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P=0.185), and active (F(5,10)=0.0185, P=0.982) and in-
active (F(5,10)=0.200, P=0.822) lever responses.
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Fig. 9. Priming effects of pre-session treatment with (—)-BPAP, (A)
SKF-81297, (B) and SCH-23390, (C) alone under extinction condition in
methamphetamine self-administered rats after extinction sessions. (—)-
BPAP was administered i.p. 30 min before the sessions, whereas SKF-
81297 and SCH-23390 were administered s.c. 15 and 30 min before the
session. Closed and open circles indicate responding on active and
inactive levers. ** P<0.01 versus responding on active or inactive levers
on final extinction (FE) day. (A) The sample sizes of the FE session and
(—)-BPAP at the dose of 1.0, 3.2, and 10 mg/kg were 16, six, four, and six,
respectively. (B) The sample sizes of the FE session, and SKF-81297 at
the dose of 0.1, 0.32, and 1.0 mg/kg were 18, six, six, and six, respec-
tively. (C) The sample sizes of the FE session, and SCH-23390 at the
dose of 1.0, 10, and 100 ug/kg were 18, six, six, and six, respectively.
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Fig. 10. Effects of pre-session treatment with (—)-BPAP in metham-
phetamine self-administering rats (n=6). (—)-BPAP was administered
i.p. 30 min before the sessions.

Effects of (—)-BPAP and SKF-81297 on food-maintained
behavior 5 min after the reinstatement sessions

In contrast to reinstatement of methamphetamine-seeking
behavior, no pre-treatment with (—)-BPAP or SKF-81297
across the dose ranges tested had significant effects on
food-maintained responses (Table 1). Two-way measures
ANOVA indicated non-significant effect of repeated adminis-
tration of (—)-BPAP on the dose (F(1,23)=2.824, P=0.106),
reinstatement factor (F(1,23)=0.192, P=0.665), and the in-
teraction (F(1,23)=0.295, P=0.592). Regarding single ad-
ministration of (—)-BPAP, two-way measures ANOVA indi-
cated a non-significant effect of (—)-BPAP on the dose
(F(2,48)=0.170, P=0.844), reinstatement factor (F(1,48)=
0.150, P=0.700), and the interaction (F(2,48)=0.244, P=
0.784). In addition, two-way measures ANOVA indicated non-
significant effect of SKF-81297 on SKF-81297 dose (F(2,42)=
0.162, P=0.851), reinstatement factor (F(1,42)=0.119, P=
0.732), and the interaction (F(2,42)=0.0315, P=0.969).

DISCUSSION

Repeated administration of (—)-BPAP during extinction
sessions attenuated reinstatement of methamphetamine-
seeking behavior induced by methamphetamine-associ-

Table 1. Effect of (—)-BPAP or SKF-81297 on food-maintained be-
havior 5 min after the reinstatement sessions. Regarding the sample
sizes, see Figs. 2,3 and 7

Treatment MA-associated MA-priming
cue injection
Repeated (—)-BPAP (mg/kg/day, i.p.)
0 10.8+1.2 12.0+1.3
1.0 9.5+0.4 9.4+1.2
Single (—)-BPAP (mg/kg, i.p.)
0 11.4£1.3 11.0+1.6
0.32 10.7+0.9 10.9+1.5
1.0 10.9+1.4 12.4+1.7
SKF-81297 (mg/kg, s.c.)
0 10.6:0.4 11.1+04
0.32 10.9+04 10.8+0.4
1.0 10.8+0.5 10.8+0.6
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ated cues and methamphetamine-priming injections. This
result may suggest a preventive role of {(—)-BPAP against
the development of relapse to methamphetamine craving.
Moreover, even a single pre-session treatment with (—)-
BPAP also attenuated the reinstatement induced by meth-
amphetamine-associated cues and methamphetamine-
priming injections in a dose-related manner. Surprisingly,
neither pre-session treatment with SCH-23390, a dopa-
mine D,-like receptor antagonist, nor amisulpride, a dopa-
mine D,-like receptor antagonist, across dose ranges
tested appreciably reversed the inhibitory effect of single
pre-session treatment with (—)-BPAP. In addition, com-
bined pre-session treatment with SCH-23390 and amisul-
pride failed to reverse the effect of a single pre-session
treatment with (—)-BPAP. This finding suggests that (—)-
BPAP blocks the reinstatement of methamphetamine-
seeking behavior through mechanisms other than dopa-
mine receptors. On the other hand, pre-session treatment
with SKF-81297, a dopamine D,-like receptor agonist,
dose-dependently attenuated the reinstatement of meth-
amphetamine-seeking behavior induced by either meth-
amphetamine-associated cues or methamphetamine-prim-
ing injections similar to the result obtained from the single
pre-session treatment with (—)-BPAP. In contrast to {—)-
BPAP, SCH-23390 dose-dependently reversed the inhibi-
tory effect of SKF-81297. Additionally, SCH-23390 alone
failed to reinstate methamphetamine-seeking behavior.
Therefore, these results suggest an inhibitory role of do-
pamine D,-like receptors to reinstate methamphetamine-
seeking behavior in rats. Several studies demonstrated
inactivated function of dopamine D,-like receptors. For
example, clinical study demonstrated reduced activity of
adenyl cyclase after striatal dopamine D,-like receptor-
stimulation in methamphetamine abusers (Tong et al,,
2003). In preclinical study, rats that self-administered
methamphetamine exhibited downregulation of dopamine
D,-like receptor protein in the nucleus accumbens during
withdrawal (Stefanski et al.,, 1999). However, inability of
SCH-23390 to reinstate methamphetamine-seeking be-
havior in the present study suggests that blockade of do-
pamine D,-like receptors by itself is insufficient to reinstate
methamphetamine-seeking behavior.

Decrease in lever responding might resuit from a gen-
eral overactivation or suppression of behavioral activity.
However, neither repeated nor single pretreatment of (—)-
BPAP decreased in responding maintained by food rein-
forcement. Furthermore, pre-session treatment with SKF-
81297 also failed to affect food-maintained responding.
Additionally, the half-life of radio-labeled [(—)-BPAP-14C]
has been reported to be 5.5 to 5.8 h, which is long enough
for (—)-BPAP to continue the action during sessions on
food reinforcement (Magyar et al., 2002). Therefore, block-
ing effects of (—)-BPAP or SKF-81297 on the reinstate-
ment of methamphetamine-seeking behavior do not result
from nonspecific behavioral effects.

Pre-session treatment with (—)-BPAP at a dose of 1.0
mg/kg selectively affected reinstatement of methamphet-
amine-seeking behavior, but not methamphetamine self-
administration. Radio-labeled [(—)-BPAP-14C] has been
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reporied to be well-absorbed after the i.p. and s.c. treat-
ment and the peak concentration in the rat brain has been
reached at 30 to 60 min following s.c. administration (Mag-
yar et al., 2002). Therefore, during the session on rein-
statement and self-administration in the present study, the
concentration of (—)-BPAP in the brain appears to reach a
peak. Considering these findings, our data suggest that
methamphetamine’s reinforcing effect might be less sen-
sitive to actions of (—}-BPAP compared to the reinstate-
ment of methamphetamine-seeking behavior. Clinical
study also demonstrated that the reinforcing effect of psy-
chostimulants is extremely robust and simply unaltered by
even substantial medication effects on drug “craving” or its
subjective effects. Thus, maintenance on the antidepres-
sant desipramine in volunteers with a history of cocaine
abuse resulted in a 40% decrease in ratings of “1 want
cocaine,” yet had no effect on the amount of cocaine
self-administered (Fischman et al., 1990). Therefore, (-)-
BPAP may be effective as an anti-relapse therapeutic;
however, (—)}-BPAP may not work sufficiently as anti-
methamphetamine abuse medication.

Pre-session treatment with (—)-BPAP alone at the
dose 1.0 and 3.2 mg/kg did not reinstate methamphet-
amine-seeking behavior, whereas (—)-BPAP at only the
highest dose (10.0 mg/kg) demonstrated moderate rein-
statement. A tenfold higher dose was needed to reinstate
methamphetamine-seeking behavior compared with the
dose at which pre-session treatment with {(—)-BPAP (1.0
mg/kg) attenuated the reinstatement of methamphet-
amine-seeking behavior induced by methamphetamine-
associated cues and methamphetamine-priming injec-
tions. On the other hand, agonist/substitution therapies for
opiate abuse with methadone and tobacco addiction with
various formulations of nicotine have been reported to be
effective (Henningfield, 1995; Kreek, 1996). In addition to the
beneficial results, self-administration of methadone (Altshuler
etal., 1975; Wermer et al., 1976; Oei et al., 1980; Martin et al.,
2007) and nicotine (Le Foll and Goldberg, 2005) in humans or
experimental animals has been reported. Considering the
positive and negative reports on methadone and nicotine, the
potential ability of (—)-BPAP at the high dose fo reinstate
methamphetamine-seeking behavior in clinical situations
may not discredit its clinical application as an anti-relapse
agent for methamphetamine abusers.

