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K# &FE* L2706 T SR Ke &7 5d ¥ N-7 A-D-% ¥ % s &
#2 (N-methyl-D-aspartate receptor, NMDA receptor) # 5 = Ji& - *# 7 c & 7574 &
NMDA % #8# i cn#Ed £ 3 '8 MERKE fad 2 F Kk i o Fr &
RIFRE & Jovokph > D-459&fik > o L-4-fluorophenylglycine (L-4FPG) ; LR
e B4 e 8 3ov 1 Prd BT 2 (5% 3 NMDA £ 84 'ept 5 & =8k D-3: ek
= NMDA = %84 'ept g & =82 p 4 25 b RoTH| 0 L-AFPG & ¢ {4l pl # i&
#-v alanine-seine-cysteine transporter(ASCT)#r 43 » %ﬁ—“ d drad] D-Siiepe £ v fou
BB 2T D-SvRphank B> Flob = BRIREE R 57 1A & NMDA £ 8 s i o
ARG R AN < Bp ABE L AP R Sprague-Dawley o B3R R R 45 01 JE 7 0%
K & & $5:31(0.5 mg/kg/infusion) » § 3" SRAEZ (&7 T 8k ¢ (1) & k& e
T oo Rl e B KA Rz (30 2 100 mg/kg) ~ D- 4% 5% (30 2 100 mg/kg) ¢ L-4FPG

(0.3 2 1 mg/kg)H>t K is & # 7% p

M

VS B2 B R R R o (2R3 AR E
(cue)st K is f3f o cnd ek w o F 118 »oiefz (30 2 100 mg/kg) ~ D- 5% %54 (30
% 100 mg/kg) ¢ L-4FPG (1 2 3 mg/kg)2. &€ & ¥ & & o (3)iplz& iy ",f P i S e
32tz (100 mg/kg) ~ D- 5% #%p4 (100 mg/kg) & L-4FPG (3 mg/kg)2_F ¥ 2 g 3 A5 »
T MRE N KB EFE L PiE% KPR E tk o B 5T 0 3 Ry Fpk
2T E i A et (100 mg/kg) ~ D- 3k ek (100 mg/kg) & L-4FPG(1 mg/kg) s €
B3R R 45 en=x #Bic(lever presses) ~ %12k #c iw (breakpoint) 12 2 47 {8 mé%#ﬂ%]
;3=x #ic(number of infusions) » 27yt Ap e endrd|pedk & 5 A3 E 2 K i ER
RT3 W EL &R o LAFPG o £ FH 3 1 3mglkg 17 B F
AR PR ERGS M BES TR REZFFLPF BEE T R
B N2 BEF O RPREFE S LSRN EE B AR
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Abstract

Ketamine abuse is a worldwide public health problem. Ketamine may cause addiction
through blocking the phencyclidine (PCP) binding site of N-methyl-D-aspartate
(NMDA) receptors. The present study examined whether the drugs with NMDA
receptors-modulation ability could attenuate the motivation and reinstatement of
ketamine-seeking behavior. Sarcosine is a glycine transporter 1 inhibitor and works on
the glycine binding site of NMDA receptor. D-serine is an endogenous NMDA receptor
co-agonist at the glycine binding site. L-4-fluorophenylglycine (L-4FPG) is a neutral
amino acid transporter ASCT (Alanine/Serine/Cysteine-preferring Transporter) inhibitor
by blocking the reuptake of D-serine in the synaptic cleft. In the present study, male
Sprague-Dawley rats were trained to press an active lever for self-administration (SA)
of intravenous ketamine (0.5 mg/kg/infusion), and then subjected to the following three
experiments. Experiment 1 is to assess the dose-dependent effects of acute treatment of
sarcosine (30 and 100 mg/kg), D-serine (30 and 100 mg/kg), and L-4FPG (0.3and 1
mg/kg) on the self-administration motivation which is determined by the breakpoint
according to during the progressive ratio (PR) schedule. Experiment 2 is to evaluate the
acute effects of sarcosine (30 and 100 mg/kg), D-serine (30 and 100 mg/kg), and
L-4FPG (1 and 3 mg/kg) on the cue-induced and ketamine priming-induced
reinstatement of ketamine seeking behaviors. Experiment 3 is to examine the repeated
administration of sarcosine (100 mg/kg), D-serine (100 mg/kg), and L-4FPG (3 mg/kg)
during extinction on the cue-induced and ketamine priming-induced reinstatement of
ketamine seeking behaviors. Our data demonstrated that sarcosine (100 mg/kg),
D-serine (100 mg/kg) and L-4FPG (1 mg/kg) significantly decreased the lever presses,
breakpoint and number of infusions for ketamine and attenuated the cue-induced and
ketamine priming-induced ketamine seeking behavior; however, the dose of L-4FPG
must be increased to 3 mg/kg to show significant difference on reinstatement.
Additionally, administration of these three compounds during extinction only prevented
cue-induced reinstatement of ketamine-seeking behavior but did not facilitate the
extinction. These three drugs had no effect on food self-administration and locomotor
activity in the present study. Our findings suggest that sarcosine, D-serine, and L-4FPG
have the anti-craving and anti-relapse potential for treatment of ketamine addiction,
laying the groundwork for future clinical research.

Keywords: ketamine, self-administration, extinction, reinstatement, relapse
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Figure 4. Effects of acute L-4FPG on the motivation to self-administer ketamine under a
PR SChedUule Of [QINFOICEMENT, -+« rxrnrnrnrararmmmmmararnrnrarnrmrmananasanarnarasarnnnannen 55
Figure 5. Effects of acute sarcosine on cue- and ketamine prime-induced reinstatement
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Figure 6. Effects of acute D-serine on cue- and ketamine prime-induced reinstatement
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- ~ K# & (ketamine)

K @ #1962 & d Clavin Steven 5 = & = » & % i¢ & (phencyclidine, PCP)
hjiw 24 4~ (Peltoniemi et al., 2016) » & 5 frfs ~ 458 2 L f ek > 1970 £ S 2 W 3
S HE e E I8 R 34 0F L FASA] P (Dundee et al., 1970) 0 ¥ R e L E B A=A
AR 4 B % (Morgan etal., 2012) » # 3T & ko K is fod L% 300 d o i
* 7 & (substance use disorder) » Gl4eiFpE ~ v Fdk ~ BT A2 SR B FE
JE >~ kR~ vEed E (Jones et al., 2018; Xu and Lei, 2014) - #A @ > £ 1980 & i~ K & ¢
B4l FIE > B B AT 2 sk (Yew, 2015) 0 FIpt & BT AR T AP M E R
ka4l o @ K GEF o agr fr o - GHKE -+ P2 Special

Ko A& FEBREZ IR J 363 30 @ SRS 2 TR SR

Fedt T B R Eongk s Tt B MM AL EERY c R KB R0
A o AR SR S RET AL AAMGET RS BT
e

(1) K# esojcd 83
g Ko @d L@ fis o v R~ &~ 2 7355 38 % (Dinis-Oliveira, 2017) - 55
A > i (first-pass effect) 28+ 2 norketamine % dehydronorketamine(Qi et al., 2010) -
R R RIS A 3 st (bioavailability) 3 #77% (v PR 20% ~ # = 50% ~ 3vp L
&+ 90%)(Fanta et al., 2015; Malinovsky et al., 1996) -

K6 i B3ty Fdd 39 Mfofd 4 (10-30%)(Dayton et al., 1983) » ¥ }-:#
i 4 % B Hi(blood-brain barrier)ig = Frfg i % 0 A REY A Rendid 25, T E
F A e eopE P AT (L vop 642 4 T2 641 1 10-15 A s AT RRAS (F Y o T

FH30-120 448 5 2. #r%L e 12 4B F IS 0 5 20-60 4485 3. TR
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20-30 4 484 4ox % » # 4 60-90 4 4 (Barashetal.,, 2013) ) » 4~ # 3| H i w515
Fri ek Tid ok o K i G434 a4 g9 i ,J\,;%,iﬁﬂ P2 Ak (1) A
f£% k& ¥ 1100-160 ng/ml; (2) *f % AR 4z F & ik & ¥ $50-200 ng/mls (3) —
AFEPR K & 5 1 2000-3000 ng/ml ; (4) s 3k & 43¢ 500-1000 ng/ml RI3E B
fs LEAE(Sinner and Graf, 2008) -

K s & s A gL % 8 (half-life) £_2-3 /] pF - -;;é‘-",ért Z (elimination clearance)
12-20 mi/kg/min > & & {23 45 7 42 20% > 23 = R 5 100 A4 FE 5N
16.8 ml/kg/min (Mion and Villevieille, 2013) -

K& & 24 fme 4 4 PASO(CYPAB0) & irafiit (7 % o 14 2 2 b 7 6 B
) % 3 e 7 (X h(Edwards and Mather, 2001) - K s & i%5 i CYP3A4 & 35
norketamine (80%)~6-hydroxy-norketamine (15%) % hydroxy-ketamine (5%)(Mion and
Villevieille, 2013) = 4= 5% % 3 > norketamine ¥ i B w "o & I > & F & HOFFfE
»z % (20-30%)(Malinovsky et al., 1996) » iz+ F_ K & & fn ¥ JE R " MpF > R ik
PR R R F e K B &2 B R HET 5 d Rop % (2% ketamine ~ 2%
norketamine~16% dehyonorketamine~80% hydroxylated ketamine # 34~ £ glucuronic

acid 2} = ch% $= 4= ) (Adamowicz and Kala, 2005; Karch and Drummer, 2008) -

(2) K# @R gice
K & % NMDA % &8 ezt A b o 8 & f %R & 4 SHK 8 & 2 R(HK
# &> S(HK # &% NMDA £ #3 o # F (S(+) : Ki:0.2~1.6 uM ~ R(-) : Ki:0.6~6.4
uM)(Hirota and Lambert, 1996; Zeilhofer et al., 1992) ® jifs »x% v R(+)K i ¢ % 3-4
B (%16 0 S(+) ¢ 140421 mg 5 R(—) : 429+37 mg)(White et al., 1985) -

NMDAX R 3+ g X1 > B3 & B8 & 8k 5 9%<pk(glutamate) — & 3|
(agonist) 2 4 =& (glycine) — £ = 3k s (co-agonist) » & i @ BIxipi e PFRE &+
NMDAZ_ i 4 &t 4% i > 1 B £xid i (Thomson et al., 1989) - NMDAX §#d % &=

2
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¥ = (subunit)z = :NR1-NR22 NR3> 7 frci=k  ~ & 5 7 Fr 0 & 8L blde !
NR1— 4 *=f& % & = 2(glycine binding site) > glycine ~ D-serine 2 D-cycloserine '

E% Bt 8 =8k o NR2— 4% 9=k 5% & = 2k(glutamate binding site) o ¥ ¢ 5 H i
DE Y R EMG site— TR T W iE 0 @ 44T &2 % ~ - Phencyclidine(PCP)
site— FE ¥TNMDA X #87% i > f24u#] & 7 K & ~phencyclidine 2 dizocilpine(MK-801)
(Fig. A) o P # % ¥ 887 NMDA% 48 2.4 2 NR14-2 B NR2 » 273 NR32 113 NR2+1
BNR3t = eh & = ¥ 48 (heterotetramers) (Fig. B) » 13357 e » 25 7 2
P v & 2 $ 12 34 (Yamakura and Shimoji, 1999) -

'ﬁ% T NMDAR 8 > Kis e 5% 30 H & 288 o 8 3 ¥ 4& 7] < #8(muscarinic
receptor) sndr ) 2> % 0 M1 4] (Ki:45 pM) ~ M2% 4] (Ki:294 uM) ~ M3 %7 3] (Ki:246
uM)(Hirota et al., 2002) - #4137 75 & < %8 (opioid receptor) : u- opioid receptor (Ki:26.8
uM) ~ k-opioid receptor (Ki:85.2 uM) ~ 6-opioid receptor (Ki:66 uM)(Hustveit et al.,
1995) - 4+ ¢b o $ H »&4F #1F §-v (monoamine transporter) : & ¥+ 5k 4 iF Fo
(norepinephrine transporter)(Ki:66.8 puM) ~ x i % # & F-+ (serotonin transporter)
(Ki:161.7 uM) ~ % = "ed& & }-v (dopamine transporter) (Ki:62.9 uM)(Nishimura et al.,
1998)~ F Fr|i®® o

A B.

Agonist: @ Co-agonist:
Glutamate Glycine

D-serine
D-cycloserine

Extracellular

NR2
NR3

NR1 NR1 NR1

NR2  NR3 NR2
NR3

Glutamate Glycine
binding binding
site

Ketamine

Intracellular

PCP

binding site
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Bl (A) K# & 3 & >PCP

R
™
K
kL
(Fn
55;,

NMDA £ # 7 & -(B) NMDA % 4 d %

feen=t B o

() K # f3tad g & Sieniv®

K & T 52 NMDAX &8 2L 3555 A dE 58] - % & 4.PCP binding site » fe %715 g+
Ea S g o~ o R NMDAR #8550 T > B2 584 5 @ # 50 (Mion and Villevieille,
2013; Smith et al., 2002) - NMDAX 8 § # £ ¥ ~ =82 ;2 E # i » NMDAX #

ST A 2 e ¥ 442~ LA & 3k (schizophrenia) ~ & 4 E A AR
B RS BT a3 24 JE o (Newcomer et al., 2000; Tsai, 2016) -

FI* P 3R 3 ik RIKE fIEr % (0.5-12 )i 5> F M3 § Lt 3§
EBEHE 5 5 Rir A RN o A G Y £ T4 5 (Wangetal,,
2013) - Kis ¢ ¢ 3 4c % = e foom g ®£ 4 B (medial prefrontal cortex) 2 = jjk 48
(striatum) ® =§# 2z(Breier etal., 1998) & 1+ 2 {2 & B K & > » ¢ HEHFH 5 2
A ggenze i = i 2 (Morgan and Curran, 2006) -

1
i

A

o™

K & v B @A ot 5o B2 €8m0 %5 MaE
* Q2R T A2 R @ 7% (Phelps et al., 2009; Zarate et al., 2006) » i ® i H
Lo o Ferrykar AdFHcX 3 B ¥ (Irwin and Iglewicz, 2010; Liebrenz et al., 2007) »
K,éf gtz b > H w NMDA % #8PCP sited: #u#) —PCP ~ MK-8014% F- 1% & F AW
4 (Lodge and Mercier, 2015; Sernagor et al., 1989; Trullas and Skolnick, 1990) -

% Kis g g A B R 0 dostAeak B se fR B s (Adler et al, 1998)
L8 EER 2 2% BTk B o A 32(Collier, 1972) - F)pt & £ #+ 4+ (Keilhoff et
al., 2004) 2 « #g(Driesen et al., 2013)K s & S F A4 * »v i > g L 4 A i)
(Ezquerra-Romano et al., 2018) -

Kis & 5 fRHL AT A "L F A 2 8 4o i i 2170 = 2 TR fodild® 2% o 4p

PR G E R e e 2 B ERRR et ot G S 2 T AR oK
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& o f PR ook % B 8 T R & §f 2 (voltage-dependent) 2k B ik #f 1%
(concentration-dependent) f ¥7NMDA# 3 ik 0 & > NMDA X §8:11 g L 39 fapr
R 2 #p 2 (MacDonald et al., 1991; MacDonald et al., 1987; Orser et al., 1997) o

