl-/- mice. Each value represents the mean +
S.D. (n =17 - 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, ocntl gene knockout mice (octnl™~) 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 octnl~~ mice. To find the OCTNI 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 octnl '~ mice. OCTN 1-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, Egrl, 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 OCTNI 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,
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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 octnl gene knockout (octnl™") mice [8, 10].
In the brain, OCTNI1 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
a-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 OCTNT1 in epileptic seizures. First, the experimen-
tal epilepsy model was established with repeated admin-
istration of GABA receptor antagonist pentylenetetrazole
(PTZ) in octnl ™~ mice. Since the octnl ™~ mice showed
much lower seizure scores compared with wild-type mice,
the untargeted metabolomics analysis was performed to
identify OCTNI 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 octnl 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-d,) was kindly supplied by TETRA-
HEDRON (Paris, France).

Synthesis of Homostachydrine
and Deuterium-Labeled Homostachydrine
(Homostachydrine-d,)

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

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

Animals

Seven- to nine-week-old male mice were used. The
octnl™~ mice were backcrossed into a C57BL/6 J back-
ground [12]. Wild-type and octnl ™~ 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 octnl '~ 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,
GGGACAGCCTTTCCTACTACC and reverse, TTGGCA
CTAGAGACGGACAG:; Arc forward, GAGTTCTTAGCC
TGTTCGGA and reverse, GCTCGGCACTTACCAATCT;
Egrl forward, AGCCTTCGCTCACTCCACTATCC and
reverse, GCGGCTGGGTTTGATGAGTTGG; Bdnf for-
ward, GCGGCAGATAAAAAGACTGC and reverse, TCA
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GTTGGCCTTTGGATACC; Ngf forward, TCTATACTG
GCCGCAGTGAG and reverse, GGACATTGCTATCTG
TGTACGG; Nt-3 forward, GGAGGAAACGCTATGCAG
AA and reverse, GTCACCCACAGGCTCTCACT; 36B4
forward, ACTGGTCTAGGACCCGAGAAG and reverse,
TCCCACCTTGTCTCCAGTCT. The expression levels of
mRNA were normalized to the 36B4 housekeeping gene.

ELISA

The isolated hippocampus (10 mg) was mixed with 100 uL
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 21,500xg 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 octnl ™~ 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 21,500xg for 10 min at 4 °C to precipitate proteins. The
supernatant (30 uL) was then mixed with 120 pL 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
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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 octnl ™~ 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://metlin.scripps.edu) and the Human Metabolome
Database (https://www.hmdb.ca/).

Product lon Scanning

Synthesized homostachydrine and mouse plasma samples
were mixed with MeOH and centrifuged twice at 21,500Xg
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 21,500xg for 10 min
at 4 °C. The supernatant was subjected to LC-TQMS analy-
sis, as described below.

Uptake of Homostachydrine-d, and ERGO-d,
in HEK293 Cells Transfected with Human OCTN1

HEK?293 cells transfected with human OCTNI gene
(HEK293/OCTN1) were seeded onto poly-L-lysine-coated
4-well plates at a density of 3.8 10* cells/cm?. 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 uM homostachydrine-d, to initiate transport. To analyze
the concentration-dependent uptake of homostachydrine,
transport buffer contained a mixture of homostachydrine-dg
and homostachydrine at 5-1000 uM. 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 uM ERGO-d, with various concentra-
tions of homostachydrine was used. At designated times,
the cells were washed and collected with 300 uL 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 21,500xg 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-dq 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 21,500xg 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-d,

Mice were maintained in a metabolic cage for 24 h for habit-
uation. Homostachydrine-d, was then administered, and
urine collection was initiated. As a control study, 50 umol/
kg of cephalexin was dissolved in the same solution as
homostachydrine-d, and simultaneously administered with
homostachydrine-d,. 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-dy,
ERGO-d,, 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-d, 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-d,
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-dy,
m/z 164.00> 64.15; ERGO, m/z 230.00 > 127.10; ERGO-
dg, m/z 239.15 > 127.00; cephalexin, m/z 348.00> 157.90,
gabapentin (internal standard for homostachydrine, homo-
stachydrine-d4s, and ERGO-dy), 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 z-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 octnl ™~ mice,
and seizure severity was evaluated. Seizure scores in wild-
type mice increased in a dose-dependent manner, whereas
ocml™~ 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 octnl ™~ 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

a 5 .
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35 40 50
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Fig. 1 Differences in PTZ-induced acute seizures in wild-type ver-
sus ocml™ mice. a Wild-type and ocml ™" 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
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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 octnl ™~ (Fig. 2a, b). No significant difference
was observed in the expression of the neuronal excitation
marker Egrl among the four groups (Fig. 2¢). 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
octnl™ mice (Fig. 2d, e). Thus, a deficiency of OCTNI1
may alleviate PTZ-induced seizures through the suppression
of neuronal excitation in the brain.

Identification of the OCTN1 Substrate Using
Untargeted Metabolomics Analysis

OCTNI 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 octnl '~ might
lead to the reduced PTZ-induced seizures in this strain. To
identify OCTNI 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

b

Seizure score
O = N W ~ O
1

Number of PTZ stimulation

column shows octnl™~ mice. Each value represents the mean +SD

(n=4-5). *p<0.05, significant difference from wild-type mice. b
Wild-type and octnl ™~ 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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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 octml ™~ mice treated
with saline, and the dotted columns show ocml ™~ mice treated with
PTZ. The expression of mRNA was normalized to that of the house-

wild-type and octnl ™'~ 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 octn ™~ mice
using LC-TQMS. The homostachydrine concentration in
octnl™~ 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/
OCTNI1 cells. Homostachydrine-d, was also synthesized
to investigate the disposition of homostachydrine, and
incubated with these cell lines for the detection of uptake

N
o
o

BDNF protein
(% of wild-type control)
-
=
o S

CONT

PTZ
Wild-type

CONT PTZ

octn1-

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

of this compound. Homostachydrine-d, was taken up by
HEK?293/OCTNI1 cells in a time-dependent manner, and
the uptake was reduced in the presence of ERGO (Fig. 4a).
Uptake of homostachydrine-dg 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/OCTNI1 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 uM and 28.3 nmol/mg protein/15 s, respectively. Next,
we evaluated the inhibition potential of homostachydrine
for ERGO-d, uptake. Our results showed that the uptake of
ERGO-d, was inhibited in the presence of homostachydrine,
albeit incompletely (Fig. 4c).