(—)-BPAP has been reported to be an inhibitor of
monoamine uptake in HEK cell (IC,, values: [*H] dopa-
mine, [*H] noradrenaline, and [°H] serotonin; 42, 52, and
640 nM, respectively) (Shimazu et al., 2003b), suggesting
possible involvement of the relatively higher affinity for
noradrenaline transporters in inhibitory effects of (—)-
BPAP on the reinstatement of methamphetamine-seeking
behavior. Moreover, methamphetamine has an at least
twofold higher affinity for noradrenaline transporters than
dopamine transporters but negligible affinity for serotonin
transporters (Rothman and Baumann, 2003). However,
dissimilar to methamphetamine (Yoneda et al., 2001) and
tyramine (Shimazu et al., 2003b), (—)-BPAP alone does
not release catecholamines. In addition, (—)-BPAP
blocked tyramine-induced noradrenaline and dopamine
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release from rat brain synaptosomes (Shimazu et al.,
2003b), rather than potentiating the release. If binding of
(—)-BPAP at noradrenaline transporters contributes to an
inhibitory effect of (—)-BPAP on the reinstatement of meth-
amphetamine-seeking behavior, selective noradrenaline
uptake inhibitors would mimic the effect. So far, no studies
in rats have reported pre-session treatment effect of se-
lective noradrenaline uptake inhibitors on reinstatement of
drug-seeking behavior, whereas a few studies in squirrel
monkeys and humans have reported such effects. In squir-
rel monkeys, pre-session treatment with selective nor-
adrenaline uptake inhibitors nisoxetine and talsupram both
produced leftward shift of dose-effect curve of reinstate-
ment of cocaine-seeking behavior induced by cocaine-
priming injections; however, neither of the two selective
noradrenaline uptake inhibitors affected the dose-effect
curve of reinstatement of cocaine-seeking behavior induced
by priming injections of GBR 12909, a selective dopamine
uptake inhibitor (Platt et al., 2007). Furthermore, priming in-
jections of nisoxetine and talsupram alone reinstated co-
caine-seeking behavior (Platt et al., 2007). On the contrary,
one clinical study has found positive results of the selective
noradrenaline uptake inhibitor reboxetine to maintain cocaine
abstinence (Szerman et al., 2005). Although the findings of
clinical and preclinical studies seem to be inconsistent, the
clinical evidence may support possible involvement of mono-
amine uptake inhibition in biocking effect of (—)}-BPAP on the
reinstatement of methamphetamine-seeking behavior, espe-
cially via noradrenaline transporters.

Alternatively, (—)-BPAP has been reported to be a
highly potent enhancer (0.1 ug/kg s.c.; Yoneda et al.,
2001) of electrically-stimulated monoamine release (Mik-
lya and Knoll, 2003), whereas standard monoamine up-
take inhibitors do not share this effect (Miklya and Knoll,
2003). Therefore, these findings suggest (—)-BPAP as an
atypical monoamine uptake inhibitor. Meanwhile, previous
studies reported “atypical” dopamine uptake inhibitors, in-
cluding benziropine analogues with pharmacological pro-
files unlike that of cocaine (Newman et al., 1995; Katz et
al, 1999; Beuming et al., 2008; Loland et al., 2008).
Among benztropine analogues, several N-substituted
benztropine analogues exhibited reduced cocaine-like ef-
fects (Katz et al., 2004), antagonized cocaine-stimulated
activity (Desai et al., 2005), and failed to substitute for
cocaine in rats trained to self-administration cocaine
(Hiranita et al., 2009). One of the possible targets under-
lying the “atypical” property of N-substituted benztropines
analogues appear to be the o1 receptor (o1-R), because
(1) N-substituted benztropine analogues have a high affin-
ity for this protein with the nanomolar order of Ki values
(Katz et al., 2004), (2) imcazole, a o1-R antagonist with a
high affinity for the dopamine transporters (Cao et al.,
2003), shows reduced cocaine-like behavioral effects
(Katz et al., 2003) and (3) these two analogues show
different molecular interactions at the dopamine transport-
ers from cocaine (Loland et al., 2008). Interestingly, (—)-
BPAP has been reported to be a ligand at o1-R (Hamabe
et al., 2000). Furthermore, in vitro study demonstrated that
enhancement of celiular survival activity on cortical neu-

rons by incubation with (—-)BPAP was blocked by pre-
incubation with N-[2-(3, 4-dichlorophenyl) ethyl]-4-meth-
ylpiperazine {(BD 1063), a o1-R antagonist (Hamabe et al.,
2000). A behavioral study also demonstrated that (1) meth-
amphetamine self-administration upregulated ¢1-R mRNA
and protein leveis in several limbic regions (Stefanski et
al., 2004). Meanwhile, we have reported that donepezil, an
inhibitor of choline esterase, dramatically attenuated the
reinstatement of methamphetamine-seeking behavior in-
duced by methamphetamine-associated cues and meth-
amphetamine-priming injections (Hiranita et al., 2006). In-
terestingly, donepezil has been reported to have very high
affinity for o1-Rs (IC4, value; 14.6 nM) (Kato et al., 1999).
Although the involvement of o1-Rs in the reinstatement of
methamphetamine-seeking behavior has not been well un-
derstood, the o1-Rs may be considered as the possible
target underlying blocking effect of (—)-BPAP on the rein-
statement of methamphetamine-seeking behavior.

In the present study, pre-session treatment with SCH-
23390 dose-dependently reversed the blocking effect of
SKF-81297 on the reinstatement of methamphetamine-
seeking behavior induced by methamphetamine-associ-
ated cues and methamphetamine priming. injections. In
contrast, at even the tenfold higher dose, pre-session
treatment with SCH-23390 appreciably failed to reverse
the effect of the single pre-session treatment with (—)-
BPAP on the reinstatement of methamphetamine-seeking
behavior. The role of dopamine D,-like receptors on rein-
statement of drug-seeking behavior seems complicated.
Systemic administration of the agonist (SKF-81297) and
antagonist (SCH-23390) both have been reported to atten-
uate cocaine-seeking behavior induced by cocaine-prim-
ing injections (15 mg/kg i.p.) or cocaine-associated cues in
rats (Alleweireldt et al., 2002, 2003). On the contrary,
systemic administration of SCH-23390 (up to 10 ug/kg)
has been reported to fail to attenuate reinstatement of
cocaine-seeking behavior induced by priming injections of
cocaine (5.0, 10 and 20 mg/kg i.p.) or a selective dopamine
uptake inhibitor, WIN 35,428 (Schenk and Gittings, 2003).
The mechanisms underlying the inhibitory effect of both the
dopamine D,-like receptor agonist and antagonist on the
reinstatement of cocaine-seeking behavior and inconsistent
results of SCH-23390 on the primed-cocaine-induced rein-
statement are unknown. However, considering the inhibitory
effect of SCH-23390 on reinstatement of cocaine-seeking
behavior in the studies by Alleweireldt et al. (2002, 2003),
inability of SCH-23390 to reverse the attenuating effect of
pre-session treatment with (—)-BPAP on the reinstatement of
methamphetamine-seeking behavior in the present study
might result from the possible inhibitory action of SCH-23390
on reinstatement of drug-seeking behavior.

On the other hand, pre-session treatment with amisul-
pride up to 10 mg/kg appreciably failed to reverse the
effect of the single pre-session treatment with (—)-BPAP.
In Chinese hamster ovary cells expressed with human
dopamine D, and D, receptors, amisulpride has been
reported fo have very high selectivity (Ki values; 21 and 2.9
nM) (Schoemaker et al., 1997). The effective dose of
amisulpride for 50% occupancy for dopamine D,,; recep-
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tors in rat brain has been reported to be 4.68 mg/kg (s.c.)
(Natesan et al., 2008). Furthermore, pretreatment with 10
mg/kg of amisulpride has been reported to reverse am-
phetamine (1.0 or 2.0 mg)-stimulated locomotor activity to
the vehicle level (Perrault et al., 1997; Natesan et al.,
2008). In addition, administration of a higher dose of
amisulpride alone (20 mg/kg i.p.) has been reported to
suppress 10% sucrose feeding in rats (Schneider et al.,
1986). Therefore, it is unlikely that the dose of amisulpride
tested (10 mg/kg) is insufficient to work as a dopamine
D_-like receptor antagonist without impairment of non-spe-
cific operant behavior in the present study. Alternatively,
systemic administration of dopamine D,-like (eticlopride
(Schenk and Gittings, 2003), raclopride (Cervo et al.,
2003) and haloperidol (Gal and Gyertyan, 2006)} and se-
lective dopamine D receptor antagonists (SB-277011-A
(Vorel et al., 2002; Gilbert et al., 2005; Gal and Gyertyan,
2006; Cervo et al., 2007) and NGB 2904 (Gilbert et al.,
2005; Xi et al., 2006; Xi and Gardner, 2007)) were found
consistently to attenuate reinstatement of cocaine-seeking
behavior induced by cocaine-priming injections or cocaine-
associated cues in rats. Therefore, lack of amisulpride
effect to reverse the attenuating effect of pre-session treat-
ment with (—)-BPAP on the reinstatement of methamphet-
amine-seeking behavior in the present study might be also
masked due to the possible inhibitory action of amisulpride
on reinstatement of drug-seeking behavior.