Kis fx JF 7 #on- &> (£% 224 8% & (dorsal horn of the spinal cord) » #
R B R e R g R A SR S BRI E N T S MR EKE &
fo BPEEIS RO ot hKis R R SE F R 5 4 kv % (Ezquerra-Romano et al.,

2018) -

S K S

(1) + A2 A 5 F 1

BP0k P ok Y FHLeAd 7 Ak o MERZETIF RE
M i¢ * Z 1= (Goodman, 1990; Koob and Le Moal, 1997) - ¥ 4 % = B FFE » %82 chpd
G gy 2 ko (1)ps ~ BER - ¢ & (intoxication)/ < £ & * (binge) — &4 £ {7

ol B fﬁ%ﬁ’v/ﬁ%ﬁ‘—% % %i(mesolimbic reward/motivation system)i¢ % = &+ § f#3c > 3
7 R R ) E 2 SR (A B R N A HH e

% ooif 5 2 = 4<(Di Chiara, 2002; Volkow and Baler, 2015) - ¢* eshintoxicationdy
B BHGS o SIASKT 0UFES 0 PR BUR AR Ak 0 2RE Bdn P 4 R % (2) A ¥
(withdrawal) — i % 15 ¢ % 4 B g B/ & 4% % St i K T > & ¥ basal
forebrain-extended amygdala-habenulait g = it (Batalla et al., 2017; Koob and Le
Moal, 2005) » 514 f§ o s ~ 7 if & ~ 8 ~ B R ESEEM o FRREY FRY
# % (craving) » ¥ # ¥ %ﬁ d % £ %% &_ (preoccupation) st # iF B (Molkow and
Morales, 2015) - (3)48 % (relapse) — Ak FA £ > iE i TE(EF ~ R )il42 § =%
R Wk KA I E RE & Bt 2 7 5 (Volkow et al., 2006) -
PEEp - € U5 I J g vepk epAd (T o O 3 BL[PE3E A 7 (orbitofrontal) 2 % 3o

Fi AL K]~ s 5 e (hippocampus) 2 2 i= ¥ (amygdala) 4% 4+ T *L R4k F % (ventral
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tegmental area) % ¥ #8(striatum) - 51 £ = & * £ 3 {7 5 (Robbins et al., 2008;

\Volkow et al., 2016; Volkow et al., 2005) -

(2) *R2 7541 H2H
SRR Rk 0 SRAFINE Y g o P RIEL R PP A o T
WHT ¥R RS S

A. = & 415 (classical conditioning)

rikak gt (lvan Pavlov)s 4 cn T jg a2 41 O F 9 % | 5 0] R RhEE 2
% % (Pavlov and Anrep, 1928) :

(1) 22414 13 (unconditioned stimulus, US) i 51422414 ¥ & (unconditioned
response, UR)> £ ¥ 3 F 084 ¥ 1)y B 31 & 4 (US)>3it = -k (UR); 3y B3] #(CS)
>% g k(UR) -

(2) #1% %1% (conditioned stimulus, CS) it 31424 % & J& (conditioned response, CR ) :
37 EEL G 4 (US)P 2§ 4 B(CS)> i m -k (UR)- 4 #1597 577 % 15 ) .31 #(CS)
4 g MIih v K (UR=CR):] 5 F 5 o

B. & 4] % (operant conditioning)

PN -FEYFS d BHAFGARNFINEFSS O3 nd
it i o £ (B.ESKinner) #4eh T Ao BRERR | 20 HF %R
WA S E L o B ECOEN - B o SN UK E - BRYE 0§ RET A
PR R P ORYE > S H Nk 475N 0 Fla g nRf s T
(reinforcement) » £ R & & © & BB A P E G4 o d SRR E G s
o1 o Fptx 5 1 B ] % (instrumental conditioning) o B A8 £ {5 5 B
B R AEH )~ % P (reinforcer) e 3 v AFF T E A 0 3 WL B (ER
(Skinner, 1963) -

C. ¥ 4]y
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Hiades AfGIH - * FRRCF(TER) & L4 Y FH(US)E b pFer g
BARFECS) g 1O FH 2L B(F0) ¥ F R REPHEFLREF

R EH (CR)H(7 5 » I %7 * % f248 % (craving) 2 4¢ % (relapse)(Chandler and
Gass, 2013; Childress et al., 1988; Childress et al., 1999; Kalivas and Volkow, 2005) -

D. p # 3 ¥ 07

PARERLE LF L SRR P L - 0 B REFFREH PRS0
KR AR B hiR o f A SER RN R RE A (RR) £ RE

BRERE o FARA R FEEER B Bl ey (RER) ) EE AR
B —RZ(FE) - TRER Ml S R L N TR EL R ITE 2
(Bossert et al., 2013; Spealman and Goldberg, 1978) -

3 {7 (acquisition)

Flw g 5e (0% kWA @A 5 ¥ F s T 7T AL L (positive)fr f
w (negative) » % BLE {7 chw X 7 & :,kﬁé’r@ag& BE (D) £ R RO 588 o
A e A & e fE(positive reinforcement) s (2) 4 %4 7 F ek & 4 5

f. w p& 8> (negative reinforcement) ; (3)4% & A& £ 5 & w & §| (positive punishment) ;
4)# ",% T gk d f 5§ w8 (negative punishment)(Maag, 2001; McConnell,
1990; Premack, 1959) » 1345 % ekt 3 Fo0 ¥ 1041 % % I o 3 (T RaE 2418 o
7 2t & (fixed-ratio, FR)#2 5 5 ¥ B4R T B 2 =t #ic |15 @Dl w4 31 s
kR BHETLPF L3N 2 - o ek RERBISREEEFLS v AL L5 B2
TR EFEL v A S S o %2 F(progressive ratio, PR)#2 5 B {%ﬁ'd R BEH 4
FBRRAE S HRH B B F S 0 ¥ Hbreakpoint#ic B F * KRR & S A en
" # 4% (motivation) ; (Griffiths et al., 1979; Hodos, 1961) > H 3-8 &k & =% #ic & 145 =
;% @ ratio=[ 5 e(einforeex02)1_5¢je 1,2, 4,6, 9, 12, 15, 20, 25, 32, etc)# i+ %_» ¥ &K 5 f&
ErRlarBFTREBLT > EE S22 v A FTREB2T > EES3A v AT HRELTE
Froptgpdto m ERBELRES ST REF T4 BT AH2 5 T breakpoint=

7
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Bodf o AR AT B FAEAZ Do BB TY RE KR R (B R)

GAR S HG - X R F G G S b s

A '}TT (extinction)

PORFEDE BB RYE 0 @ R REPES 0 TR S R BB F L
2w R ARG ,)J %R A S e R/ (ES — Rz —ﬁ»'}#)g)wljﬁ,lf(Rescorla
and Wagner, 1972) » § %+ > i fnj * - BATEOE Y elh o HApM @ S (1)
0 “,f s R E R - o f‘%sé 3% % 0 & L& (drug-seeking) éhi7 5 o (2).51
ERER ks R NAE RES DL AT AD DA RGERT ARk
()giij g e > LATEEEY WP XA F &R ORFRRE & e
(Chandler and Gass, 2013) - & i}k 4p B s % & da B ERE AL I~ FoRal ~ 2 =290
/& & i 2 T 4L 5 (Chandler and Gass, 2013) » i% i 232 = 2 53 i 2 (g gy “,f 2z 75
N0 M EF RE S 75 2 48 o8 € (Chandler and Gass, 2013; Gass et al., 2014) -
TR R R S FHGETH RPN AT BE R R S RES LG £
& o

£ 1= (reinstatement)

ERGEN VIO L ARMEF REFLRS GALBERFSEPF L

PIPRT MR A A ST R o P 3 BT R 0 B B

W
—

[l

#

TH S M R A Rl g P m R L AR TR e § o EE

L~ 3 =4~ % B 2 R+ (nucleus accumbens)(McGlinchey et al., 2016) » 7 f#

i
g

E‘bg‘ﬁﬁg t’;.ﬂﬁ’éiﬁé é;_,ggg.)fﬂ?‘r , 4 BN ZE #BF&? m/r% ﬁ\ux o

(B) K &k
Fpant w2 f e W T Y € MAER * F5 (7 L (Deneau et al., 1969; Weeks,
1962) » K & et o H5 (£% & § Gl 2 JRYURAS e % o & Rk B f %

B iT* > @ ZRY ~ Em ~ PERAFJEZ JFEFF £ (Chenetal, 2014) 5 o 35 18 25438
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BRERHT O BMPBEBKE AH A ERAKY AHTERF > AT LD EBEKE &4
¢ A& 24 & ¥k (Chatterjee et al., 2011) -

VR F RS RIARE R - RIEPIE R EAFAA z\ﬁ%@v/ﬁvﬁﬁm A S
B2 - (Carlezon Jr and Thomas, 2009) » 50 #7 F dp 41 > 3 RIE P 8% 2 W E A
B E 4 Mg 2 5PCP ~ MK-801 & 3-((+/-)2-carboxypiperazin-4yl)propyl-1-phosphate
R BRI (T L G R (ER 5 b eb o a8 T s g R duA|sulpiride e BRI S
TR EERERHSL D BESRBRBRAE DX » 12 sulpiride ¥2 nomifensine —
dopamine uptake inhibitor = B3 4B § *% i<nomifensine/& & = #ceI % > & ;- PCP2
M2 g~ s R n i ¥l & ANMDAX #ApR » 2 L5 = 9%
¥ (Carlezon and Wise, 1996) - Kis &+ & PCPji74 4 th— & » F]pt diplK# & i
R A T A s B2t A B EY ONMDAK R e dr4p B o

¢ arikfEfr ¢ e ) F sk & (medium spiny neurons, MSNs) & ﬁé/lﬁv/ﬁv%,&% ks
7 B4t & ¢ (Carlezon Jr and Thomas, 2009) > MSNs = GABAergic neuron [ GABA
(9ama-aminobutyric acid) ¥ % 4% 5 i@ b B e 34 S5 ] 0 MSNs= 3] 5 fa4 5
l@%#’%"?ﬁ;’; ff TVTA Bk h s TRl g R o8 & FREEA T hiox
faA? & - (Carlezon Jr and Thomas, 2009) - = g £ & ;‘r;ﬁd $5 vl % i GABAergic
MSNs_}+ sANMDA #8 £ #5843 *Lip] £ v Zf(ventral pallidum) 33 jr;';ﬁ%%/én#& KA
@ Kis &7 i ¢ F e 9rGABAergic MSNs F eiNMDA X f8&¢  ® d&feéra g £ A
B¢ ONMDAX 88 > > GABAergic MSNs#t & it > i& @ *% iKGABAergic MSNsk
b3 %L {6 Ik eniT* (Smith et al., 2009) - @ éiﬁﬁ*/ﬁv o Flpt o JLPIKE g A h
H5e 1T VR &4t RIE 12 chGABAergic MSNs: # ¢E E A F H (iNMDA X #

LR

(4) NMDA £ Hi#5 & & K# &

9
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HiRfelE & g v it ENMDAR R s 5 T > I 7 A &Rl & g p T
IR R S B A S M2 R ook 'k #4(Gray and Roth, 2007) o H]4e < B
BEAl P dEd o Rpk g - (glycine transport 1, GlyT1)dr I 4l 3% = 2 f B B¥ 4 5%
fek B 3 5% NMDA = #8775 1 ie @ 2 L PCP3# ¥ 0L & £ 3 Jx (Gozzi et al., 2008) -
s Uik (sarcosine) £ GlyT1r 41 &] - e lzie &2 Tk 7 © FF ¥ 5 NMDA
X R T REKE g 2 are ik 4 (Castner et al., 2014; Roberts et al., 2010) »

D- %% iepk (D-serine) 2 NMDA X 84 efik % & - 8henk b RogH o o] A7 ¢ %
] %5 D-serinez. ¥ it pedr4]F(D-amino acid oxidase, DAAO)—sodium benzoate

¥ 122 L PCPag = e 7% fimfr 1] 1% % 40 4 2 38§ & (4 g (Matsuura et al., 2015) -

(5) NMDA £ $13 & &) 8 & g

BT e > G T ¢ F IR o NMDA X #8 4 "ept B £ 2L ehd% A R At

#|—D-cycloserine ¥ &g jj f s = o I e = e fR & (MacKillop et al.,

2015) - “ﬁ% g2 vk oo & BUHCR] Y S GlyT1Fr4] 87 12 ez L jFp# (Vengeliene et al.,

2018) ~ = + 7 (Cervo et al., 2013) = eff % > D-serinef| &7 11 "% M+ fFag L °F &

(Healey, 2017) -

d PR 3 F A @ NMDAR $84 et & & 2 2hat sc L Kis & & PCPig = 17 4
#2002 K ek it B enf o F g 0 @ sarcosines? D-serine s 2 NMDA %

R RS & L BhenE  RH 0 sarcosinefr Fe B GlyT1dr4] % » & iﬁ TEGH

S NMDA X 88 crvciy » Flot A8 7 3K %4 sarcosine) % & = D-serine i % ff & 14

u&}ip’% NMDA = %@ﬁ ’—‘%ﬁ’x 4 gk B éé&Kl’“ fr":\'/@-‘“ Rz (75 o

= ~ vuiRAE (Sarcosine)

RER R FREOSEY 4T

F_*

Sarcosine v ¢ SrRIE Sk 0 VAR F
FHE RS A L2 0 A ME P o sarcosine & 24  Bf(choline metabolism) %

10
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glycinesn? & & > 5 N+ — B ® A c7N-methylglycine(De Vogel et al., 2014) -
Sarcosine ¥_4 "=pi 4 i& F-v 1(glycine transporter 1, GlyT1)#r#]#%](Guastella et al.,
1992) » GIyT1 = % #ciz*t & ;¥ 7 'm¥e (astrocytes) 2 % ff {4 4¢ %5 ~ (Harsing Jr and
Matyus, 2013; Snyder and Ferris, 2000; Zafraetal., 1995) » § # #- % ff =R F I 0
YR w e e AR Y o A REER B R &3 & NMDA £ 8¢ R
£ &4 ¢ o Sarcosine fd 4| GlyTl » i& @ 3 5% NMDA = &5 i - Sarcosine f
pFe Z_NMDA X 18+ "=pt % & = 8henk o 5RaaH® - 7013 & NMDA <48 > 7 i
AP #3 H "k o sarcosine 5142 NMDA < 48 %t 57 3 % (desensitization) 4% & # |- (Zhang
etal., 2009) -
AT AR S GlyTL #Edu#| v 2 ae4] PCP-induced hyperactivity(Javitt et al.,
1999) - Sarcosine(1000 mg/kg)# = =« "5 @ H =pik B ~ i NMDA =X #8354
MK-801 12 %2 serine racemase-null mutant % & (SR—/—)& # L F 4 Ak > @ &
NI 2k Jg(Peietal., 2019) o A gk > oo 0 i@ 4 6 % % sarcosine (2 g/d) > 17
L LR AR RauESk oy WM EE DI LF o R BIp fj-"uﬁ‘i PRAR e
Sarcosine P % & A F % s H TR e e S osarcosine 22 H s 5 Ry b A :F.i:]}?;{f%
Higr o ¥R g4k d 4K f(Tsaietal, 2004) < ¢+t » § F #-sarcosine # it

i
= 4 MfL ¢ sarcosine dehydrogenase - faf A F R *

*hk

f% % (mitochondrial
matrix flavoenzyme) » #“¥efis i Jx €,—‘V (sarcosinemia)#* Z pt f R HAEE 0 FlLt € F
# ik & 0 sarcosine i R R A iR 0 2L AGHE L B LF BNR