Disposition of Homostachydrine In Vivo

To further evaluate the interaction of homostachydrine with
OCTNI1, the pharmacokinetics of homostachydine-d, was
examined. The doses (1 and 3 mg/kg) of homostachydine-dy
was chosen to observe plasma concentration of homostachy-
drine-d, less than that of homostachydrine (Fig. 3g) to avoid
saturation of OCTNI1 since the purpose of this study was
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Fig.3 Identification of homostachydrine as a candidate for the
in vivo substrate of OCTNI1. 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 octnl ™~ 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
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Fig.4 The interaction of homostachydrine with human OCTNI.
a HEK293 cells transfected with human OCTNI1 gene (HEK293/
OCTN1) and vector alone (HEK293/mock) were incubated with
homostachydrine-ds (10 uM) in the presence or absence of ERGO
(500 uM), and the uptake of homostachydrine-d, 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-ds in HEK293/OCTNI1 cells. Each
value represents the mean+SD (n=3). b HEK293/OCTNI1 cells

to understand the role of OCTNI1 in disposition of homo-
stachydrine. After intravenous administration, the homo-
stachydrine-d, concentration in the plasma of octn ™~ 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-
dg in the plasma of octnl™~ mice was also confirmed at
the terminal phase after oral administration. The plasma
concentration of homostachydrine-dg in octnl™~ after 6 h
was lower than that of wild-type mice (Fig. 5). The maxi-
mum concentration (C,,,) after oral administration and
bioavailability were almost similar between the two strains,

Fig.5 Plasma concentration
profile of homostachydrine-dg
after iv and po administra-

tion. Homostachydrine-d, was
intravenously (a) and orally

(b) administered at a dose of 1
and 3 mg/kg, respectively, and
the plasma concentration of
homostachydrine-d, was meas-
ured by LC-TQMS. Open and
closed circles showed wild-type
and octnl™" mice, respectively.
Each circle represents the
mean=+SD (n=3-5). *p<0.05,
significant difference from wild-
type mice

Homostachydrine-d,
(nmol/mL)

o
-
1

0.01 .

were incubated with various concentrations of homostachydrine for
15 s, and the uptake was measured by LC-TQMS. The uptake of
homostachydrine-ds 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). ¢ HEK293/OCTNI1 cells
were incubated with ERGO-d, in the presence of various concentra-
tions of homostachydrine for 5 min, and the uptake of ERGO-d, was
measured using LC-TQMS. Each point represents the mean=+SD
(n=3)

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 OCTNI1 in the distribution and
elimination phases (Table 1). The smaller distribution
volume in octnl ™~ could indicate limited tissue uptake
of this compound and might be compatible with lower tis-
sue concentration in octnl ™~ (Fig. 3h). The total clearance
in octnl™~ mice tended to be higher than wild-type mice
(Table 1).
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Table 1 Pharmacokinetic parameters of homostachydrine-d,

Dose  Cp'(ug/ml)  AUC (ug/mgh) Ty, (h) CL,¢ (Lkg) V' (Likg) Vd,¢ (Likg) F (%)
(mg/kg)
Wild-type
iv. 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+0.25 835+1.16 3.05+0.75 - - -
octnl™"
iv. 1 - 291+0.87 1.70+0.51 0.368 +£0.103 0.204+0.033 0.346 +£0.058* 71.3
p-o. 3 1.42+0.16 6.74+1.01 1.05+0.08%* - - -

Mean +SD (n=35 and 3 for intravenous and oral administration, respectively)

*Significantly difference from wild-type (p <0.05)
*Maximum concentration

Half-life at the terminal phase

“Total body clearance

4Initial-phase distribution volume

Steady-state distribution volume

Bioavailability

Table 2 Urinary excretion of homostachydrine-dg

Homostachydrine-dg* Cephalexin®
iv.
Wild-type 71.4+14.2 49.8+19.8
octnl™= 69.8+12.7 51.9+82
p.o.
octnl™~ 52.2+4.4% 48.1+6.8

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
octnl™™ mice, respectively)

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

®Dose of homostachydrine-d; was 1 and 3 mg/kg for i.v. and p.o.,
respectively

"Dose of cephalexin was 50 umol/kg

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-dg (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-dg
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).

@ Springer

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. 6¢). 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, Egrl, 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
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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, ¢ After sei-
zure scores were recorded, the plasma (b) and brains (¢) were col-
lected, and homostachydrine concentrations were measured by

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 octnl ™~ was
minimally changed, and the scores in octnl ™~ 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 octnl ™~ mice was 86%, and the rate in
octn]™" mice was significantly higher than that in wild-type
mice (Fig. 7b). Next, we investigated the effect of inhibiting

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

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 ocnl ™~ 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).

