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Abstract

Galantamine, a drug used to treat Alzheimer’s disease, inhibits acetylcholinesterase (AChE) and
allosterically modulates nicotinic acetylcholine receptors (nAChRs) resulting in stimulation of catechol-
amine neurotransmission. In this study, we investigated whether galantamine exerts cognitive-improving
effects through the allosteric modulation of nAChRs in an animal model of methamphetamine (Meth)
psychosis. The mice treated with Meth (1 mg/kg.d) for 7 d showed memory impairment in a novel object
recognition test. Galantamine (3 mg/kg) ameliorated the memory impairment, and it increased the
extracellular dopamine release in the prefrontal cortex (PFC) of Meth-treated mice. Donepezil, an AChE
inhibitor (1 mg/kg) increased the extracellular ACh release in the PFC, whereas it had no effect on the
memory impairment in Meth-treated mice. The nAChR antagonist, mecamylamine, and dopamine D,
receptor antagonist, SCH 23390, blocked the ameliorating effect of galantamine on Meth-induced memory
impairment, whereas the muscarinic AChR antagonist, scopolamine, had no effect. The effects of
galantamine on extracellular dopamine release were also antagonized by mecamylamine. Galantamine
attenuated the defect of the novelty-induced activation of extracellular signal-regulated kinase 1/2
(ERK1/2). The ameliorating effect of galantamine on recognition memory in Meth-treated mice was
negated by microinjection of an ERK inhibitor, PD98059, into the PFC. These results suggest that the
ameliorating effect of galantamine on Meth-induced memory impairment is associated with indirect ac-
tivation of dopamine D; receptor-ERK1/2 following augmentation with dopaminergic neurotransmission
in the PFC through the allosteric activation of nAChRs. Galantamine could be a useful therapeutic agent
for treating cognitive deficits in schizophrenia/Meth psychosis, as well as Alzheimer’s disease.
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Key words: Allosteric potentiation of nicotinic acetylcholine receptors, cognitive impairment, dopamine,
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Alzheimer’s disease, has a dual mechanism of action;
it inhibits AChE and allosterically modulates nicotinic
acetylcholine receptors (nAChRs) (Eisele et al. 1993;
Santos et al. 2002). We have found that galantamine
has ameliorating effects on the impairment of per-

Introduction

Galantamine, a potent allosteric potentiating ligand
(APL) and a drug approved for treatment of
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formance in the novel object recognition (NOR) and/
or conditioned fear learning tasks caused by a single
intracerebroventricular infusion of amyloid-# peptide
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(ApB) fragment (as an animal model of Alzheimer’s
disease) (Wang ef al. 2007 ) and by repeated treatment
with a non-competitive N-methyl-p-asparatate re-
ceptor antagonist, phencyclidine (PCP) (as an animal
model of schizophrenia) (Wang et al. 2007b). It
increases the extracellular dopamine release in the
hippocampus and prefrontal cortex (PFC) of ABys;_ss-
infused and PCP-treated mice, respectively. The
ameliorating effects of galantamine on Af,; 3;- and
PCP-induced cognitive impairment are mediated
through the augmentation of dopaminergic neuro-
transmission following activation of nAChRs (Wang
et al. 2007a,b). These studies provide the in-vivo evi-
dence that galantamine augments dopaminergic
neurotransmission in the hippocampus/PFC through
the allosteric activation of nAChRs. Thus, galantamine
shows potential as a novel therapeutic agent for cog-
nitive impairments associated with schizophrenia,
as well as Alzheimer’s disease, although the molecular
mechanism of action remains to be determined in
detail.

Methamphetamine (Meth) is a highly addictive
drug of abuse, and addiction to Meth has increased
to epidemic proportions worldwide (Cretzmeyer et al.
2003; Rawson et al. 2002). Chronic Meth users show
psychotic signs such as hallucinations and delusions,
which are indistinguishable from paranoid schizo-
phrenia (Sato et al. 1983; Srisurapanont et al. 2003;
Yui et al. 2002). Recent studies have suggested that
chronic use of Meth causes long-term cognitive
deficits (Kalechstein et al. 2003; Nordahl et al. 2003;
Simon et al. 2000). We have found that repeated Meth
treatment in mice impairs long-term recognition
memory after withdrawal, which is associated with
the dysfunction of the extracellular signal-regulated
kinase 1/2 (ERK1/2) pathway in the PFC, and that
Meth-induced cognitive impairment is reversed by an
atypical antipsychotic, clozapine, but not haloperidol
(Kamei et al. 2006). Meth-induced cognitive impair-
ment in mice may be a useful animal model for cog-
nitive deficits in Meth abusers and/or schizophrenia
patients.

The present study was designed to test the hypoth-
esis that galantamine improves cognitive deficit in
the Meth-treated animal model of Meth psychosis
and/or schizophrenia (Kamei et al. 2006), and that
such cognitive-improving effects are mediated via ac-
tivation of nAChR-dopaminergic-ERK1/2 pathways.
We attempted to investigate: (1) whether cognitive-
improving effects of galantamine are mediated via
nAChRs in Meth-treated mice and (2) whether
galantamine augments dopamine neurotransmission
in the PFC by activation of nAChRs.
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Methods
Animals

Male mice of the ICR strain (Japan SLC Inc., Japan),
aged 6 wk at the beginning of experiments, were used.
They were housed in plastic cages, received food
(CE2; Clea Japan Inc., Japan) and water ad libitum, and
were maintained on a 12-h light/dark cycle (lights on
08:00 hours). Behavioural experiments were performed
in a sound-attenuated and air-regulated experimental
room, to which mice were habituated for at least 1 h.
All experiments were conducted blind to treatment
and in accordance with the Guidelines for Animal Ex-
periments of Nagoya University Graduate School of
Medicine. The procedures involving animals and their
care conformed to the international guidelines set out
in the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals.