CONCLUSION

In summary, activation of dopamine D,-like receptors re-
sulted in attenuation of the reinstatement of methamphet-
amine-seeking behavior in rats. Although the attenuating
effect of pre-session treatment with (—)-BPAP may be
unrelated to dopamine D,-like receptors, our results sug-
gest a specific biocking effect of pre-session treatment with
(—)-BPAP without affecting the reinforcing effect of meth-
amphetamine. Extending this conclusion to the treatment
of drug dependence, (—)-BPAP and dopamine D,-like re-
ceptor agonists may be useful as anti-relapse agents in
methamphetamine dependence.
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kﬁﬁi (Cannabis sativa) &, w&bEW [£]
HEE/REEY | O—D2ThHh, LERS
S5 0OES (MR MR 2bn L,
ZOBMIEREBHT 52 EE 0 EERT A
N-FrFe bk rr¥/—)v (Atetrahy-
drocannabinol : THC) T&%. —7%, BAIC
HYFEAFCBERE TOAFENE) I
YF (v F# ¥+ ¥4 F (endocannabi-
noid)) & LTD7F % 3 F (anandamide)
$ & 17 2-AG (2-arachidonoylglycerol) 7 &
TN L O - RBEHNCES T 2BERRZ
BELTOAYFEIA R VATABHSL
PILERTWS, ZDOHYFE/ A FCB%
BRI, vy 3 B GABA, ACh (T
Fhayv) oWy - T ARBEICEEL,
WY F T ARE» OB S NEAEES ~
FTE/ A FES L CEEREDEOEREZ I
sz eBmMonhTws ZRETER -
BRPIRTFEEY OEENZIRDOFERIIE, W
A A FRBEARET 2R L LET
SERTEF R LR R ICEITT 5 DA (F/33
V) WEREFLETDRANRMAPEE 2K
HEFELTWE I EDPIMbNT WA,

RS Y FE 4K - VAT LD RARENR
O—EBExH, EEHRBIZROFIIES L
TWAIZEFHLPIIENDDH S,

NUFE A ROBEHNR
(hyTE/4FEEH5ﬁE)J

KERDOEHERS N-F bFevah »+E
J =) (THC) OREHSHEDEHRBET
ZEBLZBEEROERIIZVD, CBEE
BEREORESIZL > THERENS, FXT
v MNEREEYHVTOEYECKSERT
i¥, #%E L7z THC BEORSFTEFER S
BADT, FORERIZIFLALZVE SR
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IV RAVFE/ A REKE

Twiz, L2 L, Goldberg i3, a4 1~
BECHRSITEHOBRELZ b OH L EHW,
THC o BCE&E S *BH T 5 & THCH
CHRSATEIASAL L, THC I b @ bzhE A%
HHZEEHELMIL HEHEEHIZ, E
MBEDO VI VERWTOERTLIA A
VBEOHVOBED 2EFETTHC HE
WEATEN AL S ETWwA, &5, TV F
HYFEI A RFOTF ¥ I FRZOERIE
UWEXA Y753 FOBCKSITEDS
Ty PCHRYTAILOHALRIZEINTY
5 BRIV FE/ AL FCBEZERTI=
A b WIN-552122 1%, #NEBHET~Y T AT
DOFIRNE CHESITEIVRILT 5 2 & bEE
BESNTNS,

Sy MIBITEAFES L FOEBEHRS
TEOBIICE L TOZNE TOR—FIT,
Sy FOBEICHLEDEBEEHL. Thb
%, Long Evans 28 & ULister 87 v + T
A e A FECRSITEFHILL
Sprague-Dawley % F v b TR L TWi
W, —F, FEFA P ZHME, v T T b
(KO) ¥ ATIEH v+ ¥/ 4 FECHERSAT
BIOBEFMREINDE. ZOZLEEBEILS
&, By FE A FETHRSTEFRD L
NA720DiE, FEF A F e FEEDEMEAL
INE-SoRG NG Sy ESOVAT SN =1 Y E SR 4
SNTVLIREFERE I TS, wWih
WLThH, KR/ A v FE /4 FICERERE
BWETHOIEREKRTHY, BRSNS
CHART [FuiEFEofEREIs 5] &
EBZBRETHA.

KEEENOBHDREZOBEDE
RICHIIBIY FHVFTE/ 1 ROES

E kA0 HTHESITENE CB 24K KO




TYATIHERIES, &5
~NOA Y ECERSTENE S v
TY¥ /4 FCBZEKER
3 SR141716A () EF/8>)

L hIgEns, Thoo
ZEix, FEF A FOImRENED
RORBBICIICBZHFHD
EEAEPBAEL TSR LR
RELTWS, F -2,

THC BC# 578+ ¥4
1 FREFEHEF VL X
v v (naltrexone) THHl&
nNazehn, Av+¥/ 4
RO REHEIZO A EF
A FZBEAED Do TWAH

2.2 FAYF¥/ 4 FEKRF

60 o
oot &
a0} o
Eo] &
@30} @ 60
D S
%20- % 40
3101 3
oL— = 0 .
HIE EE 32 mg kg
SR ;
a MAP BSERIH b MAP 75134

H1 RERAIVIIIZVECESSY MCBIIDAYYTIHE
VERRTEH (8%) ORIBICHTDAVFE /A KCB BEE
FPAZANT7 & I=Z COERA

'p<001 "*p<0001 vs EMBIERIHE /1S MAP 751 3> JEMREE, p<

0.001 vs #EALERE, SR:SR141716A (UEF/NY), 4d, EERIFRE, a: MAP

BIERIAMIC L 2IRRITEIRBR TIE 185/, BELT b MAP IS 13IFIC&L 2%

TENEER T 13 2 BERE.

(Anggadiredja K, et al. Neuropsychopharmacology 2004")

ZEHbhs,

Y E O GATEI AL L7281, E
CAEBEEKIEACGVEZ S L, LN
LITENRE T2 (HEBE). ToL i
EYEEBEL R (e 28 & - 06
EYRLERNR) T3P REEEDLERS
(EWTIAIVTHE) L L A-#L
ITEIAHEIL, & P TOBEOHERICETL
EMRFETE LR SELTHETNVEE R
ENTWVAE. Zhb 200FBICL W FRS
NBaABA4y, ~"OfLryBIXUAY Y Td
IVERRETHI, CBIEFRT VI T=X}
SRI417I6A 12 L o THIHI S, 2T T=
A FHU2210 THFEHEINDY (B1). 20X
2, TV FAYFES AL FREWEIITE
DA% HLTHERITEHORBICLEE LTS
ZEDTRIBENT WA,

M OBEKY R/ ZE Y EIRATE) 2 5 TITE
MRRTHOREA =X n 2y FA Y+
/AN VAT ADEELTWAZ EIZH
LR TH LY, WIIBEORE, KEEEY
RHFERERICL o TEFDANZALNERD
WEEME B S hTwd, —F, =V Fa >
TE A FEEROFEE O S ELBKRT
HTEMMEENICES L, 5 ICEE )
THMERIVEYTHBLTF > (leptin)

CREHMES R LT, BARLYOBERKR
B & BRI BT AN Y FE AR - VR
T LADOBEICAHEDLD L ODEPITEKRO D
HLIATHAHD, ZOHEITTELERELED
Zw. B2, TV FAYFE S A FIEE
HEYOBERER (PR - AEERE) OF
B, #EBHEEOBRRBLUZ0ER - B
BOWBICHEE LTV A RN D EEER
ENTW5E, 48, TV FAYFE/ 4 FD
BELEEEMEEORRICETATL—2
AN— %R L 72w,

(IAFREZ)

5|Rsk

1) Anggadiredja K, et al. Endocannabinoid system mod-
ulates relapse to methamphetamine seeking : Possi-
ble mediation by the arachidonic acid cascade. Neu-
ropsychopharmacology 2004 ; 29 : 1470-1478.
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in the brain as its relates to drug reward. /pn J Phar-
macol 2000 ; 84 : 229-236.

» Yamamoto T, Anggadiredja K, Hiranita T. New perspec-
tives in the studies on endocannabinoid and cannabis :
A role for the endocannabinoid-arachidonic acid path-
way in drug reward and long-lasting relapse to drug
taking. J Pharmacol Sci 2004 ; 96 (4) : 382-388.

A BEZ, HUFE A FERFE—PREHERICIBTS
&l BAREEEAMEEE 2007 ;130 : 135-140.

¢ Solinas M, Yasar S, Goldberg SR. Endocannabinoid sys-
tem involvement in brain reward processes related to
drug abuse. Pharmacol Res 2007 ; 56 (5) : 393-405.
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HMR TESEEREORRK BAE HMERERDE

SEMRICHITS
t NREHYFE S A ROIEE

(LL7A#E2)

FUIC

Kk (Cannabis sativa) \EHERIFE (subjective) & L THOLEELWELE, TR
MEEPLRERFTEOBRCBAERZERT 2. £F, ZOKKOEHR, EIFETLE
BUICED ) # Be, REGHEMBELR-oTWE, KKROFEEEESEA-F I F
0% yF¥/) =) (A-THC) #EEIZ60EULHFAEL, #FE /4 FEBRKERTY
5. 1980 FRKIZ, # ¥ FE A FIIRENIIHEEGT L2 T E /A4 FCBEEKLED
WEMR D) T Y Fe LTS TH L N-TSF Fa vy ) - VT I F (TF U<
AF) R2-77FF=V7Jta— 2-AG) PHRVTRERENS. EBICHVYFE
74 FCBEEMFIE, vy IV (Glu), GABA, ACh DMWY F 7 ARBEICEEL,
FREY FTABREP CERES A YT E A F (BN “KFREWE") 20 L CEEEEY
BoOEHZIHTAREAZELTVWAELHLH ISR TWE. AR Y FE/ 4 FD
FERIE, Bo TORHA YA FOFER L FEERIC, %%#H&iﬁﬁ%@ﬁ@%:%’rt&fﬁﬂ%%
ZAHENPRREINTVS, RETIE, BAAYFE L F - VAT AORE % RAHRBR
2B BRI A HI, EWERE, BB I UEEICOWTER LW,