@ Springer



2674

Neurochemical Research (2020) 45:2664-2678

a
5 -
()
o 41 0 O C
g ®)
g 3 A 5o d o O .
A, 00000
0 T
5 10
Kindling Stimulation
C
5 .
[} ]
s 4 e
3] o
e 3 o9
g
S *
2
3 x039%3*?
N [ ]
1]e0
0 T T
5 10
e Kindling Stimulation
12 -
i *
3’\10 *
3 [}
£o 87
£
35 41
x s I
w 2 T
0 .
Hippocampus Frontal cortex

Fig.7 The effect of octnl 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 octnl ™" 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-

ERGO and homostachydrine concentrations in the brain
were measured in surviving mice after the final PTZ admin-
istration. ERGO concentrations in the hippocampus and
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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 (¢) 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

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
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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 OCTNI1 transports the antioxi-
dant ERGO and anti-seizure compounds such as L-carnitine
and spermine [8, 10], we predicted that seizure scores in
octml™~ 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 octnl ™~ 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 OCTNI1 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 octnl™~ 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
octnl™™ 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 octn ™~ 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 octnl ™~ mice compared with
wild-type mice (Fig. 3g). Recovery of homostachydrine-dg
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
OCTNI 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, ¢) 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 pg/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 octnl (Fig. 3a—c, h). In contrast,
SNPs in the OCTNI in humans profoundly affect the trans-
port activity of gene products for specific substrates. The
L503F SNP in the OCTNI 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 tetracthylam-
monium and metformin in L503F is higher compared with
wild-type OCTNI1, 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,
octnl™~ 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 B-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
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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 OCTNI,
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 octnl 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 octnl ™~ mice
show no distinct phenotype under normal conditions, the
inhibition of OCTN1 should not cause serious side-effects.
Thus, the utility of OCTNI1 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
OCTNI inhibits PTZ-induced seizures. A newly identified
OCTNI 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 OCTNI1 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 1.
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.

1

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
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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

© 2020 Bentham Science Publishers
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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
UM 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 octnl 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 H,0,, p-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 pM in serum of older
subjects) [19], patients with Parkinson’s disease [20], and in
people with mild cognitive impairment (0.1-0.2 pg/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.

Nakamichi et al.

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 ug 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 x 45 x 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) x 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) x 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%
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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 um
HILIC column (200 A, 150 x 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. SIB). 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 pm 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-pL pipette tip in culture medium and plated at a den-
sity of 5 x 10" cells/cm’ on plastic dishes that were coated
with 7.5 pg/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 pg/mL streptomycin, B-27 supple-
ment, 0.5 mM glutamine, and 25 pM glutamate from 0 to 3
days in vitro (DIV) at 37°C in a humidified 5% CO, 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).

T ERGO (mg/kg)*
Discrimination lndex

0 1 5 20 50

. 1.83 16.6 163 18.8 16.8

Normal NORT +4.02 £5.6 +42 +3.6% +4.6
mice ST 1.63 5.91 10.5 15.5 24.9
+425 +6.18 £77 £6.5 +6.7*

\ .88 ) 25 23.6 285
ERGO-free NORT +7.55 - +4.0% +3.4% +4.3%
mice . 4.61 d 18.5 18.9 345
SRT +438 - £5.0 +4.1 +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

¢) 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 pg/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 pg/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 uM ERGO (Fig. SIC). 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 ug/mL strepto-
mycin, 0.5 mM glutamine, and 25 pM 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 pg/mL
streptomycin, 0.5 mM glutamine, and 25 uM 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 x 10" cells/cm’ 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-HCI buffer
(pH 7.5) containing 1 mM EDTA, 1 mM EGTA, 10 mM
sodium fluoride, 10 mM sodium B-glycerophosphate, 10
mM sodium pyrophosphate, 1 mM sodium orthovanadate,
and 1 pg/mL of wvarious 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-HCI 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 BIII-tubulin, microtubule-associated protein 2 (MAP2),
and synapsin I, or 12.5% for the detection of mammalian tar-
get of rapamycin (mTOR), p-mTOR, S6KI1, p-S6Kl1
(Ser371), p-S6K1 (Thr389), 4EBPI1, and p-4EBP1. Each
aliquot of 10 pug 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 BIII-tubulin (1:10,000), MAP2
(1:10,000), Synapsin I (1:10,000), or B-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 1gG (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 Imagel
software.

2.8. Immunocytochemical Analysis

Hippocampal neurons were seeded at 1.25 x 10°
cells/cm’ 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 63x 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 pm 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 um interval to
a maximum radius of 137.2 um. 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 x 10" cells/cm’
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),,—; 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 PO (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.
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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
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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.
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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)
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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 pm. (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 pm. (C) Representative images of dendritic branches in the hippocampal dentate gyrus of control mice and mice treated
ERGO. Scale bar: 5 pm. (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 BIII-tubulin and sy-
napsin | was significantly higher in the hippocampal neu-
rons that were exposed to 50 or 500 uM ERGO than in the
control group (Fig. 4A). Exposure of hippocampal neurons
to 5-500 uM ERGO also elevated the protein expression of
BIlI-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
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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 [-positive puncta per neurite
were observed in the group exposed to 500 uM 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 uM ERGO than in
the control group (Fig. SE, 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.
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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, BIII-tubulin, and synapsin I was evaluated in the control group and in mice treated with ERGO at 50 and 500 uM. 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, BIII-tubulin, and synapsin I. In panel (B), typical immunoblots were shown. In panel (C), data were normal-
ized by the expression level of f-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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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
mTORCI1 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 pM 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 NTS5, 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 uM (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 OCTNI1, the possi-
ble activation of the intracellular amino acid sensor mTOR-
Cl1 signaling by ERGO was examined in cultured hippocam-
pal neurons. In rodents, three isoforms of 4EBP1 are detect-
ed: a is the least phosphorylated form, f is an intermediate
form, and vy 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 NTS5, and activation of the
Trk/mTORCI 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 uM ERGO until experimental
day 12. Cultured neurons were then homogenized, followed by SDS-PAGE for immunoblotting using an antibody against MAP2, BIII-tubu-
lin, and synapsin L. In panel (B), typical immunoblots are shown. In panel (C), data were normalized by the expression level of B-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); 1 Significant difference from the value ob-
tained in neurons treated with 50 uM of ERGO (P < 0.05); # Significant difference from the values obtained in the presence of ERGO alone
(P <0.05).