Drugs

Galantamine hydrobromide (4a,5,9,10,11,12-hexa-
hydro-3-methoxy-11-methyl-6H-benzofuro [3a,3,2-ef]
benzazepin-6-ol hydrobromide) was supplied by
Janssen Pharmaceutica (Tokyo, Japan). Galantamine,
donepezil hydrochloride (Toronto Research Chemicals
Inc, Canada), methamphetamine hydrochloride
(Dainippon Sumitomo Pharma Co. Ltd, Japan), meca-
mylamine hydrochloride (Sigma-Aldrich, USA),
(—)scopolamine hydrobromide (Sigma-Aldrich) and
R(+)-SCH 23390 hydrochloride [R(+)-7-chloro-8-
hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-
benzazepine hydrochloride] (Sigma-Aldrich) were
dissolved in saline. PD98059 (Sigma-Aldrich) was
dissolved in 60% dimethylsulfoxide (DMSO) saline.

Drug treatment

The mice were administered Meth (1 mg/kg.d s.c.) or
saline once a day for 7 consecutive days (Kamei ef al.
2006). The NOR test and microdialysis experiment
were started 1d and 3 d, respectively after the with-
drawal of Meth treatment. The saline- or Meth-treated
mice were administered galantamine (3 mg/kg p.o.)
or donepezil (1 mg/kg p.o.) 1h before the training
session of the NOR test, or immediately after baseline
collections in the microdialysis experiment. Mecamyl-
amine (3 mg/kg s.c.), scopolamine (0.1 mg/kg s.c.)
and SCH 23390 (0.02 mg/kg s.c.) were injected 20, 20
and 30min, respectively, after treatment with
galantamine. The doses of galantamine and donepezil
used in the present study were as determined in pre-
vious experiments (Wang et al. 2007a,b) and in the
report by Geerts et al. (2005), in which donepezil is
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Tmm

Fig. 1. Representative figure of mPFC local injection site. PFC;
prefrontal cortex, fmi; forceps minor of the corpus callosum.

3-15 times more potent than galantamine in inhibiting
brain AChE in vivo. The doses of antagonists were
selected based on our previous publications (Kamei
et al. 2006; Wang et al. 20074, b). All compounds except
for PD98059 were systemically administered at a vol-
ume of 0.1 ml/10g body weight. Control mice re-
ceived the same volume of saline.

For local microinjection into the PFC, mice were
anaesthetized with diethyl ether and fixed on the ster-
eotactic apparatus (Narishige, Japan) 30 min before
the training session. An L-shaped injection cannula
(27 gauge) with a bevel tip at its short end was grasped
with forceps and implanted into the PFC (+0.3 mm
mediolateral from the midpoint on the line linking the
two rear canthi, —2.5 mm in depth). PD98059 at a dose
of 2ug/1 ul/bilateral or vehicle (60% DMSO/2 ul/
bilateral) was infused into the PFC for 45s using a
Hamilton microsyringe connected to the cannula via a
Teflon tube, and the connection was maintained for
another 45 s after the injection. After the behavioural
experiments, the mice were decapitated, and the
brains were removed. The brains were transversely
cut along the direction of the vertical insertion of the
cannula to confirm the injection site, which was obvi-
ous due to its dark red colour, and easily recognized as
shown in Fig. 1. Misinjected mice were excluded from
subsequent data analysis.

NOR test

The task was carried out on days 1-3 after the final
injection of Meth in accordance with the method of
Kamei ef al. (2006) with a minor modification. The ex-
perimental apparatus consisted of a Plexiglas open-
field box (40 x 40 x 29 high c¢m), the floor of which was
covered with paper bedding. The apparatus was
placed in a sound-isolated room. A light bulb, located

in the upper part of the room and which could not
be seen directly by the mice, provided constant
illumination of about 40 Ix at the level of the task
apparatus.

The NOR task procedure consisted of three
sessions: habituation, training, retention. Each mouse
was individually habituated to the box, with 10 min
exploration in the absence of objects on day 1
(habituation session). During the training session on
day 2, two objects (A and B) were placed in the back
corner of the box, 10 cm away from the side wall. A
mouse was then placed in the middle front of the box
and the total time spent in exploring the two objects
was recorded for 10 min by the experimenter using
two stopwatches. Exploration of an object was defined
as directing the nose to the object at a distance of
<2cm and/or touching it with the nose. During the
retention session on day 3, the animals were returned
to the same box 24 h after the training session, in
which one of the familiar objects (e.g. object A) used
during the training session was replaced by a novel
object C. The animals were then allowed to explore
freely for 10 min and the time spent exploring each
object was recorded. Throughout the experiments, the
objects were used in a balanced manner in terms of
their physical complexity and emotional neutrality. A
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 cognitive function, e.g.

training session: A or B/(B+ A) x 100 (%),
retention session: B or C/(B+C) x 100 (%).