1| AVFE/ A RERRERREAYFE /A R

1988 4, Devane & Howlett %13 A°-THC ®#FE & [PH]-CP55,940 2 FH\WT, T v b OB
VFETIV—RIAVFTE A PN T ARRN AP EETHILENOTHLH
L7z (1). Masuda 137 YOV TAY VA K ZFEBBEFO—HE T u—T¢ L5
Y FPOKBEEDNA A TFV—DAZ )V == T hbHh v FE) 4 FCB %5H%
BARERL, 7u—=v7 L% 2). TOCB, Z&4E (e 412, v P43 EOT 3
J BRECHY) \THEAARE & —EOKRMMEICFET S (3). ZORASMIL, BE, KK
B, W&k, BE, RIREEL, BREBLOMRIZSZ L. A4 FEEKICRY T
FATHHY, I 1213k HIHEMIE (HL-60) O cDNA A7) —hbru—=
VSN CB, BEE (b Ty PRI BT I V) Th Y EICKEHEIIEE
5. CB, X&KL CB, ZBRLDT I VEREFIOMAMEIZ, 48% & EhTwb, Zhb
OWMZEMEIT 7 HREEE F AL YV 2ROHANE GTPHE Y v\ 7 BREROZEK
T, TT=VBY 7 5 —E%MEL, MAPK (mitogen-activated protein kinase) % i&PE{L &
5. E5IT, CB ZABIIBMEREREI VS Y2 F x50 (NEFZIZ0R) 2HHIL,
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BAERFEUEA )Y L F 2 N2 EEILSE S,

TOWEIV A Y FELT, Devane s (4) ICEoTTIBAP LT % FUBHEAD |
MTHHTFY5<A K25, %72 Sugiura % (5) B & U Mechoulam % (6) 12k > CT#RZ
N7y MEE LA NGRS 2-AG PHRCTRRE SRS, E5I122002 F12iE, 4>
FTEIAFRBET VY T=A MOEREHOL ENBE TSI VERREATWES, 2
NOOWRBES > FE 4 FOBEARYF 7ARBE TR SN, BOBSE (HIlER ca? i
BEDLER | Ca¥" > 1uM) 7213 Gy v /52 HiEHAL#H D PLCbeta DIFHEALD 2 DORERE
KXY iTbhs (7). 208, HEBXTR (carrier-mediated transport) % 4 L C
Tibha., TOBELPICERNIANERLENZOTYF FRAMBTON Y FE I L F
CB, XBHEDEBEMIERL, FIRENAEIZLS. BT I FIIKSHEE (FAAH)
E7F <A FD XY % WEE signaling lipid TH 2 P5H5EE 7 7 3 V) — 2 IIAKS @3 5.
COBRRIEERERIRTLZELD Y, BHBIY ) —LT73IFORELT, 2-AGD
£ BRI T A T VIZ ORGSR RS T, L L, BEO#|ETIE 2-AG i3 FAAH X
0 b FEIZBAA monoglyceride lipase 12 & ) MRS NAEDH->TWS (8).

RYBAMROFEBICE G T 2 BAREST 5 O MAHAEE TS F83 ¥ (DA) Wi
REFLIAVFE) L FEFEOREZRE 1R L 9). BEEEEHICBTL )V F
¥/ 4 FCB, &M, V53 VB% 50N GABARBERO Y+ S ARBIRIEL T
WA TR L, BABANATIT 5 DA HEERICIE, CB ZRKRREEL TRV,
@AY FE AL FRYFTABBETEE S, BTHICHBENS. ZorrFE4

GUEEGI)4=1

GABA & CCKO—]
OOJ % AOO
009 | | g o

o) O, oo
' c_/° % 29 %
&7 GABA [*—GneA

O
OO

oY BRRES

['®—(GABA & CCK

Rk EEENMA

1 EHEMIRORBICES T 2 EAHRES S SUCALEERDETEIHCFE/ AR
SZRAEOBTEM (ST 9. Maldonard 5 OF & 1) &%)
@ VFTAFRIZEETAHI VFE ) 4 FCBE2RE
O v F TABECTEESNETHICERShANE®A VY FE /4 F

il
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Fix, JERIBEE O DA MRICATT 295 GABA Mk L BAEN SV F I VERMIED 2
DOMEZREIFICHBEL T b, BYRMBHEORHRICIE, BHCLEIEELRRE
RELU TS, 158,/ RECELIRMGEEENIZES L CEEPOBFTEI VI IV
Eei#Ed, GABA/ AV VA MF=UVMROXE R %I, ZOVF T RHED CB, XFHF
®%ﬁﬁ%ﬁLTGﬂm/:vvxb#:yﬁ%ﬁWﬁéné.~ﬁ.m&&®WE%w
YFE 4 FIE, BEREED> ORETAIVY I VERROREKERICEET A YT E
J4 FCB EAKIHLTOHETREF 2L -y =L LTHL. T ) BEERE
WETHALIIVY I VBROBEIMFISING, ZOKE, HAZDO GABA fMiEIHIH Sh,
JEE % E O DA MRRIIHBICERLLEINS (9). 2ok, AEEY Y FE/ALTF
X, VFTAREICBYCHTHOMEIREF L -y — L LTEE, BEEEMREED
B7Vy 3 BRI ERREEYE GABA S OWEEEISE & I I HIE 5 5% E 2 &
LTwa,

2| WEMHR REMRICHTIRANYFE/ AR - VAT L

RIS IR L LT "B OMHEZIFE (subjective) &L, £ - KFED "B
HE LXBSh, “EYEHE LFEhTWE. INSOMBMBEINEEFELA K
PEAHET L REEEE L, WEAELHRMLGRICEITT 5 DA &L f.L & T HA
RIS L o CHIH SN TV AERMON TS, KKB X UZFDEEF RS A°-THC
bR EEY L A, SERCHEREE TEIOARNES Y FE/ £ FERBA
W% L OBERE IR I TWS (10-15). & M THEZE a3 Rz BH LKz
RRITEYE, —BOICEREYWTINT U MEBE AW EYHCRGITE RIS E
BEEZLNTWD., KROEERS A°-THC 3 REHRSHICHKREREL T, ZHLRE
EREROBHIZEE 2. LeL, CB RERT ¥ T=X bORGFICL o TERERR,
FREIND. —F, 1970 EMNEIH T o 72 A-THC HEHZGTEICHT AT, BE
L7 A-THC HEREFHITD bMWD T, ZOBEEIZIZEALEYD O L FRA
FHNT W28, 2000 ERFEAD S D Goldberg 5 (16-18) F AL & T HHFEICE o THEIE
Ehoohsb. ah4 vHCERSTEOBELZ D% L2 Hw, A-THC ®HERSIIK
RECHE0 B L A-THC BERETHIRLT 5. ZOFE, A-THC I b M LA RA
HHEETBRLTVS. E5IC, BEUBEOLWFILVERWTOERTY, aif VEE
DFNVOBED 2 EHEETTHC BCERSTHFR LT A2ELHALPICIN TS, T
EBAHVFE) A FCB ZEMET T=A T WINS5,212-2 (iv.;19), HU-210 (iv.;20) B
LU CP 55940 (intravent. ;21) dYTARLT v b THOHOHEESTEHIHRLTS. —7H, W
WD Y FEIA4 FOTF YT I FREZOERBEEWEA S 753 FOHCESTE
LI NVTHRILTAESFHLAICENRTWS (10). ThFTTOAIYFTE A FIZHETLE
YHCHREFHORIOTELZR1IIRLA (18). 2000 FEURNIIED b N7z KERT OB
7e1x A°-THC 2SO T D BCRSATE OB 2RO N TWwiR WA, 2000 FERLED
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®1 EMECKRERRE (T2 MEEER) 2BV TOHCFE/ 1 FORMIE 21
ROER

A°-THC 25-100 Lv. monkeys negative Pickens, et al. 1973
100-400 iv. monkeys | negative (2/6 BIBZI.) | Deneau, et al. 1971
25-300 iv. monkeys negative Harris, et al. 1974
NYFEIAF
Tt HE R
30-330 ug oral rats negative Leite, et al. 1974
THC/m! &7
N a ks
BiE
. 1.25-12.5 ug oral rats negative Corcoran, et al. 1974
THC/ml &%
3-300 iv. monkeys negative Camey, et al. 1977
7.5-300 iv. rats negative van Ree, et al. 1978
6.25-50 iv. rats positive (EEEHIBRT) ’f;lgghashx, etal. 197,
17-100 iv. monkeys negative Mansbach, et al. 1994
2-8 iv. | monkeys | P 0_5;2;’;/ (C‘E‘fi ES%{ Tanda, et al. 2000
e 1716 Ay | monkeys | positive (#£124ug) | Justinova, etal. 2003
WIN 55,212-2 10-500 iv. mice positive ™ Martellotta, et al. 1998

positive * (CB1+/+)
negative © (CB1-/-)
10-100 iv. mice positive # Navarro, et al. 2001
Fattore, et al. 2001

Ledent, et al. 1999

6.25-50 iv. rats positive (FFIZ 12.5 ug) Spano, et al. 2004
CP55940 T 03a iv. | monkeys | negaive Mansbach, et al. 1994
0.I)16 | Bvent | rats | o positive .|, Braida, ctal 2001
VU s e | e [T positve® Navarmo, etal. 2001
AFTFyyIE | 2580 iv. monkeys | positive (41240 ug) | Justinova, et al. 2005
WHEES v FE A4 F
TrY¥I K L 2.5-160 I iv. i monkeys l positive (4F1Z 40 ug) I Justinova, et al. 2005

* single sel0f administration session: 1 47 60 412472 5 T nose-poke response (BT & — b~ D £ D% 5 ARITF
B) 2HEOWTEYINEA SN S ERR. (UH 10, Justinova Z &, 1ZHIEE - 5IE)