4. DISCUSSION tration of ERGO at a dose of 25 mg/body [21]. Thus, the en-
hancement effect of ERGO on brain function may be advan-

The present study demonstrated that the food-derived in- . T S
tageous in terms of its clinical application.

gredient ERGO is distributed to the hippocampus through

the blood-brain barrier after oral administration, and that ER- Because ERGO is ingested from the daily diet, ERGO
GO may enhance learning and memory ability at least in exists in the plasma and hippocampus in normal mice that
part through the promotion of neuronal maturation in the hip- were not administered ERGO (Fig. 2). Nevertheless, exoge-

pocampus. It is noteworthy that the NORT results indicated nously administered ERGO displayed an enhancement ef-
a significant effect of ERGO at 5 mg/kg (Fig. 1A, Table 1), fect on the learning and memory ability (Fig. 1, Table 1).
while both the NORT and SRT results indicated a promotive The ERGO concentration in the hippocampus after oral ad-
effect of ERGO at 20 or 50 mg/kg (Table 1). This dose of ministration for two weeks showed a significant increase at
ERGO yielded a systemic concentration of 3—4 uM (Fig. a dose of 20 mg/kg or than (Fig. 2B), whereas, the discrimi-

2A). This ERGO concentration is clinically relevant since nation index for the NORT in the group that was exposed to
Cheah et al. recently reported a pharmacokinetic study of ERGO at a dose of 20 mg/kg was significantly higher than
orally administered ERGO in healthy volunteers, which indi- in the control group. The discrimination index for the SRT

cated that the plasma concentration of ERGO was 1 pM at tended to be higher in the group exposed to 20 mg/kg ERGO
the basal level and 2-3 uM after repeated daily oral adminis- than in the control group (Table 1). These results support the
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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 OCTNI1, 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 pM, which is 2—3 times higher than that in plasma (2-3
puM) 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 OCTNI1 [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, OCTNI, 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 uM to sub mM range in
wild-type mice, while ERGO is absent in the octnl 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 ef 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.

Nakamichi et al.

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 PO
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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: e amino acids e brain parenchymal cells o hydrolyzed salmon milt extract e nucleic acids e object location

memory e object recognition memory

INTRODUCTION

L EARNING 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.'~

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.
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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.*> 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.® 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.”® Furthermore, oral administration
of the purine nucleoside guanosine promotes hippocampal
neuronal differentiation and exerts an antidepressant-like
effect in mice.’

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),'° and inhibits neuronal death
induced by brain ischemia in mice hippocampi.!! 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,'? and con-
tained oligo- and mononucleotides, nucleosides, bases,
peptides, and amino acids. NAF was a DNA sodium salt
produced from salmon milt extract,'* 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 gPCR 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 (PicoL.ab 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
(45x45x45cm) 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) X 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) x 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 7-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 Oligo- and
monodeoxynucleotides Monodeoxynucleotides monodeoxynucleotides Monodeoxynucleotides

(g/100 g)* (/100 g)° (/100 g)* (/100 g)°
dAMP 8.78 3.93 17.0 10.1
dTMP 10.3 1.83 234 6.42
dGMP 6.74 1.96 14.2 6.66
dCMP 6.39 2.51 14.6 8.01

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

monodeoxynucleotides.

Content 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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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 Gin Ser Thr Asp Trp Cys* 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.
2Cysteine was measured as cystine.

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-

A 501 o: Control B
o: HSME
40.0 1
— 40 i —
= o
= w= 300 1
o %07 =)
[1}] Q
i ”0 i 20.0 1
B
I 5
@ Q 40,0 -
10 -
HSME 0.0
0 -
-7 0 7 14

Days

Control HSME NAF AAM

cyte marker glial fibrillary acidic protein, microglia marker
CDl11b, 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 ug/mL. of HSME and NAF, and the positive control
forskolin at 10 uM 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.

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 meantSEM
(n=6). AAM, mixture of amino acids;
HSME, hydrolyzed salmon milt ex-
tract; NAF, nucleic acid fraction; SEM,
standard error of the mean.

20 20
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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-

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 291+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.

NAKAMICHI ET AL.

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
T conducted. In (A), white and black

Novel 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).
5 1 NORT, novel object recognition test;
SRT, spatial recognition test.

Familiar

AAM

Unmoved Moved

lism in the cerebral cortex of rats and in the brain of ger-
bils.*!* 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.”-
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.'> 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
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plasma concentration of cytidine and uridine and improves
memory function in memory-impaired rats and humans.'¢-!8
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 ENTSs nonselectively recognize nucleo-
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sides.'® 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.?° 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.>"**

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
6 difference relative to the corresponding control values
(P<.05).
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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=38). *Significant difference relative to the corresponding control values

(P<.05). ATP, adenosine triphosphate.