Determination of extracellular acetylcholine (ACh)
and dopamine levels in the PFC

In-vivo microdialysis was performed 3 d after the
final injection of Meth. One day before microdialysis,
mice were anaesthetized with sodium pentobarbital
(50 mg/kg i.p.) and a guide cannula (MI-AG-6; Eicom
Corp., Japan) was implanted into the mPFC (+1.9 mm
anteroposterior, 4 1.0 mm mediolateral from bregma,
—1.5mm dorsoventral from the skull, +15° angle
from vertical) according to the atlas of Franklin &
Paxinos (1997). One day after the operation, the di-
alysis probe of ACh (A-I-4-02; 2 mm membrane
length; Eicom Corp.) and dopamine (A-I-6-01; 1 mm
membrane length; Eicom Corp.) was inserted through
the guide cannula, and perfused with artificial cer-
ebrospinal fluid (aCSF; 147 mm NaCl, 4 mm KCl,
2.3 mm CaCl,) at a flow rate of 1 ul/min (Mouri et al.
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2006) and 1.2 u1/min (Shintani et al. 1993), respectively.
The outflow fractions of ACh and dopamine were
collected every 20min and 10 min, respectively.
When the difference of each fraction was <20%, we
considered this a stable baseline. Following the col-
lection of three stable baseline fractions of ACh and
dopamine, mice were treated with donepezil,
galantamine and/or mecamylamine, and then dia-
lysates of ACh and dopamine were collected every
20 min for 120 min and every 10 min for 90 min, re-
spectively. ACh and dopamine levels in the dialysates
were analysed using an HPLC system equipped with
an electrochemical detector (Mouri et al. 2007, 2006).

Western blotting

We examined activation of ERK1/2 in the brain of
mice that were exposed to the novel objects during the
training session. Phosphorylation of ERK1/2 was
examined by Western blotting as described previously
(Kamei et al. 2006; Mizoguchi ef al. 2004). Immediately
after a training session, the mice were sacrificed by
decapitation, and the brain was immediately removed.
The PFC was rapidly dissected out on an ice-cold
plate, frozen, and stored at —80 °C until required.
Tissue samples from the PFC were homogenized by
sonication at 4 “C in a lysis buffer composed of 20 mm
Tris-HCI, 150 mm NaCl, 50 mm NaF, 1 mm EDTA,
1 mMm EGTA, 1% Triton X-100, 1 mMm sodium ortho-
vanadate, 0.1% SDS, 1% sodium deoxycholate, 0.5 mm
dithiothreitol, 10 mm sodium pyrophosphate deca-
hydrate, 1 mm phenylmethylsulfony! fluoride, 10 ug/
ml aprotinin, 10 #g/ml leupeptin, and 10 ug/ml pep-
statin (pH 7.4). The homogenate was centrifuged at
13000 g for 20 min and the supernatant was used. The
protein concentration of tissue extracts was deter-
mined using a DC Protein Assay kit (Bio-Rad, USA).
Samples (20 ug protein) were boiled in a sample buffer
[0.125m Tris-HCl (pH 6.8), 2% SDS, 5% glycerol,
0.002% Bromphenol Blue, and 5% 2-mercaptoethanol],
applied onto a 10% polyacrylamide gel, subsequently
transferred to a polyvinylidene difluoride membrane
(Millipore Corporation, USA) or a nitrocellulose mem-
brane (GE Healthcare Biosciences, USA), and blocked
with a Detector Block kit (Kirkegaard and Perry Lab-
oratories, USA). Membranes were incubated with anti-
phospho-ERK1/2 [phospho-p44 /42 mitogen-activated
protein kinase (MAPK) (Thr***/Tyr**) Antibody no.
9101] (1:1000 dilution; Cell Signaling Technology Inc.,
USA) and washed with Tris-buffered saline (TBS)-
Tween 20 [10 mm Tris-HCl (pH 7.5), 100 mm NaCl,
and 1% Tween 20] three times for 10 min each. After
incubation with a 1:2000 dilution of horseradish
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peroxidase-conjugated anti-rabbit IgG (secondary
antibody) for 1 h, membranes were washed with TBS-
Tween 20 three times for 10 min each. The immune
complex was detected using ECL Western blotting
detection reagents (GE Healthcare Biosciences). The
same membranes were stripped with a stripping buffer
(137 mm NaCl, 2.7 mm KCl, 8.1 mm disodium hydro-
gen phosphate, 12-water, 1.5 mm potassium dihydro-
gen phosphate, and 0.2% 2-mercaptoethanol) at 55 “C
for 30 min, incubated with anti-ERK1/2 (1:1000
dilution, p44/42 MAPK Antibody no. 9102, Cell Sig-
naling Technology Inc.), and treated as described
above.

Statistical analysis

Statistical significance was determined using a one-
way analysis of variance (ANOVA) or a two-way
ANOVA with repeated measures, followed by
Bonferroni’s test for multigroup comparisons. Stat-
istical differences between two sets of groups were
determined with the Student’s ¢ test. p values <0.05
were taken to indicate statistically significant differ-
ences.

Results

Effect of galantamine on Meth-induced impairment
of recognition memory in mice

We examined whether Meth-induced cognitive im-
pairment was reversed by galantamine. One day after
the cessation of repeated Meth (1 mg/kg.d s.c.) treat-
ment for 7 d, mice were subjected to the NOR test.
Galantamine (3 mg/kg p.o.) was acutely administered
1 h before the training session.

As shown in Fig. 2, repeated Meth treatment sig-
nificantly reduced the exploratory preference for a
novel object in the retention session (p <0.01) (Fig. 2a).
Treatment with galantamine significantly improved
cognitive impairment in Meth-treated mice (p<0.01)
(Fig. 2a). Galantamine affected neither the level of
exploratory preference for the objects in the training
session [F(3,36) =1.188, p =0.328] (Fig. 2a) nor the total
exploration time in either the training [F(3,36) =1.241,
p=0.309] or retention [F(3,36)=2.396, p=0.084]
sessions in Meth-treated mice (Fig. 2b).