MERETREZL DI Y FE/ L FTHCESITHMFBILL TS, ZOFR—8uL, UT
DEF—REEZONTWE., TTHEIIE, Ty POEECIHLEDEFIDHS. AL,
Long Evans 2B L U Lister R 7 v bTIA Y F ¥/ 4 FECOHKSATEIAHKILL, Sprague-
Dawley %27 v M T L TWwWi W (15). —F, T ¥+ 4 FeRBEKOT YA TR
¥} EJ A FWIN55212-2 HEHESITEOF B MEE X LS. Mendizabal V 5 (22) 1ZZ
DRIEBL, #¥+¥/ 4 FEHCRETHIRDONEVDIX, +EF 1 F e ZEHED
TEHAICED S AR R OB IR RATT A 7 F7213MEBE SN TV AR 2RI L T
Wh, WTRIZLTSH, KB/ 7Y F ¥/ 4 FIERERIZ R WE T2 0I3SEBEEIZED
THY, BEVEIRINA VITHERT "BUdMKFEOfEREEH 2" LRI ARETHS.
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3| EIEROBMIRESVICERERICNT DRANVFE/ M- VA
FLDES

ENCRAOEHCEEFEIICB ZBE/ v 2777 b (KO) v 7 ATIRBIET (23),
XplzAnf EHCHRSTEHIZCB, /K7 v ¥ IT=X b 1JEF /3 (SR141716A) 12 &
DIIS NG, THH0EE, FEFA FORBMMBEORIUC CB, ZREOELANTE
LTWAELRELTWS, F/#IC, THC HOCHESTE A A, FRERT V5 IT=
AN FUILEVITHRIENLE 24) 25, HVFE A FOBRMBERHRIZHAE
T4 FZBEREHL o TWEERTTS.

—%, REREYOEBRERBOBERIC, BHNEEZ BT S5 CEYHERAOE
¥ (craving) DSFEFIENB. Z0B, BYEAFLL ) L1574, Z0TE % BWRETE
(drug seeking behavior) & IEU, “BE" OEEL LTw3. RPRRTHOBRICIE, O
REMEY OV RGN W7 T4 3> 75, ORWIEIE 288 ¢ 2 BEH G
WEERIE) BIU®AFLARHONTWS, EEWHIAF Y7243 (MAP) HE
BEATEIASAL L7z T v b2 AV, MAP 2 bABAIEIEAICYI D EX S (BXB8]) &
LS—# UITENZIRES T 5. 2O, MAP O EHRS - 3B WBERE (F -0 25
2BEUN—SLITEAHEAL, b P TORYWERTE 255 S 2HLUOITEEEZ D
hTwd, FLAFINIET, VEFANVEHRETLE, IO 200RBMICEVFERSH
LEMERITH TN OABRICHHI SN2 EEHL ML (25).

F72, ANOA VEETHORED, VEFAVICLI)HH S NS, DeViies bb, IH
A VBEFRITEN) EFAVICEVIEI &R, CB, ZBH7 IT=A b HU-210 ZHEHAETH
RENLEEFHOHIIL 26). NHOMRBIR, EMERTEORBICIWAL »F ¥
JA4 K VAT AOEBRLLETHL2ELREL TS, —F, MAP ERITEIX, BHE
BETOA-THCHSICI VIFIE NS (25). DBRICBITS2-AGEE, 244 VY RE
BEBOBERBICEATAELHLPIZERTYS (27). TNLOHMRY> L, EY B
TORAD VFE A F - VAT AONERRREIEYHERITEHO "EHRE 2BH
LTWAIREENRBE NG,

IRERBIC, ENVEARERE Y AICCB, RBEKT VI T=A L VEFAVOEK
52k o TENM FBEERFHBERTSE, FoF-uFy VIZEsEN L FBRERD
2-AG DMENHEEICLVIFIEN2E (28) %, e 3BHL,ICLA ZOER, EV
E R BREFEBERBICIA VFE/A F - VAT AOBEBETIEZ o TV AW RERZ R
w2 L FEE, RRAERICBIAFTELL FEh v FE )/ 4 FOMERS SRS
B, EHICEAIE, TAEY YRV 77U T2 F 7ok COX FHEEA THCIZX A LA
—3 U478 (FE5afL) OMEERICERL (29), THC DBEERZFRTHE, L7
URA¥ 7S5V PGE, D) EFNVICLABREFEZIHTIEELMELL 30). Th
SOHBIEAVFEIALA R - VATALETSXFNVBA A — NEDOBERZRTHNT
HV, THC OBEREERICIZT 75 FVBI A7 — FOREEILZEE L T b TN
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ZREBLTWS,

4| BRENEBAAVFE/ AR YT LADOES ,

BALF & LCoEYeKIZ, BRMEN (natural reward) & FRIZH, S610aR 72 BMsREN &
BT TELLNTW S, BETE, BKTES X UETBHEORETHORHED, KA
PR 2 A L LEUR T ERIMAUER 258 5 WBIBTROE 2 Frul & 3 2 TP REN R S BB 42 1%
FRELTwa, FICEKE, BOBKRTHMEAME GEEPRE LM BEPR)
TORBRWAHTI Y bu— N ENTw5, —F, BETHEMIBFO= 2— 1 > 5550
SNBFVFVVIEE/ERREDELE LT, 088 SBEERERICH DS 52
Y GABA RHRERNVE Y THA LV TF Y 3BE/ ERIHWEE LTHVTW.
72 A-THCR T F 5<% 4 F%0D CB, FHAT T=Z ML, FomEOHOBAE % ¥
B (B1). I, BWAAYFE) A FBEZMAIC > THENL, #IERICEST
BT HELGHoTWAS. CBZRBRTI=A DTy M TOBETTEER X, AT
BRBLURKRTHANOBBEAICIVFRENLIELHLPIIENRT VS, ZAHDE
Mo, HETHERLETAIEKDI Y bu—VICid, WEED Y F ¥ 4 FIURERIC
B LTWAENIH»A. IROLDAYFEI AL FPI=X ML AEETEERIL) £
FAVCEYERSN, EFEEREZ ORI SES. $/2CB, ZAEKKO Y A THLHED
BEEVBRI LTS, FAEXLy MRLOFRT v MTE D BIRW % CB, ZAKT
YEITZZAMIIVEHI SN D, AM630 D X %23BIRW CB, ZBRT V¥ T=A T
BRI E NV, —EDCB, ZAET VI T2 MIZHREEHORTRRERE 2
CTERPZWERrDL, TOFRT Y MIBOMFHIVER D ERBEEHICES L ERT
Wb, —F, INETOCB, ZB/RT vy I=AMIT7 Yy IT=X MER L IZ, KBS
BT TR MEFH%ZH LTS (inverse agonist). #- T Z DEKBEMEMD CB, &K
DEYWERZ DL DIZERT 2 OPENEHL DT Adolz. LAL, &, 7322
b 7z 5 UFIT inverse agonist TEF & #72% v CBy X &M D “silent antagonist” & L T 0-2050
PERENTZ. TD 02050 IIHMEEZNITRWEHFTT, VEFANAVLEKICIT v bOfF
BNEZE LTS (32). #oT, CB, BKRT v ¥ T=R + OERKBEIER L CB,
ZFEROBETERZDO S DIZESVTVBEENGF N 5.

—7F, BEREHHTAHBERINVEVLLTHORATWALTF Y EOBRLIBHENT
W5 (33). L7FVIRBERTEHTOA Y FE L FBRERZRD &E, BTV 7F U RIES
v NCIRBERTETOA Y FE/ A4 FBEZEMLTVE., ZOZ ki, ERIFNERED
YFEIAL FELTFUEDHEESICIoTHRHHESINTWAEEZRLTWA. Van Gaal
ik, VEFNVD I ERICDBRART — 5 P OEHOEREL LTOTRMEZE
LT (34). BE, ZOVEFAVIETS Y AD Sanofi #2005 “PUALHE" (“anti-
obesity drug”) & L C acomplia DRM%AT, 2006 E4SEEB LU FA4 Y THEESI AT
. M2, HF¥ )4 FCB BT T2 MIBENICOERZ LE S, FEEN
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RRITEPLIA APBFOHEMEREERHEOBE T 2 EMIESRAFEIATY
5.

Lk, REMS YFE A4 FREROHEER 2 5RTHCEMEERICEEL, <5
WWEREZIHT 2HBERVEY VTF VL ENES 2 LT, BEEFOBRREE
EMBIMIBIEH Y FEI L K VAT LAOBEIHENDH B DNELEEEDD 5 &
IAHTHAHY, ZTOHITELERRALEIE N,

5| BELERAVIE/AR - YRTL

H I VERRFEIS (RE) B X CEREIC X 2 &G (hot plate test 3 & TF tail-
flick test) 1%, A’-THC, &4 »F ¥/ 4 FHU-210 % CP 55,940 B L UHERMES »F ¥/
AFT7FVFIFOFBANTIWMENRS LY, #EEB L OREEROBRIIER R
HHNBE (35). EHICHVTE A FZEET T2 MIBROBEEF & sl TERE,
A5 fEi, Rtkik, BEAFRKERBEKEE (PAG) B X UEREYHIERE~OMEIEAIC
FoTHHEBERAZAEBRL, ThOoOREMIZY Y FE ) £ FIZX 2EBEHNEREOER
HEEZSHNTWAS., Freundsadjuvant JEATHERE NS S v b D allodynia GEREMD
fill - BB TRETS) b, WY TE/ A FZREET T=X b WIN 5521222 OFFENES
XY, ERERARRICLELTIHAEI ) YEARTHRISNG 36). TDXHILTy
F OMBREEERE T VEBECTOMEICIBWT, HvFE¥ 4 FORERELERNE
512X o TBIHIBIC X AERBRE DAL 63, BB L5707 14 =7 b ¥l
ENBEFELPITENTWS, EkD 5HI121E, CB, FEM KO ¥ 7 AT, A-THC ®
hot-plate test TOSBIEAIZRD SNB VA, TFH v ¥F< 4 FOEBIERHIIHEATLAT
Hb (37). TOEICTH ¥ I FOEBIEHOERICE, & ED CB ZEFUS
KHTEREESH B LI THAH. 7FH ¥ I FIIFAAHIC X o TKET A, SO FAAHR
By ARWATF V5 FEPEETTAOZNICHT IS EL, BEMBUC
THEERELBEVESHREIN TS (38).