(Sernagor et al., 1989) -

et

Shoeps B 2L B § 3o S 2RSSR 0 i AR FE A
A % LA](L-serine) 2 DA](D-serine) » D-serine~ % #icis At & s % FT 'n %2 (astrocyte)
ARG AP oM e o) R IED-serined & a4 KR Fmre g P & A

11
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L-serined %% »<ps iy > = (Serine racemase, SR)#& it = D-serine » 2_ {5 & » B| R IR 14 >
Edm B & NMDAX #87 ic o R fF R I crD-serine™ §d [ Jaefl- 55 iepl - L ok
Vil - R VRL 3E fii%l—? (alanine-serine-cysteine-threonine transporter , ASCT)£2 L-serine
LT T~ A G e > LA DAAOA fi# i BH(Wolosker et al., 2016) -

D-serine%“gﬁ % ANMDAX # k@A -l v P M2 75 o % KIETE P e0D-serine

PR E Mo Ry Wik RS ORI T PRI E R E AR (D Ascenzo et

o

, 2017) - B\ D-serinej © 2 L L A g E it G APM o TRAEIRET 0 TR
D-serine® 7 »x ' M 0 & g e f Mg R 2 3L ardk Fia(Kantrowitz et al., 2015;
Panizzutti et al., 2014; Yamamori et al., 2014) o % FpF = &g 4~ 558 ¢ > D-serine
B RIE N ONMDAX @R v » &/ B> ¥ P s
(compulsive alcohol intake)(Seif et al., 2015) - I ¥ D-serine (600 mg/kg)f=sarcosine
(600 mg/kg) & + iy’ b | R+ k&8 4.9 k43 (Yang et al., 2013) - %5 DAAOHF |
Al—sodium benzoate ¥ 11 iB:E ] B & 7 dk H bk 415 04 iy % R = (Tsai et al.,

2016) -

I~ L-4-% ¥4 v=ps (L-4-fluorophenylglycine, L-4FPG)

L-4FPG: & s veflfe » *PBLE o ¢ ek & > 3 330K 1T 8% & FIRL-AFPGF
F 5 40 Rg (P e fl i 48 3F 5 ASCT transportersigr |3 - ASCT transporter
= *tastrocyte 2 #¢ 5~ + 5 & 5 ASCT1(SLClad)# ASCT2(SLC1a5)= #&(Scopelliti et
al., 2013) » ¥ 12 @@?]alanine ~ serine ~ cysteine % threonine(Rosenberg et al., 2013) » %
serine shuttle® % € & 3% 32 & ¢ (Foster et al., 2016; Ribeiro et al., 2002) - Alan C.
Foster B [5 é i % fd A fa v 4~ > % ¥ 2L+ "<fi(phenylglycine) 2 # ji74 4+ 14
#r#]ASCT12 ASCT2 > i ¥ 5 D-serinei #f {20 R :ENMDA X #834 & £ 3 & »< i
7 % (long-term potentiationof synaptic transmission)(Foster et al., 2017) » L-4FPG¥t
ASCT1%2 ASCT2:1Cso~ %] #.244 uM 4-318 nM(Foster et al., 2017) > &~ B ¥ 4pdix

12
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WH @A S BB R ($9%254:0.82 h 4 T i2.540.68 h~ 5L 921 84:1.04 h) «

-0
Prid et (%L 5:16.2 ml/min/kg ~ & 547070 ng/mi/kg ~ 7R g3 54:3940
ng/ml/kg) 2 2 4+ e+ *uid % 1+ (brain/plasma ratio : < &0.7-1.4 ~ -] 810.7-0.9)(Li et
al., 2018) o fd 4~ HA ¢ > L-4FPG¥ 12 :x L FINMDAX #8874 it T 3¢ & el if B

¥ 2 AR 4 Ag(Lietal, 2018) -

13
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FoRmRER

NMDA% &8 22 K & = fietp B >sarcosine & + vt (= B3 »c# 2 GlyT L+ -
T B4R TN ENMDAL 85 o ¥ ¢b > D-serine £ NMDA #8 + e p 4 |4 1%
* A # - D-serinedk B ¥ A T A 5 NMDAS 87 &0 0 JEd E %4¢ 2L D-serine st
A %A ASCT#r | & L-AFPGe ok D-serine e Rl FF fE A w jzen ™ 37 A4 3
D-serinejk & - i&m e L Kit &3¢ = INMDAR #8174 50 T o AFT 7 4% 41 = 50 3K
¥ - B % 0 KB &Sk BE S sarcosine ~ D-serine 2 L-4FPG# 11" MK ¢ el
St o ¥k ¢ F T E Bon o GlyT1Fr4]% 2 D-serine® * t:z i + 7 dk & P
£ AR et o FM AP Y - B BK 0 %5 sarcosine ~ D-serine% L-4FPG
T MKE R EEBEFFE LR R R ¥ #345 Chandler 2 Gass:rig i
(Chandler and Gass, 2013) » 3} GRS R FPV T M Ak gy FEE
(consolidation)i}!'“,ﬁ% el o A R F T FIRAFETHFEZ BEKXE A
¥ “fft F& £ %+ sarcosine ~ D-serine2 L-4FPG¥ 12 4vig fe & it ij ",f F R il -

FlELFF R EFT L o

L-serine ®

Neutral amino acid\

] . . | .
J,Remforcement : TExtmctlon I \I,Remstatement
I

|
Addiction —t+—> Withdrawal —+— Relapse

t ! ! I

B]2.Sarcosine ¥_4 *fd #& 18 F-vo 1drd & T ¥ v% 3> NMDAX $8+ d=pii$ & =8k

14
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D-serine 5 NMDA X 8 4 st % & =82 p 4 M X | RuH| » L-4AFPGEASCTHr 4
Ao dgd FrgID-SOREE w R R R HD-SORE R R > O Z BRI ER
37 113 & NMDAR R34 i o 2 F7 B3R 0 2t = ¥ NMDAS R34 & 3l it " i K

Bz FRKE &l PR

15
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r B =2 5 3N

Ki fpig = e P4 > F45 &3 chioh K08 2 £ & 3538 - Kis & £ PCP
#7440 5% 3ENMDAS 88 c0PCP & =8k + » 5 NMDA #82. 2hg 5 [ dh s
151 2 #7 7 (Carlezon and Wise, 1996) » PCPji7 4 4+ = g % 4& # it &2 NMDAX 1%
Ak > A NMDAX R8I 4 S A sz 2 5 34 k% 7 5 (Do Couto et al.,
2005; Famous et al., 2007; Garcia-Pardo et al., 2015) - Sarcosine %2 D-serine s A3t % 28
CEZE LN JFT i &NMDAX BB ¢ 337 5 Ff._:y;;}ﬂ rsarcosine™ * 35
LA 4 B e o D-serines ¥ 12t L NMDAX 874 i T 38 = R B o FIpt A iR i
Kis @3¢ = OINMDA X ## ic 147 ¥ 4. ¥ 11 Jf d sarcosine st # & D-serinesjk & %
L oo R AP ISR HRREEL S ER (L) & FPEEART > RBIENE
i sarcosine ~ D-serine & L-4FPG¥ K & #ph p AL E L K2 & E RIEF R -
(2) #ipl sz K 2w and Jo %k 0 &1 4 sarcosine ~ D-serine £ L-4FPG
2 AR R F - (3) WiRl “,!ftr * & 4F 44 sarcosine ~ D-serine st L-4FPG &_%

TR R A S 2 LR PR AKE & L P F e (4)
sarcosine ~ D-serine % L-4FPG¥f>t a4 p A EE R i TP {22 M2 ~ a3

R P F 2 s o (B) tkiplsarcosine ~ D-serine% L-AFPGH>+3& &5 74 iy g 58 o

16

doi:10.6342/NTU202003723



N L R e

- SR EE I
AF g i 200-250 s Sprague-Dawley o & 0 pEp 2744 f g A

7o kPR E R 25+2°C > AP ¥R R 40-70% > fadF 12 ) pEk R ~ 12 ) PF 28 end

e

ARARE R R Y Bede g P s o i T S SR TSR ST e Rk A S
o Hep R A R R ELEACRE F p LR A 16-20 50 2 { AR HE LR

FREEFR -

- S RERFEERE

(1) K & & (Ketalar, Pfizer pharmaceutical co., USA)

Ketamine /&% % 50 mg/ml > 4c ~ 0.9% NaCl ;3 % fic & =977 kR o & # K 5 v’%ﬁis?]
kR 5 0.5 mg/kg/infusion » 0.05 ml/infusion » & p &< B EEFHRE - &k
S AL O HMERBEE B MER20 RPN AA L - BT RFFR S o
PFEN BR- 2T E L3005 (n=5) F &4 &FeE 8mlo = 40ml e
0.5 mg/kg/infusion x 0.3 kg = 0.15 mg/infusion

0.15g/infusion / 0.05 ml/infusion = 3 mg/ml

3=xmg/40 ml > x=120mg

Ketalar ;& & % 50 mg/ml » % 3 B~ 120 mg/50=2.4 ml

=> 2.4 ml ketalar /3 /% +37.6 ml 0.9% NaCl ;3 %

(2) #svvepz (Sarcosine, Sigma Chemical Co., USA)
B #010.9% NaCl g pe § 4977 k& > * B E 5 100 % 01 ml> % %% 30
L AR LR EE B NS o

=4

e ¥ 1 ml sarcosine 30 mg/kg = ] : 30 mg sarcosine ;3 ** 1 ml 0.9% NaCl ;3 /% -

17
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(3)D- 34 3%pk (D-serine,Sigma Chemical Co., USA)
EH209%NaCl zpl g kR ~ BMEF 100 5.401ml> 7%= 2 )

PEF L RE R B SNA S o

e ¥ 1ml D-serine 30 mg/kg = &) @ 5 30 mg D-serine ;% *t 1 ml 0.9% NaCl i3 7% -

(4)L-4-4 F 754 "=p&(4-fluorophenylglycine, TCI Co., Japan)
L-4FPG * 1IN HCI % fi# s » £ 12 0.9% NaCl 73 & 47 > 515 4c » INNaOH 23 £ 1
pH=6.8~7.2 ¥ o « B4 €= 100 5. 0.1 ml > F %% 30 4 451 Lyt b= 0

5 o

2 pe ¥ 2mlL-4FPG 0.3 mg/kg % ©1:0.6 mg L-4FPG 2 0.5 ml IN HCI /% f%> 4 » 1 ml

0.9% NaCl iz i #1§ > 3¢+ » 0.5 ml NaOH & 7z 3% pH=6.8~7.2 T+ -

18
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i
2. R G H T SRR (R R o )

3. A ghdm R A

4. - p Eik (house light)

5 {flx% Rk (cue light)

6. & J&/&4% (active and inactive lever)
7. afkiEi (food pellets)

8. &4 kiEP-H# (food tray)

9. DIG-716P1 SmartCtrl 8 ji;?] e A

10. i %% (infusion pump, PHM-100)

19
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1.2 4% % e it 3 15 {7 5 # P48 (Standard modular operant test chamber)

Ketamine

Infusion pump

Food pellet

Cue light

Active lever

Inactive lever

Food tray

2. K ¢p2id $#7 (Ketamine self-administration model)

BRI ANGELY L B SRR o RN A RES
L IE* o BEFRASKUFE  FEI RN RDE L ETLE > T EE
MR w 4 o LRGP DR RE S RE LA P RES o Y 3 RS E
FAEREY - L S Y 19 4 42 (acquisition) ~ # ) 17 (extinction)
% ¥ (relapse) o A % = 2 FA LTt R H NP E - VP BE - ¥ -
MAEHATF NS A RT P PELE Y A b %S4k 2 F (infusion
harness, CH95InstechLaboratoriesinc) » £ ¢ ¥ - RIIRF X7 F4 1844 F 2 L
AWFF L S HEERBREETEFSFPRES (KB é%)%]ni' R T S
BB § pch LS 0 PR R G AL R B ~ SRR - AP B e
R EHY B B E R EE o v TR 5]“' B RN E XAk

Ik

A o

20
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2.1. 3 F k23" (food training)

G > A RFZAe 48 PG R/x) R A ERBaF L ERLE
v (food tray) » F]pt & — X @ * FI-12 42 B 2750 » L iz 4 BY: - & 12 f/4 13
45mg & - (Bioserve) - & % & * FR1max 100(fixed ratio, FR)#2 & 2" 3R ~ & 5 ¥ &
RRE > QLR 3 H RIRE(active lever) o FHBE 1 AT EE LI Fa b & A
RERFL L) A HEDI00% 850 F p R F%RiERLY 3~T

T o F A EFI0EHFEINTILIVRRA o

2.2. E# % 2 k4R ¥ (surgeryand recovery )

AEAH RIS PRIPRARR S (F ERBRBE) & FHEHFEF (1D=051
mm; OD=0.94mm; Dow Corning Silastic) » = jiFiE 2.1 * f:fs # 48 % isoflurane
(2%, VIV) » #Fts BB 3 % » T8 0k 7 & fu L ZE F ketoprofen (5 mg/ml, s.c.) % =
4 % baytril (5mg/ml, i.v.)i3>* heparin saline (50 IU/ml) - & p § 2% & {6 3 /1%

heparinsaline 12 f# ik # "% ¢ 3 % -

2.3 Fz vt FpFfe (Fixratio, FR)
FERG g PR Ki ##%p A EEDR(FRI-FR2) - 2 /s RAL

U p e O AR ERES > P EAR N ERRE > 2 RS active lever:+ B4ER

BT EE K & 0 2 g g% K (cue light) » + ] % inactive lever: + &l3& /&8 R
BREEESKE A ma e 2 BRBRE 1 X (FR)S 2 % (FR2) > K

s é%ﬁi%];‘& (0.5 mg/kg/infusion)#-i& » & =48 4 ) > I pF 25g 20 #) <0 cue light > gt
PR T RBRRET € EDES R cuelight Jas e BB A o £ < # 3 K
B o FR PFAEA 58 BIFE > & - BRSPS iz p oty X RERERES
Borh T R P RS LR SRRE > 2 B2 p W A0 R KW ik 2
17V EIRRA > FEHRPFFL 2 )P T2 5K EFKE & %lias:iﬂﬁ R

21
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JR 1% =t #c(active lever % inactive lever) -

24, % igl

AN

Z (Progressive ratio, PR) F# 4%
1% PR PAR k3Pl « B K # Sfiy 2 #46 > ARy 5 pIRE
active lever 4% i+ SRR » & RS AR SR BB THRRET - X DEH e
CEEERE IHKE AR FRERELT - RERY 2H KE ARG RE
27 > kP % 10 B K @ iR R R R 32 T R4S o RS Sl Rt F
2 U [5 glinfusionnumberx 021 _ 5 7 e » pu e (@ fL 17 5 48R R % %7 EL ¥ (& (breakpoint) o
B Hp R Ak BUARJRRAE ol s BB K B p/%ﬁis?l;‘& =X # % breakpoint » PR pF 427
PR L 3R R 3 X RSB BhT 0 PR

i’ .