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.”>?* 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 (Synl) 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.'! 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.?>2°
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.?>?7-?8 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.>*-*
Salmon milt extract also possesses antioxidant activity'? 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.®! This flavonoid enhances object recognition
memory, but not object location memory.>? 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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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, ocntl gene knockout mice (octnl™~) 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 octnl~~ mice. To find the OCTNI 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 octnl '~ mice. OCTN 1-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, Egrl, 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 OCTNI 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,
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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 octnl gene knockout (octnl™") mice [8, 10].
In the brain, OCTNI1 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
a-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 OCTNT1 in epileptic seizures. First, the experimen-
tal epilepsy model was established with repeated admin-
istration of GABA receptor antagonist pentylenetetrazole
(PTZ) in octnl ™~ mice. Since the octnl ™~ mice showed
much lower seizure scores compared with wild-type mice,
the untargeted metabolomics analysis was performed to
identify OCTNI 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 octnl 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-d,) was kindly supplied by TETRA-
HEDRON (Paris, France).

Synthesis of Homostachydrine
and Deuterium-Labeled Homostachydrine
(Homostachydrine-d,)

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

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

Animals

Seven- to nine-week-old male mice were used. The
octnl™~ mice were backcrossed into a C57BL/6 J back-
ground [12]. Wild-type and octnl ™~ 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 octnl '~ 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,
GGGACAGCCTTTCCTACTACC and reverse, TTGGCA
CTAGAGACGGACAG:; Arc forward, GAGTTCTTAGCC
TGTTCGGA and reverse, GCTCGGCACTTACCAATCT;
Egrl forward, AGCCTTCGCTCACTCCACTATCC and
reverse, GCGGCTGGGTTTGATGAGTTGG; Bdnf for-
ward, GCGGCAGATAAAAAGACTGC and reverse, TCA
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GTTGGCCTTTGGATACC; Ngf forward, TCTATACTG
GCCGCAGTGAG and reverse, GGACATTGCTATCTG
TGTACGG; Nt-3 forward, GGAGGAAACGCTATGCAG
AA and reverse, GTCACCCACAGGCTCTCACT; 36B4
forward, ACTGGTCTAGGACCCGAGAAG and reverse,
TCCCACCTTGTCTCCAGTCT. The expression levels of
mRNA were normalized to the 36B4 housekeeping gene.

ELISA

The isolated hippocampus (10 mg) was mixed with 100 uL
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 21,500xg 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 octnl ™~ 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 21,500xg for 10 min at 4 °C to precipitate proteins. The
supernatant (30 uL) was then mixed with 120 pL 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
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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 octnl ™~ 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://metlin.scripps.edu) and the Human Metabolome
Database (https://www.hmdb.ca/).

Product lon Scanning

Synthesized homostachydrine and mouse plasma samples
were mixed with MeOH and centrifuged twice at 21,500Xg
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 21,500xg for 10 min
at 4 °C. The supernatant was subjected to LC-TQMS analy-
sis, as described below.

Uptake of Homostachydrine-d, and ERGO-d,
in HEK293 Cells Transfected with Human OCTN1

HEK?293 cells transfected with human OCTNI gene
(HEK293/OCTN1) were seeded onto poly-L-lysine-coated
4-well plates at a density of 3.8 10* cells/cm?. 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 uM homostachydrine-d, to initiate transport. To analyze
the concentration-dependent uptake of homostachydrine,
transport buffer contained a mixture of homostachydrine-dg
and homostachydrine at 5-1000 uM. 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 uM ERGO-d, with various concentra-
tions of homostachydrine was used. At designated times,
the cells were washed and collected with 300 uL 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 21,500xg 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-dq 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 21,500xg 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-d,

Mice were maintained in a metabolic cage for 24 h for habit-
uation. Homostachydrine-d, was then administered, and
urine collection was initiated. As a control study, 50 umol/
kg of cephalexin was dissolved in the same solution as
homostachydrine-d, and simultaneously administered with
homostachydrine-d,. 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-dy,
ERGO-d,, 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-d, 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-d,
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-dy,
m/z 164.00> 64.15; ERGO, m/z 230.00 > 127.10; ERGO-
dg, m/z 239.15 > 127.00; cephalexin, m/z 348.00> 157.90,
gabapentin (internal standard for homostachydrine, homo-
stachydrine-d4s, and ERGO-dy), 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 z-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 octnl ™~ mice,
and seizure severity was evaluated. Seizure scores in wild-
type mice increased in a dose-dependent manner, whereas
ocml™~ 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 octnl ™~ 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
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Fig. 1 Differences in PTZ-induced acute seizures in wild-type ver-
sus ocml™ mice. a Wild-type and ocml ™" 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
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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 octnl ™~ (Fig. 2a, b). No significant difference
was observed in the expression of the neuronal excitation
marker Egrl among the four groups (Fig. 2¢). 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
octnl™ mice (Fig. 2d, e). Thus, a deficiency of OCTNI1
may alleviate PTZ-induced seizures through the suppression
of neuronal excitation in the brain.

Identification of the OCTN1 Substrate Using
Untargeted Metabolomics Analysis

OCTNI 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 octnl '~ might
lead to the reduced PTZ-induced seizures in this strain. To
identify OCTNI 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

b

Seizure score
O = N W ~ O
1

Number of PTZ stimulation

column shows octnl™~ mice. Each value represents the mean +SD

(n=4-5). *p<0.05, significant difference from wild-type mice. b
Wild-type and octnl ™~ 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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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 octml ™~ mice treated
with saline, and the dotted columns show ocml ™~ mice treated with
PTZ. The expression of mRNA was normalized to that of the house-

wild-type and octnl ™'~ 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 octn ™~ mice
using LC-TQMS. The homostachydrine concentration in
octnl™~ 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/
OCTNI1 cells. Homostachydrine-d, was also synthesized
to investigate the disposition of homostachydrine, and
incubated with these cell lines for the detection of uptake

N
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o

BDNF protein
(% of wild-type control)
-
=
o S

CONT

PTZ
Wild-type

CONT PTZ

octn1-

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

of this compound. Homostachydrine-d, was taken up by
HEK?293/OCTNI1 cells in a time-dependent manner, and
the uptake was reduced in the presence of ERGO (Fig. 4a).
Uptake of homostachydrine-dg 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/OCTNI1 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 uM and 28.3 nmol/mg protein/15 s, respectively. Next,
we evaluated the inhibition potential of homostachydrine
for ERGO-d, uptake. Our results showed that the uptake of
ERGO-d, was inhibited in the presence of homostachydrine,
albeit incompletely (Fig. 4c).