—7%, FHMEOBENEICL > T, BEAFTBKERBKEELS, 7553 FAHRH
ENb. F7z, Seigling Hi%, 7 v M ORWMERERICZ ORMEMRE L SHOHEKRIZE
WT, CB,ZEBDTy IV Fa =Y a VPRI TWAERZHRELZ (39). Z0F
i, BHEREOBWETIVIIBIT S Y FE S 4 FORBRANIER DR CB, 54D
Ty 7 Falb—Ya iCEISTRERZREL TV,

EBICHTF=VICE o THERINIBERBRIZIT > ¥ I FORMKREIC L D HH S
M, R’V VERBERSST F 2 FRCB, RBROBIRKWT T=X b V3 F
WLF ) —=VT7IFICEoTHIBIEINGE, AV F¥I 4 FIZX B OEBIHEIERIZ,
CB, ZBRBIUCB,ZBRT V¥ T=ZA M CTHHENS (40). & 51 Malan %1 CB,
ZHREROBIRYT T=Z + AM1241 DREFREITL Y, CB, ZBEAERT T=X b L FEKICE
B ED ERRIUS (tailflick 3) 2RI SNIZEZHLHPICL, HrF ¥4 FOHE
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JEYERZS CB, ZBMIEMHALE N L TORIZ2BHIEMHL T2 (41). T/2\E, Beltram
5, BIEFICBT2EAOBIRIZIE CB, RAROFKMHREROAL LT, hiMER
(FRTOIZ 0y ) 7OREEL) TOREEZHALIICILTWS (42).
BETOERBESTHDH 7L Vv 3FOEEEROBIIAZ) VELZEFE L=
A FEEh, N=of FEEEROBREZN L TERZEITEINONATWS (43).
NoaAf FZEEOYVF Y FEHVFEI L FCBRBHRPLTFVFIF - b5V AE
=5 —DYH Y FEHAD EERTARES Q) /=04 FliEEELTRS%E
Db E BN AR RED, ﬁ@@/bayxf—y—mﬁrﬁﬂﬁéﬁufwééﬁ
FoTwa., BEICHLTCIMHERTAERZRT A=A FEAKL ZERERBIC
TEMIbENEH VU F ¥/ 4 FCBRBEKE N u4b%§%,itw/fz/4bc3
ZEARY T 5 4 7D CB, ZH/E L CB, B A" ORI LTI 222 0R b
— I BRENTVEPHELHATIRRVA, WEAEFTEF A FORI—ThoR2 NP7
REBBLEBUHEBEORX A =X LOBBPIH 240252 T b0 LifESh 3.

BHDOIC : SHLDEE

TEME L CORROEER T OEBIEROBERE,POGIGE o7 ¥/ 4 FEIRIE, B
WA YFEI A FRBHREZONERED Y FE 4 FOFEIHELPICENTH S, £
WICBI BN Y FE )4 FOBERRE 2 BET DRI~ AIREEL TS, KHRE
FICED CRBMBESOMKRMA (44,45 25, BAOWEMES ¥ FE 4 FORHLRE
ME 72RO RE L S TR SN G, 2 XETHERDS
WA, HERFERL T VINAI—ROBERTOH Y F ¥ 4 FZFE - ARESD ¥+
¥4 FOREHIITTICEHRING (46,47).

RIETHRD BIF7-BARBRICB T 2HEESD ¥ ¥ 4 FOREBHEEICET 2%
I2EoT, OWER 7O AEHEICE T O TEKRE BHEES I UBHEESEDR
R, F7-QOB&E TEREZT TR RFLREIELLEHz SCEFEEROWE
fREE, & LICIIGOBRMEROHFTHBREORETH 2 HBB R IR O 7 E I
HEBES Y FE 4 FOBREPS Oz T V-2 - AV—%8fFLw

Xk
1) Devane WA, et al. Mol Pharmacol. 1988;34:605-613.
2) Matsuda LA, et al. Nature. 1990;346:561-564.
3) Howlett AC, et al. Pharmacol Rev. 2002;54:161-202.
4) Devane WA, et al. Science. 1992;258:1946-1949.
5) Sugiura T, et al. Biochem Biophys Res Commun. 1995;215:89-97.
6) Mechoulam R, et al. Biochem Pharmacol. 1995;50:83-90.
7) Ohno-shosaku T, et al. Cell Calcium. 2005;38:369-374.
8) Saario SM, et al. Biochem Pharmacol. 2004;67:1381-1387.
9) Maldonado R, et al. Trends Neurosci. 2008;29:225-232.

—215—



290

B THEENEOEER S48 REREEEE

10) Justinova Z, et al. J Neurosci. 2005;25:5645-5650.

11) Arpad S, et al. Trends Neurosci. 2000;23:491-497.

12) Yamamoto T, et al. Jpn J Pharmacol. 2000;84:229-236.

13) Yamamoto T, et al. J Pharmacel Sci. 2004;96:382-388.

14) Gardner EL. Pharmacol Biochem Behav. 2005;81:263-284.

15) Marcello S, et al. Pharmacol Res. 2007;56:393-405.

16) Tanda G, et al. Nat Neurosci. 2000;3:1073-1074.

17) Justinova Z, et al. Psychopharmacology. 2003;169:135-140.

18) Justinova Z, et al. Pharmacol Bochem Behav. 2005;81:285-299.
19) Fattore L, et al. Psychopharmacology. 2001;156:410-416.

20) Navarro M, et al. J Neurosci. 2001;21:5344-5350.

21) Braida D, et al. Eur J Pharmacol. 2001;413:227-234.

22) Mendizabal V, et al. Neuropsychopharmacology. 2006;31:1957-1966.
23) Ledent C, et al. Science. 1999;283:401-404.

24) Justinova Z, et al. Psychopharmacology (Berl). 2004;173:186-194.
25) Anggadiredja K, et al. Neuropsychopharmacology. 2004;29:1470-1478.
26) De Vries TJ, et al. Nat Med. 2001;7:1151-1154,

27) Gonzalez S, et al. Brain Res. 2002;954:73-81.

28) Yamaguchi T, et al. Brain Res. 2001;909:121-126.

29) Yamaguchi T, et al. Brain Res. 2001;889:149-154.

30) Anggadiredja K, et al. Brain Res. 2003;966:47-53.

31) Williams CM, et al. Psychopharmacology (Berl). 1999;143:315-317.
32) Gardner A, et al. Eur J Pharmacol. 2006;530:103-106.

33) DiMarzo V, et al. Nature. 2001;410:822-869.

34) Van Gaal LF, et al. Lancet. 2005;365:1389-1397.

35) Richardson JD, et al. Eur J Pharmacol. 1998;345:45-153.

36) Martin WJ, et al. Pain. 1999;82:199-205.

37) DiMarzo V, et al. J Neurochem. 2000;75:2434-2444.

38) Cravatt BF, et al. Proc Natl Acad Sci U S A. 2001;98:9371-9376.
39) Seigling A, et al. Eur J Pharmacol. 2001;415:R5-R7.

40) Marsicano G, et al. Nature. 2002;418:530-534.

41) Malan TP, et al. Pain. 2001;93:239-245.

42) Beltramo M, et al. Eur J Neurosci. 2006;23:1530-1538.

43) WiAFEZ, . B 21.2003;6:191-195.

44) Skosnik PD, et al. Schizophr Res. 2001;48:83-92.

45) Hall W, et al. World Psychiatry. 2008:7;68-71.

46) Giuffrida A, et al. Neuropsychopharmacology. 2004;29:2108-2114.
47) Pazos MR, et al. Life Sci. 2004;75:1907-1915.

—216—



No.13

Neurochemistry International 56 (2010) 77-83

Contents lists available at ScienceDirect

Neurochemistry International

ELSEVIER

journal homepage: www.elsevier.com/locate/neuint

Piccolo knockdown-induced impairments of spatial learning and long-term
potentiation in the hippocampal CA1 region

Daisuke Ibi?, Atsumi Nitta®, Kumiko Ishige ?, Xiaobo Cen®, Tomohiro Ohtakara?,
Toshitaka Nabeshima <, Yoshihisa Ito **
* Research Unit of Pharmacology, College of Pharmacy, Nihon University, 7-7-1 Narashinodai, Funabashi-shi, Chiba 274-8555, Japan

® Department of Neuropsychopharmacology and Hospital Pharmacy, Nagoya University Graduate School of Medicine, Nagoya 466-8560, Japan
¢ Department of Chemical Pharmacology, Graduate School of Pharmaceutical Sciences, Meijo University, Nagoya 468-8503, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 4 March 2009

Received in revised form 10 September 2009
Accepted 10 September 2009

Available online 17 September 2009

Neurotransmitter release is regulated at a specific site in nerve terminals called the “active zone", which
is composed of various cytomatrix proteins such as Piccolo (also known as Aczonin) and Bassoon. These
proteins share regions of high sequence similarity and have very high molecular weights (>400 kDa).
Since Piccolo knockout mice have not yet been established, the role of Piccolo in the neuronal system
remains unclear. In this study, we investigated the effects of Piccolo antisense oligonucleotide injected
into the ventricle on hippocampal long-term potentiation (LTP) and learning and memory assessed with
the novel object recognition test and the Morris water maze test. There was no significant difference in
cognitive memory between Piccolo antisense-treated and vehicle- or sense-treated mice; however,
spatial learning in Piccolo antisense-treated mice was impaired but not in sense- or vehicle-treated mice.