Breakpoint=[5 e(infusion number x 0.2)] -5

250 -
N.umbfar of breakpoint NAumb(‘er of breakpoint
- infusion infusion
J 1st 1 11th 40
§ 150- o 2nd 2 12t 50
2 4 319 4 13t 62
O 1004
Q 4 4th 6 14t 77
8 [
o 5ol A 5th 9 15t 95
L ]
- 6" 12 16 118
0 PR R u-®
7th 15 17t 145
0 2 4 6 8 10 12 14 16 18 20 gth 20 18t 178
Reinforcers gth 25 19t 219
10t 32 20t 268

2.5. i‘ﬁ’% (Extinction, EXT)
R SRABRKE A AREFL YA pRb b AREFRD
faehd e o RRE R EIELPY 2 cuelight s § 2 3 % RBRAE =T

Wt KB e e JUPF P e (8 — = (last FR2 training) 57 20% 17 » T3 #iE F)

VR

22
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2.6. £ j° F & (Reinstatement)

AELN GHEHABEPF R ¥ 55 M EHEL K &(cue-induced
reinstatement) - % = & 5 K & & 3% % £ )j° £ J& (ketamine priming-induced
reinstatement) o i& (74 A H L P F R PF > < B4EBRRE P cuelight ¢ 4= 27
EEEKE bin Kb GFEL =9 %M A0+ BA%L3 - &b 10 mglkg
K dts s 2T p ALERITHE LT 5% 0 2 PFRIBRRE P cue light 3 ¢ 2
Acy A EEIES S AR PR BROFERF Y 5 2 BFF o 247 S8 i 4R active lever
% = e o

3. 8k p ALERI (Food self-administration model)
HRAWE 0 RRRERTEE SRR PE o S R E R

poARw e F (natural reward)z B0 2 T T L ER LT EF A LR Rehfp iR

31 SR F T FHS

A8 LIS (B A/R) A BEY FIER2 e a o g2 T iSRS
72 FR1 max 100 #5388 % R R R4 > s = = % E @ 1003 8 P plini s &Y
= # o 2 {511 food FR1 ~ food FR2 & {7 2" » f gt pFEp 4 /B R 45 1 =& (food FR1) £
2 % (food FR2)¥ & 13 atri > @ = p BREFEABNATHEAP R LE L
AR o2 Sl L EF N RSB R R 45 =% #ic(active lever 2 inactive

lever) » @ % PR 5 30 & 45 -

3.2 R FpEAR
F1% PR PFAEER R 8 5 enff Y 2 S0 % BUS FH So BB Sk
EET - chdadp o -G H RIURE active lever 3 i+ BUER o

EPF 1IMIFrPIRBREE LT > BERPY 2HEFPITRR2T > BEERS
23
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1037 & 4 p) 3 3R 32 3 R E = fied B g vt g o U [5 eleinforeerx02] 5.5 4
BHYPT b REBRERE #i - EF e asisick breakpoint » PR B fzed
BRPER G 3P R 2 A RBRESROTHELP AT LR R UL
;Jg °

3334

LR ARG AEFE LA BEBF L ALEF S

Fans

Bl Y > HBRREEZEI G RE cuelight: §:2 8= X BRBREHY W

3 FR2 18— % e920% 2T > ”r’maiii'lf}“f!ff%ﬁ » R EPER S 30 A4 o

341 FF R
AL RIESBLFPF B - iR EHEL P F & (cue-induced
reinstatement) » % = f& % 8 4 % % £ Jj° & J&(food priming-induced reinstatement) »

FRREE Y5 30 4 dhe M HAINREFEL 8 B2 K &g A GEHA i
AAFLFF Al o SFAEL S BARRHT TS RESH KRR 2908

P AR FLHEEE 1L ABRES L 2SR TR TR iME 25X B

¥

FRBEETET IS G s pFT 2 €3 cuelight o e £ 548 active lever 4

o

4. F#FEMEPBIFEF (Locomotor activity test)
PLBlER P VersaMax # 4 E R E RIE o pfRe B d F PR A F R4S B
EERR(E 228X TR0 XF AR FLEFREPRLS FF o

B AR RESr B R oA RERR BE T HRE e RS P i

\m 2
;\_\
“ﬁ"‘”
:q*.
x\«
i&
ks
==
T
=3
4
%
"rﬁ
EL;.
S
A~
£
o
H
)/
&
2
<
QD
X
3
4\3_
Tk
—Tq_
E
il
A5
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ﬁiuﬁ%l&o

5. &K
K,ért 1R B~ R 2 5V % & (between subject design)z ¢F 0 Hofs R 5

T 73K 3+ (counterbalanced within subjects design) -
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=~ R ERERA T

F oYy T HE+EREF L (Mman+tSEM) £ 7 B 7 T L 2 E o 2

f

Sigma-Statistical software i* % %zt o 78048 o 2t N de T

1. prLE

(1) PR % =% @ 14 paired t-testz one-way repeat measure ANOVA! iy 41 2 % PR 2

g+ BE (FKis w%] A~ FR B % eh=t #c % breaking point 2o £ £ 4 o

Q%% 2 Z3 % %P j° F Ji& (cue- and drug priming-induced reinstatement) : # *

two-way repeat measure ANOVA % Student-Newman-Keuls F {4 #& @4 477 ;41 i
BRI fn L B A FF L L FEsR s REFARAF IR PR R

Epofi- % < &l%:‘i}i"‘,ff BRBRAE =S J PR i R AR P b R

(last extinction vs reinstatement) ; 2.+* #.% % NMDA =X 834 & & o B —r 4] e &2 4

PR imcht B3RS ch=t #cz. £ B (control vs treatment) » % P < 0.05 # 7 % % 3

B PR L R o

2. W LR
i * paired t test% two-way repeat measure ANOVA 't # 7 [ e %) < B 5
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- KU GhpRLE

BIE O EROPIRIS T 0 A7 X B35 € 5 K # & (0.5 mg/kg/infusion) p 2\ 4% %
WEARE * BYKE &% (TR ai L Fig. 1% 5 % & o F S PFF fhde Fig. 1A
ARG RYRE ¢ RBREZ GEREE s K & R FFRL
2 FR2 ¥ #HFFf > B3R 2B 7 EF K # & infusions » 48/ & >R {5 Pl &
ZEE K © & infusionse FR1 2 /& 1 =t & E ¥ 1% K # & infusion FR2 B &_

FoBR 2 KRR A o EF 1A K s & infusion o - Fig. 1B ~ 1C &1 > + B Ay {7

—=
.
o

FE® K B & infusions 2 § »c/B{ERBAEEF FR 2 PR B & EF KB
¢ infusions #c € j£_20~40 (FR1)3 4 3] 60~80 i infusions (FR2) > @ 7 »c/R & 4 /&
= #i€_50~100 T (FR1)3 4r ] 200~300 ™ (FR2) » “izfiilff » ¥ B+ 5 ¢ & 77
PR frg p R AL R 0 Bl @OTRB O ET A EREF A K2 R

A FR2 iz = = K & infusions 2 & BB Hka P L8 > TV

€T - BB S 0 bl4e PR PHER 5 ¢

F%=- ~HPARES sarcosine 3 K # 4 p A B E PREFfZ2 H R Rig o o
B S pE R hde Fig. 2A o % 85 12~15 = ¥ @ PF & (FR1+ FR2) {4 - f FR2 Pz
F= = K# finfusions 2 #HBRBRE T HBE P A Z R > T2~ PR PFiz o 2 7
@ 2 % breakpoint & P Bg st L R PR A EPRE > ARk 30 A4mEA 2

7 -k ~sarcosine 30 mg/kg # sarcosine 100 mg/kg- 7 2 & & & 14 one way repeated
measures ANOVA 4~ 17+ B #rjg (B 2. K # & infusions(F25=9.649, p<0.01) -
breakpoint(F25=6.042, p<0.05) % & 45 3% &% =% #c(F2,5=8.645, p<0.01)- 4 Fig. 2B #771 >
B 438G ok angrd] e 4pt > %4 sarcosine 30 mg/kg 2 100 mg/kg ¥ B OEE R

% K # & infusions ~ breakpoint % /& 45 3/ =% #c o
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RE%= ~ P& LS D-serine {3t K # & p AL FE PR 22 A E ki %R -

3 = P Bhde Fig. 3A o+ BUgiF 12~15 = ¥ @2 g (FR1+ FR2) % » & FR2 P& fe.d
=% Kis ¢pinfusions % 4B R T Hag P AL R » T2~ PR BBz 2 7
it 4 2 % breakpoint & PP B A 2 B o P B 4o S ERIE - F) D-serine # 5 i i P
& E=(Pernot et al., 2012) » F]pt NP3t P sw 2 /] pFLA 4 12 g #@-K 2 D-serine 100
mg/kg & (7R R o F F A & 1S paired t-test 445+ RE®F K # & infusions,
breakpoint % /& 4% 4% B =t $c (infusions: t15=3.114, p<0.05, breakpoint: t15=2.947,
p<0.05, lever presses: t15=2.947, p<0.05)%g ;= D-serine 100 mg/kg & 4 #] 4p it K s
¢ infusions ~ breakpoint 2 /& {5 3¢ /& =x #ic L 5 P &8 T "5 55(Fig. 3B) o 4 F £ 10X
A& D-serine 30 mg/kg & 7 ipl3E > E 44 e 4p vt > D-serine 30 mg/kg ¥t & K
s ¢ infusions #c £ ~breakpoint 2 & 45 4% = #c ) & P &g B2 55 (infusions: t1,5= -0.916,
p=0.402, breakpoint: tis= -0.64, p=0.55, lever presses: tis= -0.611, p=0.568) (Fig.

3C) -

FHRE ~HBRELES LAFPGH*® K® & p ML PR R B E RiF s -
B 5 Y dhde Fig. 4A o + 8536 12~15 % ¥ @18 & (FR1+ FR2) 14 » & FR2 p&
e = = K & infusions 2 & /BRR4E S Hica P A 2 8 > e ~ PR PFfg
B P4 2 < breakpoint m P B EZ R o PIE LS E R N F % 30 A 4%
4 41 a@-RE L-AFPG 1 mg/kg i& {7 ip)3& o F B % & {5 14 paired t-test 4 47 < B
# K s & infusions - breakpoint % /& 4% 4% /& =t #& (infusions: t16=3.243, p<0.05,
breakpoint: t16=3.087, p<0.05, lever presses: t16=3.837, p<0.01)%z -+ L-4FPG 1 mg/kg
g gl pt K & infusions ~ breakpoint 2 & & 4%/ =x #ic & 3 P & T *% -35(Fig.
4B)- 4% ¥ £ 11 & £ L-4FPG 0.3 mg/kg i& {7 ]3> & 474 4+t > L-4FPG 0.3 mg/kg
¥ B K 4 infusions #ic £ ~breakpoint % /&t 4% &8 =% BB & P &g B2 58( infusions:
ti4a= -1.633, p=0.178, breakpoint: ti4= -1.20, p=0.296, lever presses: ti4= -0.153,
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p=0.886) (Fig. 4C) -

oI ~HRIAEELT sarcosine 3t MR 2 K &3l o r R AL kifx
B e
B 5% PF T fhde Fig. 5A o ~ Bl 12~20 = % @ P (FR1+ FR2)i% » & FR2 prAzid
=% K# & infusions % &R R¥E T fam P AL B > e r iy fﬁﬁ%ﬁf_ g i
A % e soRE S Bad B f’fﬂ—g‘(ﬁxw“ % FR2 3 »c/R4% = #iceh 20%) @ & 7
Mrt Kb GpFdLlPr BEEPRFE - LplED 30 #4857 4128 8-k
sarcosine 100 mg/kg » F % % & & 12 two-way repeat measure ANOVA 4 17 5 »/& {&
F B = #i<[(cue: F1,5=168.763, p<0.001, sarcosine 100 mg/kg: F15=132.663, p<0.001,
cuex sarcosine 100 mg/kg interaction: F15=247.42, p<0.001), (ketamine-priming:
F15=96.92, p<0.001, sarcosine 100 mg/kg: F15=51.726, p<0.001, ketamine-priming
xsarcosine 100 mg/kg interaction: F15=19.975, p<0.001)] %z -+ sarcosine 100 mg/kg ¥
BAledpr 7 AR E A LKE FAFEL P F PG P 2% (Fig. 5B)
@ sarcosine 30 mg/kg T A Frd] X KRRz ar o KB &FFEFPF BRI EE
# Z[(cue: F1,5=58.659, p<0.001, sarcosine 30 mg/kg: F15=13.843, p<0.05, cue x
sarcosine 30 mg/kg interaction: F15=58.659, p<0.01),(ketamine-priming: F15=66.167,
p<0.001, sarcosine 30 mg/kg: F1,5=0.0144, p=0.909, ketamine-priming x sarcosine 30

mg/kg interaction: F15=0.529, p=0.5)]( Fig. 5C) -

F%S ~HRRBIELSLS Dserine {3 E 2 K 31l PFrRZBMEERER
g& °

B 5 PF I fhde Fig. 6A o % & 5iF 12~20 = ¥ @+ (FR1+ FR2) 1 » & FR2 prazid
F= = K# & infusions 2 #& BB T Hag PRI Z R > T '}}J"‘%B??ﬁi v F il
Fa &g R geE PR R (Bt - 2 FR2 § 2R 4% = i 20%) 0 i
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MEEZ K pFEErPFrF BREEPRZELPED 3044847 4325 B K& D-serine
100 mg/kg & 7 = % & {5 14 two-way repeat measure ANOVA 4 17 5 »c /R 45 4% /& =t #c
[(cue: F15=63.208, p<0.001, D-serine 100 mg/kg: F15=18.167, p<0.01, cue x D-serine
100 mg/kg interaction: F15=20.557, p<0.01), (ketamine-priming: F15=3.007, p=0.143,
D-serine 100 mg/kg: F15=15.576, p<0.05, ketamine-priming x D-serine 100 mg/kg
interaction: F15=3.05, p=0.141)] %2 5+ D-serine 100 mg/kg ¥ ¥4 & 4p it > 7 & I ¥4
FEAKE &FEE IR RGP EFr{]»c % (Fig. 6B)- @ D-serine 30 mg/kg * i

prd|E RERROF B K& &FFE P F B ERFR E[(cue: F15=93.968,
p<0.001, D-serine 30 mg/kg: F1,5=18.718, p<0.01, cue x D-serine 30 mg/kg interaction:
F15=14.199, p<0.05),(ketamine-priming: F15=19.213, p=0.007, sarcosine 30 mg/Kkg:
F15=0.914, p=0.383, ketamine-priming x sarcosine 30 mg/kg interaction: F15=0.141,

p=0.723)]( Fig. 6C) -

P ~HRPERLES LAFPGH¥ Mt 2 K S35 i Pr 2 ME G
o

H B P T phde Fig. 7TA » + BUSiE 12~20 = % FFe L (FR1+ FR2) 14 » & FR2 pFfzig
Fz=x K# &infusions 2 4B R4 ficm P EEA- LR > T ) Gi A7 0 % i
B e R B R R (1 - X FR2 § o0R R S Hieeh 20%) i
Mp 2 Kb GFFLFF REEPR I LPED 30,4885 2125 @ kK& L-4FPG
1 mg/kg > F %% & 1212 two-way repeat measure ANOVA 4 7 F >R 4% 4& /& = #ic
[(cue: F15=178.136, p<0.001, L-4FPG 1 mg/kg: F15=0.153, p=0.712, cue XL-4FPG 1
mg/kg interaction: F15=0.048, p=0.835), (ketamine-priming: F15=5.936, p=0.059,
L-4FPG 1 mg/kg: F15=1.538, p=0.27, ketamine-priming XL-4FPG 1 mg/kg interaction:
F15=2.893, p=0.15)]48 7 L-4FPG 1 mg/kg 474 da it » Mz 8§ K & % L
PFERERLGFBEFQ TB) o wm 2 #E L 3 mglkg EFRFE FRESHET
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L-4FPG 3 mg/kg £ 4 dlmdprt » Mz & A KB & F L J°F B Rp i)
sz % [(cue: F15=9.381, p<0.05, L-4FPG 3 mg/kg: F15=7.283, p<0.05, cue x L-4FPG 3
mg/kg interaction: Fi15=7.256, p<0.05), (ketamine-priming: F15=22.478, p<0.01,
L-4FPG 3 mg/kg: F15=8.973, p<0.05, ketamine-priming x L-4FPG 3 mg/kg interaction:

F15=3.523, p=0.119)]( Fig. 7 C)

RN~ RIEAY 'f Fe B 33 sarcosine ~ D-serine 2 L-4FPG £ 2 ¥ NI R %
2 KW@ g3l or e

B = PpF I fhde Fig. 8A o ~ BTk 14~20 = ¥ 18 pp £ (FR1+ FR2) 74 » & FR2 p& f7.:d
F=x K# & infusions 2 &R T Hicm PP RS Z B > T n /ﬁ% PEAZ 0
= “ff FekERis 2 TS 1A L-4FPG 3 mg/kg ~ D-serine 100 mg/kg # sarcosine
100 mg/kg: #73 & &iE ,ﬂ AR M X L pE T X 7 Ao e T 354 pF 4.8340.65 %~
L-4FPG 4= p¥ 4.33+0.84 = ~D-serine #= p* 4.5+0.62 = {= sarcosine 4= pF 4+0.45 = »
2 one-way ANOVA 4 45 & %= 5| ,ﬂ R X fico B FHEEFDRGLE
(F320=0.28, p=0.839) (Fig. 8B, 8C) > % 77 &4 i1 F *vid i HheA F ARk o 2 {5 f
fi*sEz: K A FEFF BRFEFAZT UL FF - 87T - 3
FEPF 2 AGERD DY LY RREAEEL P B TR *
2 two-way repeat measure ANOVA ~» 474tk 2 Kis G FEL o F 7 7 B E &
TR =% #e[(cue: F120=52.575, p<0.001, treatment: F320=6.263, p=0.004, cue x treatment
interaction: F320=7.364, p=0.002), (ketamine-priming: F1,20=20.696, p<0.001, treatment:
F3,20=0.624, p=0.608, ketamine-priming X treatment interaction: F320=0.5, p=0.687)] - ¥
=% kot o L-4FPG ~ D-serine % sarcosine ¥ 1'% M4 % £ j° £ R (Fig. 8D) >

HKE SFELFF B &K FE PFig. 8E)
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PR~ GFpALE

Bl ARG HFRT HEPPRAI BB Z TR A PEEN TR R
FROFL BP0l ABR e BREPF 2L GHED AL o hiEx F
WHES > ARHLGHEaPf ALFY FHE CFRL 2 FR2 2 800 a Y @
Fepeend o fig9 (P4 N4 » P dhic Fig. 9A A B A Y @R EE PG F
AR § RS 2R S B F BF T 4e (Fig. 9B, 9C) » & FR2 pHizig o = < & ¥
2GR B RBRE AP A LR VAT - PP % 0 640 PR

RE R

B %L -~ Bl sarcosine~D-serine 2 L-4FPG ¥ 84 j N2 % PR Ff22 % ~

SHRFEELIF B2k -

Sarcosine : § 2 P R fihhe Fig. 10A - & PR ¢ £ j= 7 % = 30 » #8.% -+ sarcosine 100
mg/kg > F S & & * paired t-test & 7+ BUE (¥ 8 47k 3F ¥ ~ breakpoint 2 & 4%
R = # (infusions: t15=-1.118, p=0.314, breakpoint: t;5=0.597, p=0.576, lever presses:
t15=0.668, p=0.534) % 12 two-way repeat measure ANOVA 4 75 % 2 & $ 2 1

R T G R FR = B (cue: F15=3.726, p=0.111, sarcosine: F15=2.986, p=0.145,
cue xsarcosineinteraction: F1,5=0.985, p=0.366), (food-priming: F15=29.927, p=0.003,
sarcosine: F15=0.519, p=0.503, food-priming xsarcosine interaction: Fi5=0.958,
p=0.373)]= & =& P! A bes” £ & BT sarcosine % § R H: 4 #F 8 1o 8 (Fig.

10B)2 4% ~ & 4422 J° & M(Fig. 10C) -

D-serine : 9 2 ¥ 7 fbde Fig. 11A - 2 PR & £ jo 9 %+ 30 4 8% D-serine 100
mg/kg > F k& & 14 % paired t-test A 7 < EE {F & 4 # 35 #c ~ breakpoint % & {5 3%
J& =% Fe(infusions: t15=1.369 p=0.229, breakpoint: t15=2.064, p=0.094, lever presses:
t15=1.553, p=0.181) % 12 two-way repeat measure ANOVA 4 1751 % 3 &k i

Jo K Y 3 v R A% 3R =t #ic[(cue: F15=6.258, p=0.054, D-serine: F15=0.051, p=0.83,

32

doi:10.6342/NTU202003723



cue xD-serine interaction: F15=0.0135, p=0.912), (food-priming: F15=76.904, p<0.001,
D-serine: F15=1.361, p=0.296, food-priming xD-serine interaction: F15=0.36, p=0.575)]

ZHPRP AR LE > BT Dserine 7 § #2558 5 4§ P chde 8 (Fig. 11B) %

RN

WA~ a4 e F f(Fig. 11C) -

L-AFPG: % 5 & i $h4e Fig. 12A- & PR & £ J° 9 %% 30 » #6435 L-4FPG 3 mg/kg-
FEAE R s paired t-test & 47+ EEF & $ k3 #ic ~ breakpoint % JRR % 3R =X #ic
(infusions:t15=0.391, p=0.7112, breakpoint:t; 5=0.515, p=0.629, lever presses:t1,5=0.570,
p=0.549) %2 11 two-way repeat measure ANOVA ~ 1758 2 2 a4 A FL P F Y 7

s BR % R =t #c[(cue: F15=21.777, p=0.005, L-4FPG: F15=0.334, p=0.589, cue
XL-4FPG interaction: F15=0.0511, p=0.83), (food-priming: F15=19.982, p=0.007,

L-4FPG:Fy5=3.101, p=0.139, food-priming XL-4FPG interaction: F15=2.828, p=0.153)]

\

HPoEm A LR > B L4AFPG 7 ¢ #5884 41 & & ond 48 (Fig. 12B)2

It

’

AE o~ af i F EFig. 12C) -

R 5% - ~ #pl sarcosine ~ D-serine 2 L-4FPG #f * B & 2§ 5

Hd LT EF LT L BPERS LN LE o B jaE 4 R
v ARIRBAHEREM 60 £ 450 2 {18 % 3 sarcosine 100 mg/kg ~ D-serine 100
mg/kg & L-4FPG 3 mg/kg 5 » £ pl32 120 2 48 - d T sl e 4P b A e 3 ¢
# & fEHE > T2 two way repeated measures ANOVA & 478 3= & - 4o 45 enfs 65 JESR
[(time:  F178s=23.109, p<0.001, sarcosine: F15=0.0404, p=0.849, time
xsarcosineinteraction: F17,5=1.398, p=0.158), (time: F17102=32.655, p<0.001, D-serine:
F16=0.0335, p=0.861, time x D-serine interaction: Fi7102=1.38, p=0.162), (time:
F17102=16.998, p<0.001, L-4FPG: F16=14.47, p=0.009, time XL-4FPG interaction:
F17,102=2.598, p=0.002)] ¥ paired t-test 4 15 2 -] B P G045 6 44 BE 3 [(sarcosine:
t15=0.201, p=0.849), (D-serine: t16= -0.183, p=0.861), (L-4FPG:t;6=0.269, p=0.797)] -
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AL R (Fig.13~15) > = B & % 3 B BEF 5 0 o

34
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i~

T ﬁ%'}%‘ NMDA £ %A &H T F " MEFKL Gpad iz F R K © b
£ 0o F Jis o 4352 o0 S % % o sarcosine ~ D-serine 2 L-4FPG £} % M K # &
B g E: K GFFREPF ok T - REFIDT EREaHp

AL FE 2 ER A & o7 sarcosine ~ D-serine 2 LAFPG v it £ # B i K# &
P

1. sarcosine, D-serine 2 L-4FPG # K # & 3 3 sl 2 B 58
K & S_PCP i 4 > i3 #7 3 % IR PCP 2 Aa b iir 2 o3¢ & cnjbfie 2 H 2 17
*ﬁ“ B 3 T ks ¥ 5 22 NMDA < % 4p B (Carlezon and Wise, 1996) »
sarcosine ¥7 D-serine 4 W4 3F v 1erd K 6 g 2 amidimdd aet PCP & ehiF
% I 7% (Castner et al., 2014; Matsuura et al., 2015; Roberts et al., 2010) - @ L-4FPG 5
d Fr4] ASCTL/2 k:c¥ %] NMDA £ 8= it M TS Lt f 2 ¥ 2 L 82 A n
(Foster et al., 2017; Li et al., 2018) > 1245 #* * %7 1 = % »PR pFfzea %4 sarcosine
D-serine % L-4FPG & ¥ "% 1+ EE 1 K # &8k ~ #/BEHF g2 breakpoint »
BT 3 BEFISE G R K # &R T i > Lrdek v o L5880 &
NMDA £ ## it E | > K& ik B2 p ALEF S om " KB f oy

AN S SEAS SR IR T

2. sarcosine, D-serine 2 L-4FPG #3532 K# ¢ FE FPF BLEF

SR F FIRES R - R AR AT e g T S TR L TS
ERYWRE CFEFARSZIFZE S FRAF > FRO IR DOFERA 0 A JE
B AR gipMas 3 Ay 3 @ LR o B R BE Y R ATk

si4p B (Koob and Volkow, 2010) » # 3 ﬁ v & ik > e BUIKFE ) e D-serine
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JE R € 'R > B3k NMDA % 83 & aofd 57 % 14X 35(D’ Ascenzo et al., 2014) %”ﬁ'
d %4 D-serine ¥ it d ¢ e dk = ek BB 20 £ )° F & (Kelamangalath and
Wagner, 2010) - @ %4 R 7 #ﬁ%,&* D-cycloserine » &t "# <4 % 3 % * J&(Santa
Ana et al., 2009) > 7 F 4yt o GlyTL drd| # & § 2k Py = o < 84 3 e %
(Vengeliene et al., 2010) > &5+ NMDA X #8v st &2 £ j° & 4p k> ® 33 & NMDA =
BE74 a0 ¥ av AR M g & i 2 (Vengeliene et al., 2005) o 2% 1% e S S5 % 4 ) o
;L@/ﬁ"f s K @ paigx B3z 2 Kig pFER J°F &5 %5 sarcosine
D-serine 3 L-4FPG ¢ i MR 2 2 K GFFPL o F 47 KB bhf &5
=7 i 2 NMDA X 884p B » 2Ra > Eiv* AvRBR P ww AR > F FARF

IS ;};Lg, °

3.sarcosine, D-serine 2 L-4FPG *t 3§’ % Fefz2 8%
FARLBEV i bV @O REES 0 - TR 2 F RS SR
k- B AT K,f;a
B et B frdRp ARFDFL Y HT o v iR S ERRE PR
% e oeodd g et i (Warren et al, 2019) - 8 5 A3 4 ,iiﬁ’% P Iok
%%¢¥*ﬁ£5ﬁﬂﬁ%%ﬁ%ﬁjfﬁﬁﬁ?i%%%%ﬁrﬁ@@mmm
and Gass, 2013)- i»]4:D-cycloserine & D-serine(Botreau et al., 2006; Kelamangalath et
al., 2009; Kelamangalath and Wagner, 2010; Thanos et al., 2011) » # % & chpf 7 gL+
By “$ ez ma o h Ef o &3 ARG Ry “$ el H
(consolidation) - & & #2 FH 1* ehle ¥ b § R AT R ey 5 & LB g
*&m*7ﬁ'W%*%%%%Hﬁﬁﬁﬂﬁ%%ﬁ’&%ﬁﬁﬁ%$%ﬁﬁﬁ
o A R BAE F AR P Y W b g i S E R
F1eb o i‘ﬁ’“f R B AR AR 0 AT R B N RA PR SUIRY 7
el o © v NMDA < e Ty 4r‘ = B 4p k(M Clevaetal., 2010) F]pt > 03
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SRS S NMDA %R & A7 a0 G 24Tk ge il nF 1 o B 4T 3 T
D-cycloserine i#:& + 7 &k 33 41 5 i 4 a0y’ f & {75 = (Botreau et al., 2006) »
Fak p AN E Ry “,f F 2% (s %3 D-cycloserine it ¥ M ARz F AR I F B
(Thanos et al., 2011) » & Zi} "5? 1883 7 edk 2o~ & D-serine P ¥ 5 M
% % % £ J° & & (Kelamangalath et al., 2009; Kelamangalath and Wagner, 2010) - d p*
v i gff"&f - WA NMDA < 8838 & &) » 020 5y iGR 2 B0 ‘?ﬂ'“/??%ﬁ“}
Ho T PRI PR A P e % % % o sarcosine ~ D-serine 2 L-4FPG
RV REREFLPF R a R N A R KE e PR
gk w R 3 g 38 & NMDA X i IGE + 7 de ‘J;J‘K,ért % % % - (Hafenbreidel et
al., 2014; Kelamangalath et al., 2009)» ¥ i & K # & £_NMDA < #8354 H] ¢ & 45 17
% NMDA = %8 + (Newcomer et al., 1999) » @ + 7k | 5 d B 7 ¥ ez
Fe ¥ A KB EF IR R NMDA < 48+ i (Ortinski, 2014) » 7 4 snie ™ {54
R AT e e
R A B R T A GRS PFRBRET § IR ELE RFES
EAEY L0 4 R R R g S R G LA L (RRRE)E G
AR BEREERT o ‘ P Eoi %4 sarcosine ~ D-serine 2 L-4FPG &4 & i i
f HRERIAPREFFLFEF K AR K GAFEFF K- FIEFF R
K AT B B TR G E A A A SR R 6T 2 - (Peters et
al., 2009) » ¥ ~ % % = g £ A # (dorsal prefrontal cortex) — = % & & (prelimbic
cortex) &% *% | w #F & A4 & (ventral prefrontal cortex) — ™ i 5 A F (infralimbic cortex) >
FEIF TN RG AT T B A T 47 B jo & Ji(Caballero et al., 2019) >
g G A APR O AFHREFIAEPRRATL PR 2 TP K
BHEBFLPFERBRDRFT s B3 jﬁ B ad S B2 frag = (Warren et al.,
2017) - “,ﬁitLif’P v FVRAFGAFTE SRR K B SR BA
Wz A I RBIADE FPF B K& GRE e F B (FBERE#M) 7
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A LR ERE AR FNAE
PURFRRES TR Back LE R RE VM > ART LF A%

s %7p% #p (forced abstinence) & = /5 % $» —sarcosine ~ D-serine 2 L-4FPG» 2. {514