Effect of donepezil on the extracellular ACh levels of
the PFC and the impairment of recognition memory
in Meth-treated mice

To determine whether the improving effects of
galantamine on Meth-induced cognitive impairment
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Fig. 2. Effect of galantamine on methamphetamine
(Meth)-induced impairment of recognition memory in mice:
(a) exploratory preference and (b) total exploration time.
One day after the cessation of repeated Meth (1 mg/kg s.c.)
treatment for 7 d, mice underwent the novel object
recognition test. Galantamine (3 mg/kg p.o.) or saline

was administered 1 h before the training session. Values
indicate the mean +s.k. (n=10). One-way ANOVA, (1)
training: F(3,36) =1.188, p=0.328; retention: F(3, 36) =63.849,
p<0.01; (b) training: F(3,36)=1.241, p=0.309; retention:
F(3,36)=2.396, p=0.084. ** p<0.01 compared to

saline + saline-treated group (Bonferroni’s test).

# p<0.01 compared to Meth -+ saline-treated group
(Bonferroni’s test).

are due to increase of ACh levels caused by inhibition
of AChE, we examined the effect of donepezil, an
AChE inhibitor, on the impairment of cognition in
Meth-treated mice.

Donepezil at a dose of 1 mg/kg caused about a
2-fold increase in the levels of extracellular ACh in the
PFC of Meth-treated mice [F(1,35)=14.042, p<0.01]
(Fig. 3a). However, donepezil (1 mg/kg) had no effect
on the level of exploratory preference for the objects in
the retention sessions in Meth-treated mice (Fig. 3b). It
also affected neither the level of exploratory preference
for the objects in the training session [F(2,40)=0.159,
p=0.854] (Fig. 3a) nor the total exploration time in
either the training [F(2,40)=0.296, p=0.746] or re-
tention [F(2,40)=0.160, p=0.215] sessions in Meth-
treated mice (Fig. 3¢).

Involvement of nicotinic receptors, but not
muscarinic receptors in the cognitive-improving
effect of galantamine on Meth-treated mice

To determine whether the improving effects of
galantamine on Meth-induced cognitive impairment
are mediated via nAChRs, but not muscarinic AChRs
(mAChRs), we examined the antagonism by using
mecamylamine, anAChR antagonist and scopolamine,
a mAChR antagonist, against the cognitive-improving
effects of galantamine in Meth-treated mice.

In the training session of the NOR task, there were
no differences in exploratory preference for the objects
in any of the groups (Fig. 44, c). The nAChR antagonist,
mecamylamine (3 mg/kg) significantly and com-
pletely prevented the improving effects of galant-
amine on the impairment of recognition memory in
Meth-treated mice (p <0.01) (Fig. 4a). In saline-treated
mice, mecamylamine alone at the dose used had
no effect on the NOR performances (Fig. 4a). The
antagonistic effect of mecamylamine on galantamine-
induced improvement of exploratory preference in
Meth-treated mice was not associated with changes in
the total exploration time [training: F(4,57)=0.516,
p=0.725; retention: F(4,57) =2.403, p =0.060] (Fig. 4b).

Scopolamine at a dose of 0.1 mg/kg impaired the
performance of saline-treated mice in the NOR task
(Fig. 4¢). However, scopolamine failed to prevent the
improving effects of galantamine on the impairment of
recognition memory in Meth-treated mice (Fig. 4c).
Treatment with any compound did not affect the total
exploration time in either the training [F(6,77) =2.193,
p=0.053] or retention [F(6,77)=1.919, p=0.088]
sessions (Fig. 44).

Effects of galantamine on the levels of extracellular
dopamine in the PFC of Meth-treated mice

We examined whether galantamine at a dose of
3 mg/kg, which improved the cognitive deficit in
Meth-treated mice, facilitated dopamine release in the
PFC of Meth-treated mice.

There were no differences in the basal levels of ex-
tracellular dopamine in the PFC in any of the groups
(Fig. 5 insert). As shown in Fig. 5, galantamine (3 mg/
kg) caused a marked increase in the levels of extra-
cellular dopamine in the PFC of Meth-treated mice
(Fig. 5). The significant increase in the levels of extra-
cellular dopamine was observed from 30 min after
galantamine administration (p <0.01 by post hoc test,
Fig. 5). When mecamylamine (3 mg/kg) was injected
into Meth-treated mice 20 min after galantamine ad-
ministration, galantamine-induced elevation of extra-
cellular dopamine levels was significantly diminished
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Fig. 3 Effect of donepezil on the extracellular acetylcholine (ACh) levels of the prefrontal cortex (PFC) and the impairment of
recognition memory in methamphetamine (Meth)-treated mice. (#) Extracellular ACh levels of PFC in microdialysis. In-vivo
microdialysis was performed 3 d after the final injection of Meth (1 mg/kg s.c.) treatment for 7 d. Donepezil (1 mg/kg p.o.) was
administered to the Meth-treated mice (®, Meth +donepezil). In the control group, an equivalent amount of saline was given to
the Meth-treated mice (O, Meth + saline). Values indicate the mean +s.t. (1 =4-5). Results with the repeated ANOV A were: time
[F(5,35)=1.111, p=0.37]; treatment [F(1, 35) =14.042, p <0.01]; time x treatment interaction [F(5, 35) =0.677, p =0.64]. * p<0.05
compared to Meth +saline-treated group (Bonferroni’s test). The basal levels of ACh in the PFC of the Meth + saline- and
Meth +donepezil-treated mice were 0.17 4 0.05 and 0.12+0.06 pmol/20 I per 20 min, respectively. (b) Exploratory preference
in novel object recognition (NOR) test. (c) Total exploration time in NOR test. One day after the cessation of repeated Meth

(1 mg/kg s.c.) treatment for 7 d, mice underwent the NOR test. Donepezil (1 mg/kg p.o.) or saline was administered 1 h before
the training session. Values indicate the mean +s.t. (1 =13-15). One-way ANOVA, (b) training: F(2,40)=0.159, p=0.854;
retention: F(2,40) =9.400, p <0.01; (c) training: F(2,40)=0.296, p=0.746; retention: F(2,40)=0.160, p=0.215. ** p <0.01
compared to saline +saline-treated group (Bonferroni’s test).