Keywords:
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Hippocampus

Memory
Glutamate release Next, we investigated LTP formation in these groups in area CA1 and dentate gyrus of the same
Piccolo hippocampal slices. The magnitude of LTP in Piccolo antisense-treated mice was significantly lower than

in sense- or vehicle-treated mice, with no change in basal level. Moreover, the level of high K*-induced
glutamate release in the antisense-treated mice was significantly lower than in sense-treated mice.
Taken together, these results indicate that Piccolo plays a pivotal role in synaptic plasticity in area CA1
and in hippocampus-dependent learning in mice, and that the extracellular levels of glutamate in the
hippocampus under stimulated conditions are controlled by Piccolo.

© 20089 Elsevier Ltd. All rights reserved.

proteins and presynaptic plasticity in cognitive function (Powell
et al., 2004).
The synapse is a primitive unit in complex neuronal networks

1. Introduction

Higher brain functions including learning and memory are a
result of accurate signal transduction by neuronal networks that
are controlled in time and space. Impairment of the capacity of
these networks is often associated with neurological disease and
major insults to the brain, resulting in deterioration of cognitive
function and quality of life. Learning and memory are complex sets
of processes involving the acquisition, consolidation and retrieval
of information, and have their fundamental basis in synaptic
plasticity (Hou et al., 2004). In contrast to the extensive evidence
for roles of post-synaptic proteins and post-synaptically expressed
forms of synaptic plasticity in learning and memory, relatively
little attention has been given to the influence of presynaptic

Abbreviations: LTP, long-term potentiation; PPF, paired-pulse facilitation; ACSF,
artificial cerebrospinal fluid; CAZ, cytoskeletal matrix associated with the active
zone.
* Corresponding author.
E-mail address: ito.yoshihisa@nihon-u.ac.jp (Y. Ito).

0197-0186/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.neuint.2009.09.004

composed of large neuronal cells. In recent years, significant
progress has been made in understanding the molecular assembly
of the post-synaptic density of the synapse, whereas little is yet
known about the components of the presynaptic active zone.
Presynaptic buttons are highly specialized cellular compartments
that have evolved for the rapid, efficient and regulated release of
neurotransmitters. The active zone beneath the presynaptic
membrane is the principal site for Ca%*-dependent exo-cytosis
of neurotransmitters. Synaptic vesicles dock to the active zone and
fuse with the plasma membrane, resulting in exo-cytosis of
neurotransmitters (Matteoli et al., 2004). To date, five protein
families whose members are highly enriched at active zones,
Munc13s, Rab3a-interacting molecules (RIMs), Piccolo, Bassoon,
and the liprins-o, have been characterized (Schoch and Gundel-
finger, 2006).

Piccolo is a protein of the cytoskeletal matrix associated with
the active zone (CAZ) of both excitatory and inhibitory synapses
(Dick et al., 2001) and a scaffolding protein involved in endo- and
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exo-cytosis of synaptic vesicles (Shibasaki et al., 2004; Fenster
et al,, 2003). Piccolo and Bassoon are found presynaptically at
glutamatergic ribbon synapses and at conventional GABAergic and
glycinergic synapses (Dick et al., 2001). They share regions of high
sequence similarity, including two double zinc finger motifs in the
N-terminal region and three coiled-coil domains in the central part
of the molecule (Fenster et al., 2000). Piccolo additionally harbors a
post-synaptic density-25/Discs large/zona occludens (PDZ) and
one or two C2 domains near the C terminus (Wang et al., 1997).
Studies of Bassoon knockout mice have shown that Bassoon is
essential for the formation of normal glutamatergic neurons
(Altrock et al., 2003). On the other hand, the roles of Piccolo in the
neuronal system are not well understood.

Recent studies have implicated that Piccolo plays a role in
particular mental disorders associated with memory dysfunction
(Fenster and Garner, 2002; Weidenhofer et al., 2005). Our group
has found previously that Piccolo is overexpressed in the nucleus
accumbens of mice treated with methamphetamine, and that
Piccolo down-expression by an antisense technique augmented
methamphetamine-induced behavioral sensitization, conditioned
reward and synaptic dopamine accumulation in the nucleus
accumbens (Cen et al, 2008), suggesting that abnormalities of
Piccolo are associated with drug dependence, a mental disorder.
Further, we have reported that methamphetamine impairs spatial
working memory (Nagai et al., 2007). Taken together, Piccolo may
play a role in learning and memory. Therefore, demonstration of
the involvement of Piccolo in memory and learning and synaptic
plasticity might help to elucidate the mechanisms of memory
dysfunction caused by these mental disorders.

In the present study, we used a Piccolo antisense oligonucleo-
tide to investigate whether Piccolo plays a significant role in
learning and memory, one of the higher brain functions. Here we
report that intact Piccolo is required for hippocampus-dependent
learning and for hippocampal synaptic plasticity, and appears to
act by modulating extracellular levels of glutamate in the
hippocampus.

2. Materials and methods
2.1. Animals

Male 8-10-week-old C57BL/6] (Japan SLC Inc., Hamamatsu, Japan) mice were
used for the Western blotting, behavioral and electrophysiological studies. The
animals were housed in plastic cages and kept in a regulated environment
(23 £ 1°C, 50 + 5% humidity), with a 12-h-light/12-h-dark cycle (lights on at 8:00
am.). Food and tap water were available ad libitum. All procedures used in this study
were performed in accordance with the guidelines established by the College of
Pharmacy, Nihon University for the care and use of laboratory animals.

2.2. Microinjection of oligonucleotide into the ventricle

Antisense phosphorothioate-substituted oligonucleotide against mouse Piccolo
(the region corresponding to bases 2452-2466) and sense oligonucleotide (5'-
AACGTAGTCACGTAG-3') were designed and manufactured as described by previous
authors (Fujimoto et al., 2002). Oligonucleotides were dissolved in vehicle (NaCl,
147 mM; KCl, 3mM; CaCl;, 1.2mM; MgCl,, 1mM). C57BL/6] mice were
anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and placed in a stereotaxic
apparatus. An infusion cannula was stereotaxically implanted hemilaterally into
the ventricle (—0.5 mm anteroposterior, +1 mm mediolateral from bregma, and
—2 mm dorsoventral from the skull). An Alzet osmotic mini-pump (model 1002;
ALZA Pharmaceuticals, Palo Alto, CA, USA), filled with the desired oligonucleotide
(0.6 nmol/6 pL/day for 7 days) or vehicle, was embedded under the animal’s skin on
the back and was connected to the Alzet infusion cannula (BRAIN INFUSION KIT 3;
ALZA Pharmaceuticals). The infusion rate of the mini-pump was 0.25 pL/h.

2.3. Behavioral analyses

2.3.1. Novel object recognition test

The novel object recognition test was performed by using C57BL/6] mice at 8-10
weeks of age as described previously (Hammond et al., 2004; Kamei et al., 2005).
Mice were individually habituated to an open box (30 cm x 30 cm x 35 cm high )
for 3 days. During the training session, two novel objects were placed into the open
field and the animal was allowed to explore for 10 min. The time spent for exploring

each object was recorded. During the retention sessions, at 2 h and 24 h after the
training session, the animal was placed back into the same box in which one of the
familiar objects used during training had been replaced by a novel object, and
allowed to explore freely for 10 min. The preference index, the ratio of the amount
of time spent exploring any one of the two objects (training session) or the novel
object (retention session) over the total time spent exploring both objects, was used
to measure recognition memory.

2.3.2. Morris water maze test

The Morris water maze test was carried out as described previously (Miyamoto
et al,, 2005; Sakata et al., 2005). The test utilized a pool (diameter 120 cm, height
30 cm) made from gray plastic in which the water temperature was maintained at
21-23°C. Swimming paths were analyzed by a computer system with a video
tracking system purchased from Muromachi Kikai Co. Ltd. (Tokyo, Japan). Three
starting positions were used pseudorandomly, and each mouse was subjected to the
hidden platform test with three trials per day for 7 days (days 1-7) and the visible
test (day 8). In the hidden platform test, the platform (7 cm in diameter) was
submerged 1 cm below the water surface. After reaching the platform, the mouse
was allowed to remain on it for 30 s. If the mouse did not find the platform within
60 s, the trial was terminated and the animal was placed on the platform for 30s.
After the hidden platform test for 7 days, mice were subjected to the probe test on
day 8 in which the animal swam for 60 s in the pool without the platform. We
measured the time spent in each quadrant of the pool as a measure of spatial
memory. One hour after the probe test, to measure swimming ability or motivation,
mice were subjected to the visible test in which the platform was marked with a flag
that protruded 12 cm above the water surface to be highly visible, but in a new
location.