~

A KB RHEL P F BRE ARG F AR E Y R REF ARG
R REEE LN

4.sarcosine, D-serine 2 L-AFPG ¥+ & 4> p AL 2 K

&4 A p ARk suenag i 4+ 2 — o sarcosine, D-serine 2 L-4FPG 7 250 RE W
SPab s E RE PR FE DL PLE R AT BEF R RBER L D
Mg n LEERE K6 3N Se kel KB &3S

(Cosme et al., 2015; Kelamangalath et al., 2009; Uslaner et al., 2010) -

5. sarcosine, D-serine 2 L-4FPG #4i& #+ /& (42§ 58
Sarcosine, D-serine 2 L-4FPG i@ & /& 2R3 7 7 € ~ Fhjmhec % & 7 %4
K s ¢ =8 % fwr')%‘&#”l?%?ﬁ@f@%&m(g{”:% }@F‘P}, ¥ bﬁ"‘g;”%ﬁi@

TN S TS S REE

6. sarcosine, D-serine 2 L-4FPG 2. % 2>+

Sarcosine Afes A7 7 I A AUILP REani 2k R (Amiaz et al., 2015; Huang et al.,
2013) > B2 AR A F 47 LR Rdicdy 0 (2 ] sarcosine © A7 B iR a5
% FEfRE L 5t g o D-serine ¢ 2§ ¥ & (= &:800 mg/kg, ip;500 mg/kg,
im)(Ganote et al., 1974; Harper et al., 1970; Okada et al., 2017) > & * = 3 #7i& * 7|
£ (100 mg/kg, ip) K H s ATy Roend AR > Ft i A T E Pehh % Ay
o @ L-4FPG AT B E A BF DI EL T > P oA AG MO LTS
4

E

38

doi:10.6342/NTU202003723



EREE

-gg

~ 77 7 % 5. NMDA = #83 & & —sarcosine, D-serine 2 L-4FPG £ 3 :x & K is =
ek REPRKE G s F KB Sl o F Bavii > S22k 7 2a s
NMDA < %87 B » HAph ! Su B3 F P 87 3> 2 8P w9 2% B
i

FEREGEE L KR &SR E R o

b

g

Ji

39

doi:10.6342/NTU202003723



£ 3L TR

Adamowicz, P., Kala, M., 2005. Urinary excretion rates of ketamine and norketamine
following therapeutic ketamine administration: method and detection window
considerations. Journal of analytical toxicology 29, 376-382.

Adler, C., Goldberg, T., Malhotra, A., Pickar, D., Breier, A., 1998. Effects of ketamine
on thought disorder, working memory, and semantic memory in healthy volunteers.
Biological psychiatry 43, 811-816.

Amiaz, R., Kent, l., Rubinstein, K., Daniel Javitt, M., Weiser, M., 2015. Safety,
tolerability and pharmacokinetics of open label sarcosine added on to
anti-psychotic treatment in schizophrenia-preliminary study. The Israel journal of
psychiatry and related sciences 52, 12.

Amico-Ruvio, S. A., Murthy, S. E., Smith, T. P., Popescu, G. K., 2011. Zinc effects on
NMDA receptor gating kinetics. Biophysical journal 100, 1910-1918.

Barash, P., Cullen, B. F., Stoelting, R. K., Cahalan, M., Stock, M. C., Ortega, R., 2013.
Handbook of clinical anesthesia. Lippincott Williams & Wilkins.

Batalla, A., Homberg, J. R., Lipina, T. V., Sescousse, G., Luijten, M., Ivanova, S. A,,
Schellekens, A. F., Loonen, A. J., 2017. The role of the habenula in the transition
from reward to misery in substance use and mood disorders. Neuroscience &
Biobehavioral Reviews 80, 276-285.

Bossert, J. M., Marchant, N. J., Calu, D. J., Shaham, Y., 2013. The reinstatement model
of drug relapse: recent neurobiological findings, emerging research topics, and
translational research. Psychopharmacology 229, 453-476.

Botreau, F., Paolone, G., Stewart, J., 2006. d-Cycloserine facilitates extinction of a
cocaine-induced conditioned place preference. Behavioural brain research 172,
173-178.

Breier, A., Adler, C. M., Weisenfeld, N., Su, T. P., Elman, I., Picken, L., Malhotra, A. K.,
Pickar, D., 1998. Effects of NMDA antagonism on striatal dopamine release in
healthy subjects: application of a novel PET approach. Synapse 29, 142-147.

Caballero, J. P., Scarpa, G. B., Remage-Healey, L., Moorman, D. E., 2019. Differential
effects of dorsal and ventral medial prefrontal cortex inactivation during natural
reward seeking, extinction, and cue-induced reinstatement. Eneuro 6.

Carlezon Jr, W. A., Thomas, M. J., 2009. Biological substrates of reward and aversion: a
nucleus accumbens activity hypothesis. Neuropharmacology 56, 122-132.

Carlezon, W. A., Wise, R. A., 1996. Rewarding actions of phencyclidine and related
drugs in nucleus accumbens shell and frontal cortex. Journal of Neuroscience 16,
3112-3122.

40

doi:10.6342/NTU202003723



Castner, S., Murthy, N., Ridler, K., Herdon, H., Roberts, B., Weinzimmer, D., Huang, Y.,
Zheng, M., Rabiner, E., Gunn, R., 2014. Relationship between glycine transporter
1 inhibition as measured with positron emission tomography and changes in
cognitive performances in nonhuman primates. Neuropsychopharmacology 39,
2742-2749.

Cervo, L., Di Clemente, A., Orru, A., Moro, F, Cassina, C., Pich, E. M., Corsi, M.,
Gozzi, A., Bifone, A., 2013. Inhibition of glycine transporter-1 reduces cue-
induced nicotine-seeking, but does not promote extinction of conditioned nicotine
cue responding in the rat. Addiction biology 18, 800-811.

Chandler, L. J., Gass, J. T., 2013. The plasticity of extinction: contribution of the
prefrontal cortex in treating addiction through inhibitory learning. Frontiers in
psychiatry 4, 46.

Chatterjee, M., Ganguly, S., Srivastava, M., Palit, G., 2011. Effect of ‘chronic’versus
‘acute’ketamine administration and its ‘withdrawal’effect on behavioural
alterations in mice: implications for experimental psychosis. Behavioural brain
research 216, 247-254.

Chen, W.-Y., Huang, M.-C., Lin, S.-K., 2014. Gender differences in subjective
discontinuation symptoms associated with ketamine use. Substance abuse
treatment, prevention, and policy 9, 39.

Childress, A. R., McLellan, A. T., Ehrman, R., O’Brien, C. P., 1988. Classically
conditioned responses in opioid and cocaine dependence: a role in relapse. NIDA
Res Monogr 84, 25-43.

Childress, A. R., Mozley, P. D., McElgin, W., Fitzgerald, J., Reivich, M., O’brien, C. P.,
1999. Limbic activation during cue-induced cocaine craving. American Journal of
Psychiatry 156, 11-18.

Collier, B. B., 1972. Ketamine and the conscious mind. Anaesthesia 27, 120-134.

Cosme, C. V., Gutman, A. L., LaLumiere, R. T., 2015. The dorsal agranular insular
cortex regulates the cued reinstatement of cocaine-seeking, but not food-seeking,
behavior in rats. Neuropsychopharmacology 40, 2425-2433.

D’Ascenzo, M., Mainardi, M., Grassi, C., 2017. Critical Role of d-Serine Signaling in
Synaptic Plasticity Relevant to Cocaine Addiction. The Neuroscience of Cocaine.
Elsevier, pp. 155-161.

D’Ascenzo, M., Podda, M. V., Grassi, C., 2014. The role of D-serine as co-agonist of
NMDA receptors in the nucleus accumbens: relevance to cocaine addiction.
Frontiers in synaptic neuroscience 6, 16.

Dayton, P., Stiller, R., Cook, D., Perel, J., 1983. The binding of ketamine to plasma
proteins: emphasis on human plasma. European journal of clinical pharmacology

24, 825-831.
41

doi:10.6342/NTU202003723



De Vogel, S., Ulvik, A., Meyer, K., Ueland, P. M., Nygard, O., Vollset, S. E., Tell, G. S.,
Gregory I11, J. F., Tretli, S., Bjgrge, T., 2014. Sarcosine and other metabolites along
the choline oxidation pathway in relation to prostate cancer—A large nested
case—control study within the JANUS cohort in Norway. International journal of
cancer 134, 197-206.

Deneau, G., Yanagita, T., Seevers, M., 1969. Self-administration of psychoactive
substances by the monkey. Psychopharmacologia 16, 30-48.

Di Chiara, G., 2002. Nucleus accumbens shell and core dopamine: differential role in
behavior and addiction. Behavioural brain research 137, 75-114.

Dinis-Oliveira, R. J., 2017. Metabolism and metabolomics of ketamine: a toxicological
approach. Forensic sciences research 2, 2-10.

Do Couto, B. R., Aguilar, M., Manzanedo, C., Rodriguez-Arias, M., Minarro, J., 2005.
NMDA glutamate but not dopamine antagonists blocks drug-induced reinstatement
of morphine place preference. Brain Research Bulletin 64, 493-503.

Driesen, N. R., McCarthy, G., Bhagwagar, Z., Bloch, M., Calhoun, V., D'Souza, D. C.,
Gueorguieva, R., He, G., Ramachandran, R., Suckow, R. F., 2013. Relationship of
resting brain hyperconnectivity and schizophrenia-like symptoms produced by the
NMDA receptor antagonist ketamine in humans. Molecular psychiatry 18,
1199-1204.

Dundee, J., Bovill, J., Knox, J., Clarke, R., Black, G., Love, S., Moore, J., Elliott, J.,
Pandit, S., Coppel, D., 1970. Ketamine as an induction agent in anaesthetics. The
Lancet 295, 1370-1371.

Edwards, S. R., Mather, L. E., 2001. Tissue uptake of ketamine and norketamine
enantiomers in the rat Indirect evidence for extrahepatic metabolic inversion. Life
sciences 69, 2051-2066.

Ezquerra-Romano, I. I., Lawn, W., Krupitsky, E., Morgan, C., 2018. Ketamine for the
treatment of addiction: Evidence and potential mechanisms. Neuropharmacology
142, 72-82.

Famous, K. R., Schmidt, H. D., Pierce, R. C., 2007. When administered into the nucleus
accumbens core or shell, the NMDA receptor antagonist AP-5 reinstates
cocaine-seeking behavior in the rat. Neuroscience letters 420, 169-173.

Fanta, S., Kinnunen, M., Backman, J. T., Kalso, E., 2015. Population pharmacokinetics
of S-ketamine and norketamine in healthy volunteers after intravenous and oral
dosing. European journal of clinical pharmacology 71, 441-447.

Foster, A. C., Farnsworth, J., Lind, G. E., Li, Y.-X,, Yang, J.-Y., Dang, V., Penjwini, M.,
Viswanath, V., Staubli, U., Kavanaugh, M. P., 2016. D-serine is a substrate for
neutral amino acid transporters ASCT1/SLC1A4 and ASCT2/SLC1A5, and is

transported by both subtypes in rat hippocampal astrocyte cultures. PloS one 11.
42

doi:10.6342/NTU202003723



Foster, A. C., Rangel-Diaz, N., Staubli, U., Yang, J.-Y., Penjwini, M., Viswanath, V., L,
Y.-X., 2017. Phenylglycine analogs are inhibitors of the neutral amino acid
transporters ASCT1 and ASCT2 and enhance NMDA receptor-mediated LTP in rat
visual cortex slices. Neuropharmacology 126, 70-83.

Ganote, C. E., Peterson, D. R., Carone, F. A., 1974. The nature of D-serine-induced
nephrotoxicity. The American journal of pathology 77, 269.

Garci-Pardo, M. P., Escobar-Valero, C., Rodriguez-Arias, M., Mifarro, J., Aguilar, M.
A., 2015. Involvement of NMDA glutamate receptors in the acquisition and
reinstatement of the conditioned place preference induced by MDMA.. Behavioural
Pharmacology 26, 411-417.

Gass, J. T., Trantham-Davidson, H., Kassab, A. S., Glen, W. B., Olive, M. F,, Chandler,
L. J., 2014. Enhancement of extinction learning attenuates ethanol-seeking
behavior and alters plasticity in the prefrontal cortex. Journal of Neuroscience 34,
7562-7574.

Goodman, A., 1990. Addiction: definition and implications. British journal of addiction
85, 1403-1408.

Gozzi, A., Herdon, H., Schwarz, A., Bertani, S., Crestan, V., Turrini, G., Bifone, A.,
2008. Pharmacological stimulation of NMDA receptors via co-agonist site
suppresses TMRI response to phencyclidine in the rat. Psychopharmacology 201,
273-284.

Gray, J. A., Roth, B. L., 2007. The pipeline and future of drug development in
schizophrenia. Molecular psychiatry 12, 904-922.

Griffiths, R. R., Bradford, L. D., Brady, J. V., 1979. Progressive ratio and fixed ratio
schedules of cocaine-maintained responding in baboons. Psychopharmacology 65,
125-136.

Guastella, J., Brecha, N., Weigmann, C., Lester, H. A., Davidson, N., 1992. Cloning,
expression, and localization of a rat brain high-affinity glycine transporter.
Proceedings of the National Academy of Sciences 89, 7189-7193.

Hafenbreidel, M., Todd, C. R., Twining, R. C., Tuscher, J. J., Mueller, D., 2014.
Bidirectional effects of inhibiting or potentiating NMDA receptors on extinction
after cocaine self-administration in rats. Psychopharmacology 231, 4585-4594.

Harper, A., Benevenga, N., Wohlhueter, R., 1970. Effects of ingestion of
disproportionate amounts of amino acids. Physiological reviews 50, 428-558.

Harsing Jr, L. G., Matyus, P., 2013. Mechanisms of glycine release, which build up
synaptic and extrasynaptic glycine levels: The role of synaptic and non-synaptic
glycine transporters. Brain Research Bulletin 93, 110-119.

Healey, K., 2017. An Examination of D-serine Augmentation on the Behavioral and

Cellular Mechanisms of Cocaine Seeking.
43

doi:10.6342/NTU202003723



Hirota, K., Hashimoto, Y., Lambert, D. G., 2002. Interaction of intravenous anesthetics
with recombinant human M1-M3 muscarinic receptors expressed in chinese
hamster ovary cells. Anesthesia & Analgesia 95, 1607-1610.

Hirota, K., Lambert, D., 1996. Ketamine: its mechanism (s) of action and unusual
clinical uses. British Journal of Anaesthesia 77, 441-444.

Hodos, W., 1961. Progressive ratio as a measure of reward strength. Science 134,
943-944.

Huang, C.-C., Wei, I.-H., Huang, C.-L., Chen, K.-T., Tsai, M.-H., Tsai, P., Tun, R.,
Huang, K.-H., Chang, Y.-C., Lane, H.-Y., 2013. Inhibition of glycine transporter-I
as a novel mechanism for the treatment of depression. Biological psychiatry 74,
734-741.

Hustveit, O., Maurset, A., @ ye, 1., 1995. Interaction of the chiral forms of ketamine with
opioid, phencyclidine, 6 and muscarinic receptors. Pharmacology & toxicology 77,
355-359.

Irwin, S. A., Iglewicz, A., 2010. Oral ketamine for the rapid treatment of depression and
anxiety in patients receiving hospice care. Journal of palliative medicine 13,
903-908.