(Fig. 5). However, mecamylamine alone did not affect dopamine D;R antagonist, against the cognitive-
the extracellular dopamine levels in saline-treated improving effects of galantamine in Meth-treated

mice (data not shown). mice.

SCH 23390 (0.02mg/kg) significantly and com-
Involvement of dopaminergic systems in the pletely prevented the improving effects of galant-
cognitive-improving effect of galantamine on amine on Meth-induced cognitive impairment without
Meth-treated mice affecting the exploratory preference for the objects in

the training session (Fig. 6a). In saline-treated mice,
SCH 23390 alone had no effect on NOR performance
(Fig. 6a). SCH 23390 also had no effect on the total
exploration time in either the training [F(4, 50) =1.520,
p=0211] or retention [F(4,55)=1.943, p=0.116]
sessions of Meth-treated mice (Fig. 6b).

Previous studies have shown that the ERK1/2 sig-
nalling pathway linked to dopamine D; receptors
(DyRs) (Valjent et al. 2000; Zanassi et al. 2001) is in-
volved in Meth-associated contextual memory in rats
(Mizoguchi et al. 2004) and that repeated Meth treat-
ment induces cognitive impairment in the NOR test in
mice, which is accompanied by dysfunction of the
dopamine D;R-ERK1/2 pathway in the PFC (Kamei
et al. 2006). To clarify whether the improving effects of
galantamine on Meth-induced cognitive impairment
are mediated through the activation of dopamine D;Rs, Kamei et al. (2006) have demonstrated novelty-
we investigated the antagonism by using SCH 23390,a ~ induced ERK1/2 activation in the PFC when mice are

Effect of galantamine on the defect of
novelty-induced ERK1/2 phosphorylation in the
PFC of Meth-treated mice
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Fig. 4. Involvement of nicotinic receptors, but not muscarinic receptors in the cognitive-improving effect of galantamine on
methamphetamine (Meth)-treated mice: (g, ¢) exploratory preference and (b, d) total exploration time. One day after the cessation
of repeated Meth (1 mg/kg s.c.) treatment for 7 d, mice underwent the novel object recognition test. Galantamine (Gal; 3 mg/kg
p-0.), mecamylamine (Mec; 3 mg/kg s.c.) and/or scopolamine (Scop; 0.1 mg/kg s.c.) were administered to saline- or
Meth-treated mice 1h, 40 min and/or 40 min, respectively, before the training session. Values indicate the mean +s.E.
(n=10-15). One-way ANOVA, (a) training: F(4,57) =0.255, p=0.906; retention: F(4,57) =28.901, p<0.01; (b) training:
F(4,57)=0.516, p=0.725; retention: F(4,57)=2.403, p=0.060; (c) training: F(6, 77) =0.429, p =0.858; retention: F(6,77) =20.277,
p<0.01; (d) training: F(6, 77) =2.193, p=0.053; retention: F(6,77)=1.919, p=0.088. ** p<0.01 compared to saline +saline/
saline-treated group (Bonferroni's test). * p <0.01 compared to Meth +saline/saline-treated group (Bonferroni’s test).  p<0.01
compared to Meth + galantamine/saline-treated group (Bonferroni’s test). n.s., Not significant.

exposed to novel objects, leading to the formation of
long-lasting object recognition memory. Further, mem-
ory impairment in Meth-treated mice was associated
with dysfunction of ERK1/2 signalling in the PFC. In
order to examine the mechanism by which galant-
amine ameliorates the impairment of recognition
memory in Meth-treated mice, we examined the effect
of galantamine on ERK1/2 phosphorylation in the
PFC of Meth-treated mice when they were exposed to
novel objects.

A significant increase in phosphorylation of ERK1/2
levels was observed in the PFC of saline-treated mice
immediately after a 10-min exposure to novel objects
(Fig. 7a,b) (p<0.01 vs. baseline in saline-treated mice,
Student’s t test), and repeated Meth treatment abol-
ished novelty-induced ERK1/2 activation in the PFC in
accord with the previous study (Kamei et al. 2006) (p <
0.01) (Fig. 7a). Galantamine (3 mg/kg) significantly re-
covered the defect of novelty-induced activation of

ERK1/2 in the PFC of Meth-treated mice (p<0.01)
(Fig. 7a). SCH 23390 (0.02 mg/kg) significantly blocked
the improving effects of galantamine on the defect of
novelty-induced ERK1/2 phosphorylation in the PFC
(p<0.01) (Fig. 7a). SCH 23390 alone had no effect on the
levels of phosphorylation and total ERK1/2 in either
the baseline or exposure of saline-treated mice (Fig. 7b).
The levels of total ERK1/2 did not differ in the exposed
groups examined [F(3,16)=1.629, p=0.222].