Disposition of Homostachydrine In Vivo

To further evaluate the interaction of homostachydrine with
OCTNI1, the pharmacokinetics of homostachydine-d, was
examined. The doses (1 and 3 mg/kg) of homostachydine-dy
was chosen to observe plasma concentration of homostachy-
drine-d, less than that of homostachydrine (Fig. 3g) to avoid
saturation of OCTNI1 since the purpose of this study was
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Fig.3 Identification of homostachydrine as a candidate for the
in vivo substrate of OCTNI1. 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 octnl ™~ 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
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ence from wild-type mice



Neurochemical Research (2020) 45:2664-2678 2671
a b c

S 15 S

S ’ © 3

o _ 1 [ Iy _

ST 4. } 0.5 3£ £ }

v e 0 v £22

[ [ Q=

=1 oTi?noe“(.g)Go o 3 a § ®
5o 5 0 T

>E 24 >E T E

=9 o= o=1

00 A oo 0o

SE o] SE x g

< 8< we

E 0 Q. ’ . . , E 0 ’ . 0+t . . .
:|°: 0 20 40 60 80 100 :E 0 500 1000 0 10 100 1000

Time (min) Homostachydrine (uM) Homostachydrine (uM)

Fig.4 The interaction of homostachydrine with human OCTNI.
a HEK293 cells transfected with human OCTNI1 gene (HEK293/
OCTN1) and vector alone (HEK293/mock) were incubated with
homostachydrine-ds (10 uM) in the presence or absence of ERGO
(500 uM), and the uptake of homostachydrine-d, 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-ds in HEK293/OCTNI1 cells. Each
value represents the mean+SD (n=3). b HEK293/OCTNI1 cells

to understand the role of OCTNI1 in disposition of homo-
stachydrine. After intravenous administration, the homo-
stachydrine-d, concentration in the plasma of octn ™~ 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-
dg in the plasma of octnl™~ mice was also confirmed at
the terminal phase after oral administration. The plasma
concentration of homostachydrine-dg in octnl™~ after 6 h
was lower than that of wild-type mice (Fig. 5). The maxi-
mum concentration (C,,,) after oral administration and
bioavailability were almost similar between the two strains,

Fig.5 Plasma concentration
profile of homostachydrine-dg
after iv and po administra-

tion. Homostachydrine-d, was
intravenously (a) and orally

(b) administered at a dose of 1
and 3 mg/kg, respectively, and
the plasma concentration of
homostachydrine-d, was meas-
ured by LC-TQMS. Open and
closed circles showed wild-type
and octnl™" mice, respectively.
Each circle represents the
mean=+SD (n=3-5). *p<0.05,
significant difference from wild-
type mice

Homostachydrine-d,
(nmol/mL)

o
-
1

0.01 .

were incubated with various concentrations of homostachydrine for
15 s, and the uptake was measured by LC-TQMS. The uptake of
homostachydrine-ds 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). ¢ HEK293/OCTNI1 cells
were incubated with ERGO-d, in the presence of various concentra-
tions of homostachydrine for 5 min, and the uptake of ERGO-d, was
measured using LC-TQMS. Each point represents the mean=+SD
(n=3)

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 OCTNI1 in the distribution and
elimination phases (Table 1). The smaller distribution
volume in octnl ™~ could indicate limited tissue uptake
of this compound and might be compatible with lower tis-
sue concentration in octnl ™~ (Fig. 3h). The total clearance
in octnl™~ mice tended to be higher than wild-type mice
(Table 1).
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Table 1 Pharmacokinetic parameters of homostachydrine-d,

Dose  Cp'(ug/ml)  AUC (ug/mgh) Ty, (h) CL,¢ (Lkg) V' (Likg) Vd,¢ (Likg) F (%)
(mg/kg)
Wild-type
iv. 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+0.25 835+1.16 3.05+0.75 - - -
octnl™"
iv. 1 - 291+0.87 1.70+0.51 0.368 +£0.103 0.204+0.033 0.346 +£0.058* 71.3
p-o. 3 1.42+0.16 6.74+1.01 1.05+0.08%* - - -

Mean +SD (n=35 and 3 for intravenous and oral administration, respectively)

*Significantly difference from wild-type (p <0.05)
*Maximum concentration

Half-life at the terminal phase

“Total body clearance

4Initial-phase distribution volume

Steady-state distribution volume

Bioavailability

Table 2 Urinary excretion of homostachydrine-dg

Homostachydrine-dg* Cephalexin®
iv.
Wild-type 71.4+14.2 49.8+19.8
octnl™= 69.8+12.7 51.9+82
p.o.
octnl™~ 52.2+4.4% 48.1+6.8

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
octnl™™ mice, respectively)

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

®Dose of homostachydrine-d; was 1 and 3 mg/kg for i.v. and p.o.,
respectively

"Dose of cephalexin was 50 umol/kg

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-dg (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-dg
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).