Javitt, D. C., Balla, A., Sershen, H., Lajtha, A., 1999. Reversal of phencyclidine-induced
effects by glycine and glycine transport inhibitors. Biological psychiatry 45,
668-679.

Jones, J. L., Mateus, C. F., Malcolm, R. J., Brady, K. T., Back, S. E., 2018. Efficacy of
ketamine in the treatment of substance use disorders: a systematic review. Frontiers
in psychiatry 9, 277.

Kalivas, P. W., Volkow, N. D., 2005. The neural basis of addiction: a pathology of
motivation and choice. American Journal of Psychiatry 162, 1403-1413.

Kantrowitz, J. T., Woods, S. W., Petkova, E., Cornblatt, B., Corcoran, C. M., Chen, H.,
Silipo, G., Javitt, D. C., 2015. D-serine for the treatment of negative symptoms in
individuals at clinical high risk of schizophrenia: a pilot, double-blind,
placebo-controlled, randomised parallel group mechanistic proof-of-concept trial.
The Lancet Psychiatry 2, 403-412.

Karch, S. B., Drummer, O., 2008. Karch's pathology of drug abuse. CRC press.

Keilhoff, G., Bernstein, H.-G., Becker, A., Grecksch, G., Wolf, G., 2004. Increased
neurogenesis in a rat ketamine model of schizophrenia. Biological psychiatry 56,
317-322.

Kelamangalath, L., Seymour, C. M., Wagner, J. J., 2009. D-serine facilitates the effects
of extinction to reduce cocaine-primed reinstatement of drug-seeking behavior.
Neurobiology of learning and memory 92, 544-551.

Kelamangalath, L., Wagner, J. J., 2010. D-serine treatment reduces cocaine-primed
44

doi:10.6342/NTU202003723



reinstatement in rats following extended access to cocaine self-administration.
Neuroscience 169, 1127-1135.

Koob, G. F., Le Moal, M., 1997. Drug abuse: hedonic homeostatic dysregulation.
Science 278, 52-58.

Koob, G. F,, Le Moal, M., 2005. Plasticity of reward neurocircuitry and the'dark side'of
drug addiction. Nature neuroscience 8, 1442-1444.

Koob, G. F, Molkow, N. D., 2010. Neurocircuitry of addiction.
Neuropsychopharmacology 35, 217-238.

Li, Y.-X,, Yang, J.-Y., Alcantara, M., Abelian, G., Kulkarni, A., Staubli, U., Foster, A. C.,
2018. Inhibitors of the neutral amino acid transporters ASCT1 and ASCT2 are
effective in in vivo models of schizophrenia and visual dysfunction. Journal of
Pharmacology and Experimental Therapeutics 367, 292-301.

Liebrenz, M., Borgeat, A., Leisinger, R., 2007. Intravenous ketamine therapy in a
patient with a treatment-resistant major depression. Swiss medical weekly 137.
Lodge, D. a., Mercier, M., 2015. Ketamine and phencyclidine: the good, the bad and the

unexpected. British journal of pharmacology 172, 4254-4276.

M Cleva, R., T Gass, J., J Widholm, J., F Olive, M., 2010. Glutamatergic targets for
enhancing extinction learning in drug addiction. Current neuropharmacology 8,
394-408.

Maag, J. W., 2001. Rewarded by punishment: Reflections on the disuse of positive
reinforcement in schools. Exceptional children 67, 173-186.

MacDonald, J., Bartlett, M., Mody, I., Pahapill, P., Reynolds, J., Salter, M.,
Schneiderman, J., Pennefather, P., 1991. Actions of ketamine, phencyclidine and
MK-801 on NMDA receptor currents in cultured mouse hippocampal neurones.
The Journal of physiology 432, 483-508.

MacDonald, J., Miljkovic, Z., Pennefather, P., 1987. Use-dependent block of excitatory
amino acid currents in cultured neurons by ketamine. Journal of neurophysiology
58, 251-266.

MacKillop, J., Few, L., Stojek, M., Murphy, C., Malutinok, S., Johnson, F., Hofmann, S.,
McGeary, J., Swift, R., Monti, P., 2015. D-cycloserine to enhance extinction of
cue-elicited craving for alcohol: a translational approach. Translational psychiatry
5, e544-e544.

Malinovsky, J., Servin, F., Cozian, A., Lepage, J., Pinaud, M., 1996. Ketamine and
norketamine plasma concentrations after iv, nasal and rectal administration in
children. British Journal of Anaesthesia 77, 203-207.

Matsuura, A., Fujita, Y., lyo, M., Hashimoto, K., 2015. Effects of sodium benzoate on
pre-pulse inhibition deficits and hyperlocomotion in mice after administration of

phencyclidine. Acta Neuropsychiatr 27, 159-167.
45

doi:10.6342/NTU202003723



McConnell, J. V., 1990. Negative reinforcement and positive punishment. Teaching of
Psychology 17, 247-249.

McGlinchey, E. M., James, M. H., Mahler, S. V., Pantazis, C., Aston-Jones, G., 2016.
Prelimbic to accumbens core pathway is recruited in a dopamine-dependent
manner to drive cued reinstatement of cocaine seeking. Journal of Neuroscience 36,
8700-8711.

Mion, G., Villevieille, T., 2013. Ketamine pharmacology: an update (pharmacodynamics
and molecular aspects, recent findings). CNS neuroscience & therapeutics 19,
370-380.

Morgan, C. J., Curran, H. V., 2006. Acute and chronic effects of ketamine upon human
memory: a review. Psychopharmacology 188, 408-424.

Morgan, C. J., Curran, H. V., Drugs, I. S. C. 0., 2012. Ketamine use: a review. Addiction
107, 27-38.

Newcomer, J. W., Farber, N. B., Jevtovic-Todorovic, V., Selke, G., Melson, A. K.,
Hershey, T., Craft, S., Olney, J. W., 1999. Ketamine-induced NMDA receptor
hypofunction as a model of memory impairment and psychosis.
Neuropsychopharmacology 20, 106-118.

Newcomer, J. W., Farber, N. B., Olney, J. W., 2000. NMDA receptor function, memory,
and brain aging. Dialogues in clinical neuroscience 2, 219.

Nishimura, M., Sato, K., Okada, T., Yoshiya, ., Schloss, P., Shimada, S., Tohyama, M.,
1998. Ketamine inhibits monoamine transporters expressed in human embryonic
kidney 293 cells. Anesthesiology: The Journal of the American Society of
Anesthesiologists 88, 768-774.

Okada, A., Nangaku, M., Jao, T.-M., Maekawa, H., Ishimono, Y., Kawakami, T., Inagi,
R., 2017. D-serine, a novel uremic toxin, induces senescence in human renal
tubular cells via GCN2 activation. Scientific reports 7, 1-13.

Orser, B. A., Pennefather, P. S., MacDonald, J. F., 1997. Multiple mechanisms of
ketamine blockade of N-methyl-D-aspartate receptors. Anesthesiology: The
Journal of the American Society of Anesthesiologists 86, 903-917.

Ortinski, P. 1., 2014. Cocaine-induced changes in NMDA receptor signaling. Molecular
neurobiology 50, 494-506.

Panizzutti, R., Scoriels, L., Avellar, M., 2014. The Co-agonist site of NMDA-glutamate
receptors: a novel therapeutic target for age-related cognitive decline. Current
pharmaceutical design 20, 5160-5168.

Pavlov, I. P, Anrep, G. V. e., 1928. Conditioned reflexes: an investigation of the
physiological activity of the cerebral cortex. Oxford University Press London.

Pei, J.-C., Hung, W.-L., Lin, B.-X., Shih, M.-H., Lu, L.-Y., Luo, D.-Z., Tai, H.-C,,

Studer, V., Min, M.-Y,, Lai, W.-S., 2019. Therapeutic potential and underlying
46

doi:10.6342/NTU202003723



mechanism of sarcosine (N-methylglycine) in N-methyl-D-aspartate (NMDA)
receptor hypofunction models of schizophrenia. Journal of Psychopharmacology
33, 1288-1302.

Peltoniemi, M. A., Hagelberg, N. M., Olkkola, K. T., Saari, T. I., 2016. Ketamine: a
review of clinical pharmacokinetics and pharmacodynamics in anesthesia and pain
therapy. Clinical pharmacokinetics 55, 1059-1077.

Pernot, P., Maucler, C., Tholance, Y., Vasylieva, N., Debilly, G., Pollegioni, L.,
Cespuglio, R., Marinesco, S., 2012. d-Serine diffusion through the blood-brain
barrier: Effect on d-serine compartmentalization and storage. Neurochemistry
international 60, 837-845.

Peters, J., Kalivas, P. W., Quirk, G. J., 2009. Extinction circuits for fear and addiction
overlap in prefrontal cortex. Learning & memory 16, 279-288.

Phelps, L. E., Brutsche, N., Moral, J. R., Luckenbaugh, D. A., Manji, H. K., Zarate Jr, C.
A., 2009. Family history of alcohol dependence and initial antidepressant response
to an N-methyl-D-aspartate antagonist. Biological psychiatry 65, 181-184.

Premack, D., 1959. Toward empirical behavior laws: 1. Positive reinforcement.
Psychological Review 66, 219.

Qi, X., Evans, A. M., Wang, J., Miners, J. O., Upton, R. N., Milne, R. W., 2010.
Inhibition of morphine metabolism by ketamine. Drug metabolism and disposition
38, 728-731.

Rescorla, R. A., Wagner, A. R., 1972. A theory of Pavlovian conditioning: Variations in
the effectiveness of reinforcement and nonreinforcement. Classical conditioning I1:
Current research and theory 2, 64-99.

Ribeiro, C. S., Reis, M., Panizzutti, R., de Miranda, J., Wolosker, H., 2002. Glial
transport of the neuromodulator D-serine. Brain research 929, 202-209.

Robbins, T., Ersche, K., Everitt, B., 2008. Drug addiction and the memory systems of
the brain.

Roberts, B. M., Shaffer, C. L., Seymour, P. A., Schmidt, C. J., Williams, G. V., Castner,
S. A., 2010. Glycine transporter inhibition reverses ketamine-induced working
memory deficits. Neuroreport 21, 390-394.

Rosenberg, D., Artoul, S., Segal, A. C., Kolodney, G., Radzishevsky, I., Dikopoltsev, E.,
Foltyn, V. N., Inoue, R., Mori, H., Billard, J.-M., 2013. Neuronal D-serine and
glycine release via the Asc-1 transporter regulates NMDA receptor-dependent
synaptic activity. Journal of Neuroscience 33, 3533-3544.

Santa Ana, E. J., Rounsaville, B. J., Frankforter, T. L., Nich, C., Babuscio, T., Poling, J.,
Gonsai, K., Hill, K. P,, Carroll, K. M., 2009. D-Cycloserine attenuates reactivity to
smoking cues in nicotine dependent smokers: a pilot investigation. Drug and

alcohol dependence 104, 220-227.
47

doi:10.6342/NTU202003723



Scopelliti, A. J., Ryan, R. M., Vandenberg, R. J., 2013. Molecular determinants for
functional differences between alanine-serine-cysteine transporter 1 and other
glutamate transporter family members. Journal of Biological Chemistry 288,
8250-8257.

Seif, T., Simms, J. A,, Lei, K., Wegner, S., Bonci, A., Messing, R. O., Hopf, F. W., 2015.
D-serine and D-cycloserine reduce compulsive alcohol intake in rats.
Neuropsychopharmacology 40, 2357-2367.

Sernagor, E., Kuhn, D., Wklicky Jr, L., Mayer, M. L., 1989. Open channel block of
NMDA receptor responses evoked by tricyclic antidepressants. Neuron 2,
1221-1227.

Sinner, B., Graf, B., 2008. Ketamine. Modern Anesthetics. Springer, pp. 313-333.

Skinner, B. F., 1963. Operant behavior. American psychologist 18, 503.

Smith, K. M., Larive, L. L., Romanellii F, 2002. Club drugs:
methylenedioxymethamphetamine, flunitrazepam, ketamine hydrochloride, and
gamma-hydroxybutyrate. American Journal of Health-System Pharmacy 59,
1067-1076.

Smith, K. S., Tindell, A. J., Aldridge, J. W., Berridge, K. C., 2009. Ventral pallidum
roles in reward and motivation. Behavioural brain research 196, 155-167.

Snyder, S. H., Ferris, C. D., 2000. Novel neurotransmitters and their neuropsychiatric
relevance. American Journal of Psychiatry 157, 1738-1751.

Spealman, R. D., Goldberg, S. R., 1978. Drug self-administration by laboratory animals:
control by schedules of reinforcement. Annual Review of Pharmacology and
Toxicology 18, 313-339.

Thanos, P. K., Subrize, M., Lui, W., Puca, Z., Ananth, M., Michaelides, M., Wang, G. J.,
Volkow, N. D., 2011. D-cycloserine facilitates extinction of cocaine self-
administration in ¢57 mice. Synapse 65, 1099-1105.

Thomson, A. M., Walker, V., Flynn, D. M., 1989. Glycine enhances NMDA-receptor
mediated synaptic potentials in neocortical slices. Nature 338, 422-424.

Trullas, R., Skolnick, P., 1990. Functional antagonists at the NMDA receptor complex
exhibit antidepressant actions. European journal of pharmacology 185, 1-10.

Tsai, G., 2016. Ultimate translation: developing therapeutics targeting on
N-methyl-d-aspartate receptor. Advances in Pharmacology. Elsevier, pp. 257-309.

Tsai, G., Lane, H.-Y,, Yang, P., Chong, M.-Y., Lange, N., 2004. Glycine transporter |
inhibitor, N-methylglycine (sarcosine), added to antipsychotics for the treatment of
schizophrenia. Biological psychiatry 55, 452-456.

Tsai, Y.-n., Tzeng, W.-Y., Cherng, C. G., Liao, T. Y., Wu, H.-H., Lin, J.-K., Yu, L., 2016.
Effects of sodium benzoate treatment in combination with an extinction training on

the maintenance of cocaine-supported memory. Chinese Journal of Physiology 59,
48

doi:10.6342/NTU202003723



56-61.

Uslaner, J. M., Drott, J. T., Sharik, S. S., Theberge, C. R., Sur, C., Zeng, Z., Williams, D.
L., Hutson, P. H., 2010. Inhibition of glycine transporter 1 attenuates nicotine-but
not food-induced cue-potentiated reinstatement for a response previously paired
with sucrose. Behavioural brain research 207, 37-43.

Vengeliene, V., Bachteler, D., Danysz, W., Spanagel, R., 2005. The role of the NMDA
receptor in alcohol relapse: a pharmacological mapping study using the alcohol
deprivation effect. Neuropharmacology 48, 822-829.

Vengeliene, V., Leonardi-Essmann, F., Sommer, W. H., Marston, H. M., Spanagel, R.,
2010. Glycine transporter-1 blockade leads to persistently reduced relapse-like
alcohol drinking in rats. Biological psychiatry 68, 704-711.

Vengeliene, V., RoBmanith, M., Takahashi, T. T., Alberati, D., Behl, B., Bespalov, A.,
Spanagel, R., 2018. Targeting glycine reuptake in alcohol seeking and relapse.
Journal of Pharmacology and Experimental Therapeutics 365, 202-211.

\Volkow, N. D., Baler, R. D., 2015. NOW vs LATER brain circuits: implications for
obesity and addiction. Trends in neurosciences 38, 345-352.