Influence of an ERK inhibitor on the
cognitive-improving effect of galantamine on
Meth-treated mice

We confirmed that PD98059 (2 ug/1 ul/bilateral) has
no effect on the phosphorylation of ERK1/2 in the PFC
and hippocampus of naive mice (data not shown).
Then, we examined the effect of PD98059 (2 ug/1 ul/
bilateral) administered before the training session on
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Fig. 5. Effects of galantamine on the levels of the extracellular dopamine in the PFC of methamphetamine (Meth)-treated mice.
Meth (1 mg/kg, s.c.) was injected for 7 d, and 3 d after withdrawal, extracellular levels of dopamine were measured in the PFC
by in-vivo microdialysis. Galantamine (3 mg/kg p.o.) was administered to the Meth-treated mice (M, Meth + galantamine +
saline). In the control group, an equivalent amount of saline was given (®, Meth +saline +saline) to the Meth-treated mice.

Mecamylamine (3 mg/kg s.c.) was injected 20 min after galantamine ([, Meth + galantamine + mecamylamine) to Meth-treated

mice. The basal levels of dopamine in the PFC of the Meth + saline +saline

, Meth + galantamine + saline (E)- and

Meth + galantamine + mecamylamine (&)-treated mice were 0.62+0.08, 0.74+0.18 and 0.72+0.10 pmol/10 1 per 10 min,
respectively (right-hand panel). Values indicate the mean +5.. (n=3). Results with the repeated ANOVA were time
[F(9,54) =8.063, p<0.01], treatment [F(2, 6) =73.188, p <0.01], and time x treatment interaction [F(18, 54) =10.802, p<0.01].
**p<0.01 compared to Meth +saline +saline-treated group (Bonferroni’s test). * p <0.01 compared to

Meth + galantamine + saline-treated group (Bonferroni’s test).

the cognitive-improving effect of galantamine in Meth-
treated mice to determine the involvement of ERK1/2
activation in the mechanism of action of galantamine.

In the training session, bilateral microinjections of
PD98059 into the PFC (1 ug/side) of saline-treated
mice did not affect the exploratory preference for the
objects (Fig. 8a). In the retention session, the level of
exploratory preference in PD98059-treated mice was
significantly increased as for vehicle-treated mice
(p<0.01, Fig. 8a), but it was significantly decreased
compared to that in vehicle-treated mice (p<0.05,
Fig. 84). PD98059 had no effect on the total exploration
time in either the training or retention sessions of
saline-treated mice (Fig. 8b).

In Meth-treated mice, PD98059 completely blocked
the ameliorating effect of galantamine on the impair-
ment of exploratory preference for a novel object in the
retention session [F(2,25)=27.986, p<0.01] (Fig. 8c).
The antagonistic effect of PD98059 on galantamine-
induced improvement of exploratory preference in
Meth-treated mice was not associated with changes in
the total exploration time [training: F(2,25)=0.399,
p=0.676; retention: F(2,25)=0.015, p=0.985] (Fig. 84).

Discussion

We have reconfirmed that Meth-treated mice show
impairments to their novelty discrimination ability in
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the NOR test that is consistent with previous reports
(Ito et al. 2007 ; Kamei et al. 2006). It is unlikely that the
impairment in performance of Meth-treated mice in
learning and memory tasks is due to changes in mo-
tivation, although various motivations are involved in
the behavioural task. The fact that Meth reduced the
exploratory preference for the objects in the retention
session could be interpreted as neophobia. However,
the possible involvement of motivation and/or neo-
phobia can be excluded because Meth treatment had
no effect on total exploration time of novel objects
during the training session. Therefore, it is likely that
impairment of performance in Meth-treated mice is
due to learning and memory deficits.

Galantamine, a drug approved for the treatment of
Alzheimer’s disease, has a dual mechanism of action;
it inhibits AChE and allosterically modulates nAChR
as a potent APL (Eisele et al. 1993; Santos et al. 2002).
We have recently reported that galantamine reverses
the impairment of object recognition in Ap,;_zs-infused
mice as an animal model of Alzheimer’s disease and in
repeated PCP-treated mice as an animal model of
schizophrenia (Wang et al. 2007a,b). In accord with
these findings, in the present study, galantamine sig-
nificantly ameliorated the cognitive impairments in-
duced by Meth in the NOR test. Galantamine at a dose
of 3 mg/kg had no effect on the total exploration time
in the training session of the NOR test in Meth-treated
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Fig. 6. Involvement of dopaminergic systems in the cognitive-
improving effect of galantamine on methamphetamine
(Meth)-treated mice: (a) exploratory preference and (b) total
exploration time. One day after the cessation of repeated
Meth (1 mg/kg s.c.) treatment for 7 d, mice underwent the
novel object recognition test. Galantamine (Gal; 3 mg/kg
p-o.) and SCH 23390 (SCH; 0.02 mg/kg s.c.) were
administered 1 h and 30 min, respectively, before the
training session. Values indicate the mean+s.e. (n=10-15).
One-way ANOVA, (a) training: F(4,50) =1.422, p=0.240;
retention: F(4,55) =40.622, p <0.01; () training:
F(4,50)=1.520, p=0.211; retention: F(4, 55)=1.943, p=0.116.
**p<0.01 compared to saline +saline /saline-treated group
(Bonferroni’s test).  p<0.01 compared to Meth +saline/
saline-treated group (Bonferroni’s test). & p <0.01

compared to Meth + galantamine /saline-treated group
(Bonferroni’s test).