@ Springer

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. 6¢). 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, Egrl, 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
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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, ¢ After sei-
zure scores were recorded, the plasma (b) and brains (¢) were col-
lected, and homostachydrine concentrations were measured by

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 octnl ™~ was
minimally changed, and the scores in octnl ™~ 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 octnl ™~ mice was 86%, and the rate in
octn]™" mice was significantly higher than that in wild-type
mice (Fig. 7b). Next, we investigated the effect of inhibiting

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

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 ocnl ™~ 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).
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Fig.7 The effect of octnl 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 octnl ™" 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-

ERGO and homostachydrine concentrations in the brain
were measured in surviving mice after the final PTZ admin-
istration. ERGO concentrations in the hippocampus and
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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 (¢) 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

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
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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 OCTNI1 transports the antioxi-
dant ERGO and anti-seizure compounds such as L-carnitine
and spermine [8, 10], we predicted that seizure scores in
octml™~ 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 octnl ™~ 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 OCTNI1 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 octnl™~ 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
octnl™™ 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 octn ™~ 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 octnl ™~ mice compared with
wild-type mice (Fig. 3g). Recovery of homostachydrine-dg
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
OCTNI 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, ¢) 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 pg/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 octnl (Fig. 3a—c, h). In contrast,
SNPs in the OCTNI in humans profoundly affect the trans-
port activity of gene products for specific substrates. The
L503F SNP in the OCTNI 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 tetracthylam-
monium and metformin in L503F is higher compared with
wild-type OCTNI1, 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,
octnl™~ 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 B-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

@ Springer

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 OCTNI,
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 octnl 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 octnl ™~ mice
show no distinct phenotype under normal conditions, the
inhibition of OCTN1 should not cause serious side-effects.
Thus, the utility of OCTNI1 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
OCTNI inhibits PTZ-induced seizures. A newly identified
OCTNI 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 OCTNI1 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: e amino acids e brain parenchymal cells o hydrolyzed salmon milt extract e nucleic acids e object location

memory e object recognition memory

INTRODUCTION

L EARNING 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.'~

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.
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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.*> 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.® 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.”® Furthermore, oral administration
of the purine nucleoside guanosine promotes hippocampal
neuronal differentiation and exerts an antidepressant-like
effect in mice.’

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),'° and inhibits neuronal death
induced by brain ischemia in mice hippocampi.!! 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,'? and con-
tained oligo- and mononucleotides, nucleosides, bases,
peptides, and amino acids. NAF was a DNA sodium salt
produced from salmon milt extract,'* 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 gPCR 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 (PicoL.ab 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
(45x45x45cm) 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) X 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) x 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 7-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 Oligo- and
monodeoxynucleotides Monodeoxynucleotides monodeoxynucleotides Monodeoxynucleotides

(g/100 g)* (/100 g)° (/100 g)* (/100 g)°
dAMP 8.78 3.93 17.0 10.1
dTMP 10.3 1.83 234 6.42
dGMP 6.74 1.96 14.2 6.66
dCMP 6.39 2.51 14.6 8.01

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

monodeoxynucleotides.

Content 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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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 Gin Ser Thr Asp Trp Cys* 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.
2Cysteine was measured as cystine.

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-

A 501 o: Control B
o: HSME
40.0 1
— 40 i —
= o
= w= 300 1
o %07 =)
[1}] Q
i ”0 i 20.0 1
B
I 5
@ Q 40,0 -
10 -
HSME 0.0
0 -
-7 0 7 14

Days

Control HSME NAF AAM

cyte marker glial fibrillary acidic protein, microglia marker
CDl11b, 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 ug/mL. of HSME and NAF, and the positive control
forskolin at 10 uM 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.

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 meantSEM
(n=6). AAM, mixture of amino acids;
HSME, hydrolyzed salmon milt ex-
tract; NAF, nucleic acid fraction; SEM,
standard error of the mean.

20 20
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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-

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 291+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.

NAKAMICHI ET AL.

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
T conducted. In (A), white and black

Novel 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).
5 1 NORT, novel object recognition test;
SRT, spatial recognition test.

Familiar

AAM

Unmoved Moved

lism in the cerebral cortex of rats and in the brain of ger-
bils.*!* 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.”-
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.'> 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
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plasma concentration of cytidine and uridine and improves
memory function in memory-impaired rats and humans.'¢-!8
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 ENTSs nonselectively recognize nucleo-
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sides.'® 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.?° 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.>"**

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
6 difference relative to the corresponding control values
(P<.05).
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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=38). *Significant difference relative to the corresponding control values

(P<.05). ATP, adenosine triphosphate.

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.”>?* 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 (Synl) 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.'! 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.?>2°
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.?>?7-?8 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.>*-*
Salmon milt extract also possesses antioxidant activity'? 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.®! This flavonoid enhances object recognition
memory, but not object location memory.>? 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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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 1.
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.

1

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
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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

© 2020 Bentham Science Publishers
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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
UM 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 octnl 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 H,0,, p-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 pM in serum of older
subjects) [19], patients with Parkinson’s disease [20], and in
people with mild cognitive impairment (0.1-0.2 pg/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.
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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 ug 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 x 45 x 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) x 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) x 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%
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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 um
HILIC column (200 A, 150 x 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. SIB). 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 pm 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-pL pipette tip in culture medium and plated at a den-
sity of 5 x 10" cells/cm’ on plastic dishes that were coated
with 7.5 pg/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 pg/mL streptomycin, B-27 supple-
ment, 0.5 mM glutamine, and 25 pM glutamate from 0 to 3
days in vitro (DIV) at 37°C in a humidified 5% CO, 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).