\Volkow, N. D., Koob, G. F., McLellan, A. T., 2016. Neurobiologic advances from the
brain disease model of addiction. New England Journal of Medicine 374, 363-371.

\Volkow, N. D., Morales, M., 2015. The brain on drugs: from reward to addiction. Cell
162, 712-725.

\Volkow, N. D., Wang, G.-J., Ma, Y., Fowler, J. S., Wong, C., Ding, Y.-S., Hitzemann, R.,
Swanson, J. M., Kalivas, P., 2005. Activation of orbital and medial prefrontal
cortex by methylphenidate in cocaine-addicted subjects but not in controls:
relevance to addiction. Journal of Neuroscience 25, 3932-3939.

\Volkow, N. D., Wang, G.-J., Telang, F., Fowler, J. S., Logan, J., Childress, A.-R., Jayne,
M., Ma, Y., Wong, C., 2006. Cocaine cues and dopamine in dorsal striatum:
mechanism of craving in cocaine addiction. Journal of Neuroscience 26,
6583-6588.

Wang, C., Zheng, D., Xu, J., Lam, W,, Yew, D., 2013. Brain damages in ketamine
addicts as revealed by magnetic resonance imaging. Frontiers in neuroanatomy 7,
23.

Warren, B. L., Kane, L., Venniro, M., Selvam, P., Quintana-Feliciano, R., Mendoza, M.
P., Madangopal, R., Komer, L., Whitaker, L. R., Rubio, F. J., 2019. Separate
vmMPFC ensembles control cocaine self-administration versus extinction in rats.
Journal of Neuroscience 39, 7394-7407.

Warren, B. L., Suto, N., Hope, B. T., 2017. Mechanistic resolution required to mediate
operant learned behaviors: insights from neuronal ensemble-specific inactivation.

Frontiers in Neural Circuits 11, 28.
49

doi:10.6342/NTU202003723



Weeks, J. R., 1962. Experimental morphine addiction: method for automatic
intravenous injections in unrestrained rats. Science 138, 143-144.

White, P., Schiittler, J., Shafer, A., Stanski, D., Horali, Y., Trevor, A., 1985. Comparative
pharmacology of the ketamine isomers: studies in volunteers. BJA: British Journal
of Anaesthesia 57, 197-203.

Wolosker, H., Balu, D. T., Coyle, J. T., 2016. The rise and fall of the d-serine-mediated
gliotransmission hypothesis. Trends in neurosciences 39, 712-721.

Xu, J., Lei, H., 2014. Ketamine-An Update on Its Clinical Uses and Abuses. CNS
neuroscience & therapeutics 20, 1015-1020.

Yamakura, T., Shimoji, K., 1999. Subunit-and site-specific pharmacology of the NMDA
receptor channel. Progress in neurobiology 59, 279-298.

Yamamori, H., Hashimoto, R., Fujita, Y., Numata, S., Yasuda, Y., Fujimoto, M., Ohi, K.,
Umeda-Yano, S., Ito, A., Ohmori, T., 2014. Changes in plasma D-serine, L-serine,
and glycine levels in treatment-resistant schizophrenia before and after clozapine
treatment. Neuroscience letters 582, 93-98.

Yang, F.-Y., Lee, Y.-S., Cherng, C. G., Cheng, L.-Y., Chang, W.-T., Chuang, J.-Y., Kao,
G.-S., Yu, L., 2013. D-cycloserine, sarcosine and D-serine diminish the expression
of cocaine-induced conditioned place preference. Journal of Psychopharmacology
27, 550-558.

Yew, D. T., 2015. Ketamine: Use and abuse. CRC Press.

Zafra, F., Gomeza, J., Olivares, L., Aragon, C., Giménez, C., 1995. Regional
distribution and developmental variation of the glycine transporters GLYT1 and
GLYT2 in the rat CNS. European Journal of Neuroscience 7, 1342-1352.

Zarate, C. A., Singh, J. B., Carlson, P. J., Brutsche, N. E., Ameli, R., Luckenbaugh, D.
A., Charney, D. S., Manji, H. K. 2006. A randomized trial of an
N-methyl-D-aspartate antagonist in treatment-resistant major depression. Archives
of general psychiatry 63, 856-864.

Zeilhofer, H. U., Swandulla, D., Geisslinger, G., Brune, K., 1992. Differential effects of
ketamine enantiomers on NMDA receptor currents in cultured neurons. European
journal of pharmacology 213, 155-158.

Zhang, H. X., Hyrc, K., Thio, L. L., 2009. The glycine transport inhibitor sarcosine is an
NMDA receptor co-agonist that differs from glycine. The Journal of physiology
587, 3207-3220.

¢ R
iz (2016) o = 7 4 vefibdr = ¢ A R HETKE AAF AR H AR BT S
2% (AL B Lm ) WP FER L4 o
Mg (2017)e = @ Ao veplecd ? Frf#2 T2 B H (R R Z Ll ) &~
50

doi:10.6342/NTU202003723



-’%ﬁ ’ %ﬁ.f‘.’)ﬂ °

350 (018)- P EHE ¥UBANEKE b p ARERG I I AFFL (K
TRz F ke ) B E o TED o

17§ (2018) ¢ ¥V A FKE AFEFL 75 B (R IRZALGD) sl

¥ R

51

doi:10.6342/NTU202003723



# ~ W%

|LFoodtraining—| Surgery and |— Acquisition —|
FI-12 = FR1max100 — 'fe€COVery ' fpy _ FR2

1 day 4 days 7 days 7 days 9 days
500+ B —=— Active lever 100
—o— Inactive lever C
»n 400 n
g S 801 %
S 3001 2 /ﬁ/iﬁ\i/%/%\y
Q = 604 %
0 < I~
o = /
— 200 s |
3 5 40 %
O -g E\% *
— 100 S 204
=
o T T T T T T T T 0 T T T T T T T T
0 2 4 6 8 10 12 14 16 Day 0 2 4 6 8 10 12 14 16 Day
FR1 FR2 FR1 FR2

Figure 1. Ketamine self-administration at 0.5 mg/kg/infusion.

Experimental timeline (A). After food training and surgery, rat received the fixed-ratio 1
(FR1) and FR2 schedule for the acquisition of ketamine self-administration. The
number of lever responses(B) and ketamine infusions (C) on FR1 and FR2 schedule
were recorded. The data were presented as mean +SEM.(n=6)
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Figure 2. Effects of acute sarcosine on the motivation to self-administer ketamine
under a PR schedule of reinforcement.Experimental timeline (A).After acquisition
training of ketamine,two sets of animals were administered with sarcosine (30 or 100
mg/kg) or saline (n=6)(B)30 min prior to ketamine self-administration. The number of
lever presses, breakpoint and ketamine infusions were recorded. The data were
presented as mean +SEM. *P<0.05, **P<0.01,compared with the saline group.
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Figure 3. Effects of acute D-serine on the motivation to self-administer ketamine
under a PR schedule of reinforcement.Experimental timeline (A).After acquisition
training of ketamine, two sets of animals were administered with D-serine (100 mg/kg)
or saline (n=6)(B) and D-serine (30 mg/kg) or saline (n=6)(C) 120 min prior to
ketamine self-administration. The number of lever presses, breakpoint and ketamine
infusions were recorded. The data were presented as mean +SEM. *P<0.05, compared
with the saline group.
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Figure 4. Effects of acute L-4FPG on the motivation to self-administer ketamine
under a PR schedule of reinforcement.Experimental timeline (A).After acquisition
training of ketamine, two sets of animals were administered with L-4FPG (1 mg/kg) or
saline (n=7)(B) and L-4FPG (0.3 mg/kg) or saline (n=5)(C) 30 min prior to ketamine
self-administration. The number of lever presses, breakpoint and ketamine infusions
were recorded. The data were presented as mean +SEM. *P<0.05, **P<0.01,compared
with the saline group.
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Figure 5. Effects of acute sarcosine on cue- and ketamine prime-induced
reinstatement of ketamine seeking.

Experimental timeline (A). The animals received the ketamine self-administration under
a FR1 and FR2 schedule followed by the extinction procedures until criteria were
reached for at least 2 sessions. Two sets of animals were administered with sarcosine
100 mg/kg or saline(n=6)(B) and sarcosine 30 mg/kg or saline (n=6)(C)prior to cue- and
ketamine (10 mg/kg, ip) priming-induced reinstatement. The number of active lever
responses of last session of extinction and reinstatement induced by cue or ketamine
priming were demonstrated. The data were presented as mean + SEM. ***P < 0.001,
compared with the saline group. SAR: sarcosine.

56

doi:10.6342/NTU202003723



A Surgery

and
Food training —, recovery _, [r1 + FR2 —» Ext — Cue — Ext —ctamine
5 days 7 days 12~20days  7~8days 4~6 days PM'MINg
B 125- [JLast extinction
@ s Hl Reinstatment
9100+
o
o
D 754
g
5 50+
S
5 254
<
Saline DS 100 Saline DS 100
Cue Ketamine-priming
C 125 [ ]Last extinction
o Il Reinstatment
® 100
o
Q *kk
§ 751
5 50+
S
'S 25+
(&]
<

Saline DS 30 Saline DS 30
Cue Ketamine-priming

Figure 6. Effects of acute D-serine on cue- and ketamine prime-induced
reinstatement of ketamine seeking.

Experimental timeline (A).The animals received the ketamine self-administration under
a FR1 and FR2 schedule followed by the extinction procedures until criteria were
reached for at least 2 sessions. Two sets of animals were administered with D-serine 100
mg/kg or saline(n=6)(B) and D-serine 30 mg/kg or saline (n=6)(C)prior to cue- and
ketamine priming-induced reinstatement. The number of active lever responses of last
session of extinction and reinstatement induced by cue or ketamine priming were
demonstrated. The data were presented as mean + SEM. *P < 0.05 ***P <
0.001,compared with the saline group. DS: D-serine
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Figure 7. Effects of acute L-4FPG on cue- and ketamine prime-induced
reinstatement of ketamine seeking.

Experimental timeline (A).The animals received the ketamine self-administration under
a FR1 and FR2 schedule followed by the extinction procedures until criteria were
reached for at least 2 sessions. Two sets of animals were administered with L-4FPG 1
mg/kg or saline(n=6)(B) andL-4FPG 3 mg/kg or saline (n=6)(C)prior to cue- and
ketamine priming-induced reinstatement. The number of active lever responses of last
session of extinction and reinstatement induced by cue or ketamine priming were
demonstrated. Data were presented as mean + SEM. **P < 0.01 compared with the
saline group.
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Figure 8. Effects of sarcosine, D-serine and L-4FPG during extinction session of

ketamine self-administration.

Experimental timeline (A). After acquisition training of ketamine self-administration,
rats received a daily extinction procedure for 7 days. Saline (n=6), sarcosine 100 mg/kg
(n=6), D-serine 100 mg/kg (n=6) or L-4FPG 3 mg/kg (n=6) were immediately
administered after each extinction sessions.The active lever press responses during
extinction(B), the number of days spent for reaching extinction criteria(C), and the
numbers of active lever responses of reinstatement induced by cue(D) or ketamine
priming (E) were recorded. Saline, sarcosine, D-serine and L-4FPG were administered
by between-subject design. The data were presented as mean + SEM. **P < 0.01

compared with the saline group.
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Figure 9. Food self-administration.

Experimental timeline (A). After food training, rat received the food
self-administrationunder FR1 and FR2 schedules. Number of lever responses (B) and
food pellets (C)were recorded. The data were presented as mean £SEM (n=6).
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Figure 10. Effects of sarcosine on food reinforcement under a PR schedule and cue-
and food priming-induced reinstatement of food seeking.

Experimental timeline (A).Sarcosine (100 mg/kg) or saline were administered 30 min
prior to food self-administration procedures under a PR schedule. The numbers of lever
responses, breakpoints and the food pallets received were recorded (B). The animals
were trained to self-administer food pellets followed by the extinction procedures.
Sarcosine (100 mg/kg) or saline were administered 30 min prior to cue- and food pellet
priming-induced reinstatement. The numbers of active lever responses of last session of
extinction and reinstatement induced by cue or food pellet priming were demonstrated
(C). The data were presented as mean +SEM (n=6). SAR: sarcosine
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Figure 11. Effects of D-serine on food reinforcement under a PR schedule and cue-
and food priming-induced reinstatement of food seeking.

Experimental timeline (A). D-serine (100 mg/kg) or saline were administered 120 min
prior to food self-administration procedures under a PR schedule. The numbers of lever
responses, breakpoints and the food pallets received were recorded (B). The animals
were trained to self-administer food pellets followed by the extinction procedures.
D-serine (100 mg/kg) or saline were administered 120 min prior to cue- and food pellet
priming-induced reinstatement. The numbers of active lever responses of last session of
extinction and reinstatement induced by cue or food pellet priming were demonstrated
(C). The data were presented as mean +SEM (n=6). DS: D-serine

62

doi:10.6342/NTU202003723



A Food self-administration

Food training == FR1 + FR2 — PR
5 days 12~20 days

Food self-administration
Food training = FR1 + FR2 — Ext — Cue — Ext — Food priming

5 days 12~20 days 5~9 days 4~6 days
204 B []Saline 2001 [ Saline
B L-4FPG B L-4FPG
15 150

Food pellets
'_\

o
Breakpoint
-

o
S

al
L

an

o
L

0 0
[ ]Saline 10004, C [JLast extinction
1000- Il L-4FPG @ Hl Reinstatement
2 800+
«» 800+ S
b $ 600
n ] —_
o 600 5
o 3 400+
@ 400+ =
> [}
o =
—1 200 5 2997
<
0 0- . .
Saline L-4FPG Saline L-4FPG

Cue Food priming

Figure 12. Effects of L-4FPG on food reinforcement under a PR schedule and cue-
and food priming-induced reinstatement of food seeking.

Experimental timeline (A). L-4FPG (3 mg/kg) or saline was administered 30 min prior
to food self-administration procedures under a PR schedule. The numbers of lever
responses, breakpoints and the food pallets received were recorded (B). The animals
were trained to self-administer food pellets followed by the extinction procedures.
L-4FPG (3 mg/kg) or saline were administered 30 min prior to cue- and food pellet
priming-induced reinstatement. The numbers of active lever responses of last session of
extinction and reinstatement induced by cue or food pellet priming were demonstrated
(C). The data were presented as mean £SEM (n=6).
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Figure 13. Effects of sarcosine on locomotor activity in the open field.

Experimental timeline (A).The basal locomotor activity was measured for60 min,
followed by administration of sarcosine (100 mg/kg) or saline and proceeded to
measure for 120 min. The distance traveled for each 10 min (B) and total distance
(C)after drug injection are presented as mean + SEM (n=6).
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Figure 14. Effects of D-serine on locomotor activity in the open field.

Experimental timeline (A).The basal locomotor activity was measured for60 min,
followed by administration of D-serine (100 mg/kg) or saline and proceeded to measure
for 120 min. The distance traveled for each 10 min(B) and total distance (C)after drug
injection are presented as mean + SEM (n=7).
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Figure 15. Effects of L-4FPG on locomotor activity in the open field.

Experimental timeline (A).The basal locomotor activity was measured for60 min,
followed by administration of L-4FPG (100 mg/kg) or saline and proceeded to measure
for 120 min. The distance traveled for each 10 min(B) andtotal distance (C) after drug

injection are presented as mean + SEM (n=7).
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