mice. Therefore, it is unlikely that the observed im-
provement in performance in the task brought about
by galantamine is due to changes in motivation in
Meth-treated mice, and it is apparently true that
galantamine ameliorates learning and memory deficits
caused by repeated Meth treatment in mice. The im-
proving effects of galantamine on the performance of
Meth-treated mice were prevented by treatment with
mecamylamine, a nAChR antagonist, at a dose that
did not significantly affect the performance of saline-
treated mice. These findings support the notion that
galantamine improves Meth-induced cognitive im-
pairment via activation of nAChRs. Alternatively, the
roles of mAChRs in the effects of galantamine were

tt xx ## 88 (b)
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Fig. 7. Effect of galantamine on the defect of novelty-induced
ERK1/2 phosphorylation in the PFC of methamphetamine
(Meth)-treated mice. One hour before exposure to novel
objects, galantamine (Gal; 3 mg/kg p.o.) or saline was
administered to mice that had been previously treated with
either saline or Meth (1 mg/kg s.c.) for 7 d. SCH 23390
(SCH; 0.02 mg/kg s.c.) was administered 30 min before
exposure to novel objects. Values indicate the mean £ s.E.
(n=4-5). 7" p<0.01 compared to saline +saline/saline-
treated group that was not exposed to novel objects (baseline)
(Student’s t test). * p<0.05 compared to saline +saline/
SCH23390-treated group that was not exposed to novel
objects (baseline) (Student’s t test). One-way ANOVA:
F(3,16)=28.286, p <0.01. ** p <0.01 compared to

saline +saline/saline-treated group (exposure) (Bonferroni’s
test). # p<0.01 compared to Meth +saline /saline-treated
group (exposure) (Bonferroni's test). * p <0.01 compared to
Meth + galantamine/saline-treated group (exposure)
(Bonferroni’s test).

also investigated in the present study. The effects of
galantamine on the performance of Meth-treated mice
in the NOR task were not blocked by scopolamine
at the dose that impaired the performance of saline-
treated mice. Although mAChR agonists improve
cognitive dysfunctions in patients with Alzheimer’s
disease and schizophrenia (Friedman, 2004), the pres-
ent result indicated that mAChRs have little influence
on the effects of galantamine for this particular cogni-
tive task. On the other hand, the activation of nAChRs
may be due to an increase in the levels of ACh caused
by AChE inhibition of galantamine. We investigated
the effect of donepezil, which is 3-15 times more po-
tentin AChE inhibition than that of galantamine in vivo
(Geerts et al. 2005), on Meth-induced cognitive impair-
ment. Although donepezil at 1 mg/kg caused about a
2-fold increase from basal extracellular ACh levels in
the PFC of Meth-treated mice, it had no effect on be-
havioural performance in Meth-treated mice. From the
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Fig. 8. Influence of an ERK inhibitor on the cognitive-
improving effect of galantamine on methamphetamine
(Meth)-treated mice: (a, c) exploratory preference and (b, d)
total exploration time. One day after the cessation of repeated
Meth (1 mg/kg s.c.) treatment for 7 d, mice underwent the
novel object recognition test. Galantamine (Gal; 3 mg/kg
p.0.) and PD98059 (PD; 1 ug/0.5 ul per side) were
administered 1 h and 30 min, respectively, before the training
session. Values indicate the mean+s.e. (2, b; n=38) (¢, d;
n=9-10). One-way ANOVA, (c) training: F(2,25)=0.309,
p=0.737; retention: F(2,25)=27.986, p <0.01; (d) training:
F(2,25)=0.399, p=0.676; retention: F(2,25)=0.015, p=0.985.
**p<0.01 compared to corresponding saline-treated training
group (Student’s t test). * p<0.05 compared to
saline + saline/vehicle-treated retention group (Student’s ¢
test). * p<0.01 compared to Meth +saline/vehicle-treated
group (Bonferroni’s test). ¥ p <0.01 compared to

Meth + galantamine/vehicle-treated group (Bonferroni’s test).

present results and a report that there is only 1-12%
brain AChE inhibition 1 h after s.c. injection of 3 mg/
kg galantamine (Geerts et al. 2005), our conclusion is
that galantamine induces the ameliorating effect on
impairment of memory mainly by allosterically modu-
lating the function of nAChRs, but not by AChE
inhibition. However, further experiments are needed
to exclude the involvement of AChE inhibition by
galantamine in the ameliorating effect of it on cogni-
tive impairment in Meth-treated mice, since the allo-
steric potentiating effect of nAChRs can be detected at
lower doses (Geerts et al. 2005).

Accumulating evidence suggests that the dopami-
nergic system in the PFC is involved in cognitive
function. For instance, disruption of dopamine trans-
mission in the PFC by infusions of dopamine D;R
antagonists or by excitotoxic lesions impairs the per-
formance of object retrieval-detour tasks, as well as
delayed response tasks in non-human primates (Dias
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et al. 1996a,b; Sawaguchi & Goldman-Rakic, 1991).
A previous study with functional magnetic resonance
imaging has shown that dysfunction in the PFC of Meth
abusers is related to cognitive impairment (Paulus
etal. 2002). Accordingly, cognitive impairment in Meth
abusers may be associated with deficits in dopamine
transmission in the PFC. Our previous findings in
in-vivo microdialysis experiments demonstrated that
galantamine increases the extracellular dopamine re-
lease in the hippocampus and PFC and that the in-
creasing effects of galantamine on dopamine release
in the hippocampus are potentiated by nicotine and
antagonized by mecamylamine (Wang et al. 2007a).
The present in-vivo microdialysis experiment show
that galantamine significantly increased extracellular
dopamine release in the PFC of Meth-treated mice.
The effects of galantamine on increasing dopamine
release were antagonized by mecamylamine. These
results strongly suggest that galantamine ameliorates
Meth-induced learning and memory deficits by acti-
vating nAChRs, and thereby stimulates release of
dopamine in the PFC. Further, we found that the im-
proving effects of galantamine were prevented by
SCH 23390, a dopamine D;R antagonist. Galantamine
enhances dopaminergic neurotransmission in vivo via
allosteric potentiation of nAChRs. These findings pro-
vide the in-vivo evidence that galantamine augments
dopaminergic neurotransmission in the PFC through
the allosteric activation of nAChRs. The present results
are supported by the results published by Schilstrém
et al. (2007) that effects of galantamine on dopamine
cell firing are mediated by allosteric potentiation of
nAChRs. Taken together, our results suggest that the
PFC-dependent behaviour task was impaired due to
dysfunction of dopaminergic systems induced by
Meth, since the PFC is involved in object recognition
behaviour (Kamei et al. 2006). In fact, Kamei et al.
(2006) have already demonstrated that repeated ad-
ministration of Meth in mice induces object recog-
nition impairment, which is associated with the
dopamine D;Rs, but not dopamine D;Rs in the PFC.
However, the object recognition memory is ascribed
to the perirhinal cortex and its interactions with the
hippocampus (Winters et al. 2008). We will investigate
the functional role of the perirhinal cortex in Meth-
induced cognitive deficits, in the ameliorating effects
of galantamine and D,R/ERK signalling in the NOR
test.