T ERGO (mg/kg)*
Discrimination lndex

0 1 5 20 50

. 1.83 16.6 163 18.8 16.8

Normal NORT +4.02 £5.6 +42 +3.6% +4.6
mice ST 1.63 5.91 10.5 15.5 24.9
+425 +6.18 £77 £6.5 +6.7*

\ .88 ) 25 23.6 285
ERGO-free NORT +7.55 - +4.0% +3.4% +4.3%
mice . 4.61 d 18.5 18.9 345
SRT +438 - £5.0 +4.1 +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

¢) 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 pg/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 pg/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 uM ERGO (Fig. SIC). 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 ug/mL strepto-
mycin, 0.5 mM glutamine, and 25 pM 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 pg/mL
streptomycin, 0.5 mM glutamine, and 25 uM 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 x 10" cells/cm’ 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-HCI buffer
(pH 7.5) containing 1 mM EDTA, 1 mM EGTA, 10 mM
sodium fluoride, 10 mM sodium B-glycerophosphate, 10
mM sodium pyrophosphate, 1 mM sodium orthovanadate,
and 1 pg/mL of wvarious 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-HCI 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 BIII-tubulin, microtubule-associated protein 2 (MAP2),
and synapsin I, or 12.5% for the detection of mammalian tar-
get of rapamycin (mTOR), p-mTOR, S6KI1, p-S6Kl1
(Ser371), p-S6K1 (Thr389), 4EBPI1, and p-4EBP1. Each
aliquot of 10 pug 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 BIII-tubulin (1:10,000), MAP2
(1:10,000), Synapsin I (1:10,000), or B-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 1gG (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 Imagel
software.

2.8. Immunocytochemical Analysis

Hippocampal neurons were seeded at 1.25 x 10°
cells/cm’ 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 63x 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 pm 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 um interval to
a maximum radius of 137.2 um. 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 x 10" cells/cm’
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),,—; 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 PO (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.
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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
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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.
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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)
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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 pm. (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 pm. (C) Representative images of dendritic branches in the hippocampal dentate gyrus of control mice and mice treated
ERGO. Scale bar: 5 pm. (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 BIII-tubulin and sy-
napsin | was significantly higher in the hippocampal neu-
rons that were exposed to 50 or 500 uM ERGO than in the
control group (Fig. 4A). Exposure of hippocampal neurons
to 5-500 uM ERGO also elevated the protein expression of
BIlI-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

Nakamichi et al.

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 [-positive puncta per neurite
were observed in the group exposed to 500 uM 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 uM ERGO than in
the control group (Fig. SE, 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.
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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, BIII-tubulin, and synapsin I was evaluated in the control group and in mice treated with ERGO at 50 and 500 uM. 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, BIII-tubulin, and synapsin I. In panel (B), typical immunoblots were shown. In panel (C), data were normal-
ized by the expression level of f-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 um (upper panel). The merged
images are shown. (B) The number of puncta that were positive for synapsin I were counted by using ImagelJ 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
mTORCI1 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 pM 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 NTS5, 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 uM (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 OCTNI1, the possi-
ble activation of the intracellular amino acid sensor mTOR-
Cl1 signaling by ERGO was examined in cultured hippocam-
pal neurons. In rodents, three isoforms of 4EBP1 are detect-
ed: a is the least phosphorylated form, f is an intermediate
form, and vy 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 NTS5, and activation of the
Trk/mTORCI 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 uM ERGO until experimental
day 12. Cultured neurons were then homogenized, followed by SDS-PAGE for immunoblotting using an antibody against MAP2, BIII-tubu-
lin, and synapsin L. In panel (B), typical immunoblots are shown. In panel (C), data were normalized by the expression level of B-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); 1 Significant difference from the value ob-
tained in neurons treated with 50 uM of ERGO (P < 0.05); # Significant difference from the values obtained in the presence of ERGO alone
(P <0.05).

4. DISCUSSION tration of ERGO at a dose of 25 mg/body [21]. Thus, the en-
hancement effect of ERGO on brain function may be advan-

The present study demonstrated that the food-derived in- . T S
tageous in terms of its clinical application.

gredient ERGO is distributed to the hippocampus through

the blood-brain barrier after oral administration, and that ER- Because ERGO is ingested from the daily diet, ERGO
GO may enhance learning and memory ability at least in exists in the plasma and hippocampus in normal mice that
part through the promotion of neuronal maturation in the hip- were not administered ERGO (Fig. 2). Nevertheless, exoge-

pocampus. It is noteworthy that the NORT results indicated nously administered ERGO displayed an enhancement ef-
a significant effect of ERGO at 5 mg/kg (Fig. 1A, Table 1), fect on the learning and memory ability (Fig. 1, Table 1).
while both the NORT and SRT results indicated a promotive The ERGO concentration in the hippocampus after oral ad-
effect of ERGO at 20 or 50 mg/kg (Table 1). This dose of ministration for two weeks showed a significant increase at
ERGO yielded a systemic concentration of 3—4 uM (Fig. a dose of 20 mg/kg or than (Fig. 2B), whereas, the discrimi-

2A). This ERGO concentration is clinically relevant since nation index for the NORT in the group that was exposed to
Cheah et al. recently reported a pharmacokinetic study of ERGO at a dose of 20 mg/kg was significantly higher than
orally administered ERGO in healthy volunteers, which indi- in the control group. The discrimination index for the SRT

cated that the plasma concentration of ERGO was 1 pM at tended to be higher in the group exposed to 20 mg/kg ERGO
the basal level and 2-3 uM after repeated daily oral adminis- 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 B-actin. In panel (A), typical immunoblots are shown. In panel (B), data were normalized by
the protein level of B-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 OCTNI1, 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 pM, which is 2—3 times higher than that in plasma (2-3
puM) 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 OCTNI1 [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, OCTNI, 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 uM to sub mM range in
wild-type mice, while ERGO is absent in the octnl 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 ef 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.
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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
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mTOR = Mammalian target of rapamycin
NORT = Novel object recognition test
NT = Neurotrophin
PBS = Phosphate-buffered saline
PI = Propidium iodide
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Trk = Tropomyosin receptor kinase
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