2.3.3. Western blot analysis

Western blotting for Piccolo was carried out as described by Dick et al. (2001).
Mouse hippocampus was homogenized in buffer (10 mM HEPES [pH 7.4], 320 mM
sucrose) containing a protease inhibitor cocktail. The homogenate was precipitated
with trichloroacetic acid, and the resulting pellet was washed with acetone and
dissolved in buffer (106 mM Tris HCl, 141 mM Tris base, 2% sodium dodecyl sulfate
[SDS], 0.51 mM EDTA). For denaturing gel electrophoresis, 20 g of proteins per
lane were separated on Tris acetate-buffered (500 mM, pH 7.0) 4% polyacrylamide
gels and electroblotted onto PVDF membranes (Millipore, Eschborn, Germany).
Piccolo and B-actin immunoreactivities were detected on the blots with rabbit anti-
Piccolo (1:1000; Synaptic Systems, Albany, OR, USA) and mouse anti-B-actin
(1:5000; Sigma-Aldrich, St. Louis, MO, USA) as primary antibody and secondary
antibodies coupled to horseradish peroxidase, followed by visualization with the
ECL detection system (Amersham Pharmacia Biotech, Piscataway, NJ, USA).

24. Electrophysiology

2.4.1. Preparation of hippocampal slices

A C57BL/6] mouse 8-10 weeks of age was killed by decapitation and the whole
brain was removed carefully. The brain was immediately soaked for 5 min in ice-
cold oxygenated artificial cerebrospinal fluid (ACSF; NaCl, 124 mM; NaHCQOs,
26 mM; glucose, 10 mM; KCl, 5 mM; NaH,P0O,4, 1.24 mM; CaCl,, 2.4 mM; and
MgS0,4, 1.3 mM). Appropriate portions of the brain were trimmed and placed on the
ice-cold stage of a Vibratome. The stage was immediately filled with both
oxygenated and frozen ACSF. The thickness of each tissue slice was 400 um. Each
slice was gently taken off the blade with a paintbrush, trimmed to area CA1 and
dentate gyrus (DG), and immediately soaked in the oxygenated ACSF for 1 h at room
temperature as previously reported (Akaishi et al., 2004). Then a slice containing
area CA1 and DG was placed on the center of a Multi Electrode Dish (MED) (MED-
P515A; Panasonic, Osaka, Japan) probe. The slice was positioned to cover the 8 x 8
array. After positioning the slice, the MED probe was immediately placed in a box.
The slice was preincubated in 95% 0,-5% CO»-saturated ACSF for at least 1 h at room
temperature and perfused with the same ACSF.

2.4.2. Measurement of LTP in hippocampal area CA1 and dentate gyrus
with the MED system

The hippocampal slices were gently placed on the center of a 0.1%
polyethyleneimine-coated MED equipped with a multi-channel extracellular
recording system (Alpha MED Sciences Co. Ltd., Tokyo, Japan) (Oka et al., 1999).
The device has an array of 64 planar microelectrodes with interelectrode spacing of
150 um (MED-P515AP; Alpha MED Sciences Co. Ltd.). Electrophysiological
experiments were performed in an incubator with perfusion with ACSF at room
temperature. ACSF was oxygenated with a 95% O, and 5% CO, gas mixture before
introduction into the MED probe. Evoked field potentials at all 64 sites were
recorded with the MED64 system (Alpha MED Sciences Co. Ltd.). Stimulations for
recordings were performed with biphasic constant current pulses (0.2 ms,
0.033 Hz) through one of the 64 electrodes. A stimulation electrode was selected
in the stratum radiatum to stimulate the Schaffer collateral fibers projecting to area
CA1 and the lateral perforant fibers projecting to the DG. Field-excited potentials
caused by stimulation were recorded from 64 points around area CA1 and the DG.
Control fEPSPs were recorded for 20 min before the conditioning stimulation. LTP
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was induced by high-frequency stimulation (HFS), tetanic stimulation (1 s, 100 Hz).
After tetanic stimulation, fEPSPs were recorded in area CA1 and DG every 20 s for
more than 60 min. LTP occurred and lasted for at least 60 min.

The effect of Piccolo antisense on paired-pulse facilitation (PPF) was examined
before LTP was induced. PPF was measured using inter-pulse intervals of 40 ms,
80 ms and 200 ms. As PPF is mediated by presynaptic mechanisms, a change in PPF
induced by a specific treatment indicates that a presynaptic mechanism of action of
that treatment.

2.4.3. Glutamate release analysis

Glutamate released from mouse hippocampal slices was measured with a
glutamic acid/glutamate oxidase assay kit as described by the previous authors
(Fujimoto et al., 2004; Yamamoto et al., 2000). C57BL/6] mice were decapitated and
the brain was removed. The brain was placed in ice-cold oxygenated preparation
buffer (NaCl, 124 mM; NaHCO;, 26 mM; glucose, 10 mM; KCl, 5 mM; NaH,PO,,
1.24 mM; CaClz, 2.4 mM; and MgS0,, 1.3 mM), which was gassed with 95% 0, and
5% COy, cut into 400 wm thick slices with a Vibratome, and the hippocampus was
dissected out. After preincubation with oxygenated preparation buffer at room
temperature for 1h, 5 slices were placed in each well of a 6-well plate and
incubated in 1 mL of oxygenated preparation buffer at room temperature for 5 min
as the pre-stimulation phase (S1). After collecting the buffer from S1, the slices were
again incubated in 1 mL of fresh oxygenated preparation buffer containing 50 mM
KCl at room temperature for 5 min as the post-stimulation phase (52). Glutamate
released in S1 and S2 was analyzed with an Amplex red glutamic acid/glutamate
oxidase assay kit (Invitrogen, Eugene, OR, USA).

2.4.4. Statistical analysis

Statistical analysis was performed by using ANOVA and the Bonferroni test when
three groups were compared. When two groups were compared, Student’s t-test
was used. Data are expressed as means =+ SEM. p values of <0.05 were considered
statistically significant.

3. Results

3.1. Effect of Piccolo antisense injection on the expression of Piccolo in
the hippocampus and cerebral cortex

To confirm whether the level of Piccolo protein was reduced by
the antisense treatment, we analyzed expression of Piccolo in the
hippocampus and cerebral cortex on the 7th day after starting
antisense administration. Western blot analysis with anti-Piccolo
antibody showed a lower level of Piccolo protein in the
hippocampus of the antisense-injected group compared with
the vehicle- and sense-treated groups (Fig. 1A). In contrast, the
levels of Piccolo protein in the cerebral cortex were similar among
these groups (Fig. 1B).

3.2. Effect of Piccolo antisense injection on spatial learning and
recognition memory

The Morris water maze is commonly used in mice to measure
spatial learning and memory, which requires hippocampal activity.
To determine the role of Piccolo in spatial memory formation, we
used Piccolo antisense. Mice were assigned to three groups:
vehicle, sense and antisense. The hidden platform test in the Morris
water maze began on the day after surgery. As shown in Fig. 2A, the
escape latencies of vehicle- and sense-injected mice became
shorter after hidden platform test for 7 days (ANOVA with repeated
measures: day, Fgo0y = 20.949: p < 0.001). However, a significantly
longer escape latency [ANOVA with repeated measures: group,
F(222)=5.528; p < 0.05; day x group, F(12.909)= 5.513; p < 0.05] was
observed in the antisense-treated group compared with the
vehicle and sense groups, showing impairment of spatial learning.
To examine the effect of Piccolo antisense on the spatial memory,
the probe test was carried out 24 h after final hidden platform test.
Although vehicle- and sense-injected animals spent significantly
longer time in the target quadrant than in opposite quadrants,
there was no difference between the times spent in these two
quadrants in antisense-treated animals (Fig. 2A). Furthermore, the
antisense-treated group showed no performance deficit in the
visible platform test, suggesting that the difference in escape
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Fig. 1. Effect of Piccolo antisense injection on the expression of Piccolo in the
hippocampus (A) and cerebral cortex (B). An osmotic mini-pump was used to
deliver a continuous infusion of Piccolo antisense (0.6 nmol/6 pL/day), sense
(0.6 nmol/6 pL/day) or vehicle (6 pL/day) into the right ventricle (AP —0.5 mm, ML
+1.0 mm from bregma, DV —2.0 mm from the skull). Each value represents the
mean =+ SEM for 7 experiments. *p < 0.05 vs. vehicle-treated mice. #p < 0.05 vs. sense-
treated mice.

latency in hidden platform test between the Piccolo antisense and
the vehicle or sense groups was not due to impairment of
swimming ability or motivation. Taken together, these results
indicate that infusion of Piccolo antisense impaired spatial learning
in the Morris water maze.

To examine visual recognition memory in mice treated with
Piccolo antisense, we employed a novel object recognition test. We
used a 10 min training protocol to assess the enhancement of
learning and memory. There was no difference in exploratory
preference during training among the vehicle-, sense- and
antisense-treated groups, indicating that each group essentially
had the same levels of curiosity and/or motivation to explore the
two objects. In both 2 h and 24 h retention, all of mice showed
significant increase in exploratory preference, but there was no
difference in exploratory preference among these groups (Fig. 2B).

3.3. Effect of Piccolo antisense injection on LTP in area CA1 and
the DG in the hippocampus

To investigate synaptic activity in the hippocampus of mice
treated with antisense, we performed electrophysiological ana-
lyses using hippocampal slices. LTP is a form of synaptic plasticity,
and LTP in area CA1 and the DG is considered to be one of
the cellular mechanisms underlying hippocampus-dependent