Previous studies have demonstrated that the
ERK1/2 signalling pathway linked to dopamine D;Rs
(Valjent et al. 2000; Zanassi et al. 2001) is involved in
the rewarding effects induced by Meth (Mizoguchi
et al. 2004) and the behavioural sensitization and
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rewarding effects induced by cocaine (Valjent et al.
2000). Regarding the mechanism underlying the re-
peated Meth-induced memory impairment, Kamei
et al. (2006) have already demonstrated dysfunction of
the ERK1/2 pathway in the PFC. Hyperphosphoryl-
ation of ERK1/2 was found in the PFC when control
mice were exposed to novel objects, whereas this ac-
tivation was abolished in repeated Meth-treated mice.
Inhibition of ERK1/2 by the microinjection of PD98059
(4 ug/mouse/bilateral), a selective MEK inhibitor, into
the PFC resulted in cognitive impairment (Kamei et al.
2006). Ito et al. (2007) have also found that another
MEK1/2 inhibitor, SL327 (30 and 50 mg/kg i.p.), sig-
nificantly impairs long-term recognition memory 24 h
after a training session in naive mice. In this study,
galantamine ameliorated the Meth-induced defect of
ERK1/2 hyperphosphorylation in the PFC of mice ex-
posed to novel objects. In addition, the ameliorating
effect of galantamine on Meth-induced object rec-
ognition impairment was completely blocked by pre-
treatment with the ERK inhibitor PD98059 at the dose
used, slightly affecting the performance of saline-
treated mice. Accordingly, these results suggest that
the ameliorating effect of galantamine on Meth-
induced cognitive impairment is related to the ac-
tivation of ERK1/2 in the PFC.

As discussed above, our findings suggest that
dopamine D;R-ERK1/2 systems are required for the
effects of galantamine. Since dopamine the D;R an-
tagonist and ERK inhibitor impaired recognition
memory based on phosphorylation of ERK in the PFC
of normal mice (Kamei ef al. 2006), dopamine D;R-
ERK1/2 systems are critical in recognition memory.
If the action site of galantamine is downstream of
dopamine D;R-ERK1/2 systems, dopamine D;R an-
tagonists or the ERK inhibitor would fail to reverse the
effect of galantamine. Accordingly, our data suggest
that galantamine acts upstream of dopamine D,;R-
ERK1/2 systems.

In conclusion, the ameliorating effect of galant-
amine on Meth-induced memory impairment is associ-
ated with indirect activation of dopamine D,;R-ERK1/
2 following augmentation with dopaminergic neuro-
transmission in the PFC through the allosteric acti-
vation of nAChRs. Galantamine could prove to be a
useful therapeutic drug for treating cognitive
deficits in schizophrenia/Meth psychosis, as well as
Alzheimer’s disease.
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Abstract.

Parishin C, a major component of Gastrodia elata BLuME (GE), was purified from

GE. Because GE modulates the serotonergic system and the 5-HT,, receptor is an important thera-
peutic target of schizophrenia, we examined whether parishin C affects phencyclidine-induced
abnormal behaviors in mice. Phencyclidine-induced abnormal behaviors were significantly ame-
liorated by parishin C. These effects were reversed by WAY 100635, a 5-HT)s-receptor antagonist.
Consistently, parishin C showed high affinity at 5-HT receptor as well as a 5-HT,,—agonist ac-
tivity in a 8-OH-DPAT-stimulated [**S]GTP-yS binding assay. Our results suggest that the anti-
psychotic effects of parishin C require activation of 5-HT ) » receptors.

Keywords: parishin C, phencyclidine, 5-HT 4 receptor

Gastrodia elata BLUME (GE) is a well-known herbal
agent that has long been used to treat headache, paralysis,
epileptic convulsion, and other neurological disorders in
traditional oriental medicine. Recently, it was demon-
strated that GE significantly decreased immobility dura-
tion in a forced-swimming test in rats, primarily by
modulating the serotonergic system (1).

It was suggested that serotonin 5-HT 5 receptors play
a role in the pathophysiology of psychiatric diseases,
including schizophrenia, and that 5-HT 4 receptors might
be an important target for emotion and cognition (2).

Phencyclidine [1-(1-phenylcyclohexyl)piperidine hy-
drochloride (PCP)] a non-competitive N-methyl-p-aspar-
tate (NMDA) antagonist, has been shown to a induce
schizophrenia-like psychosis, with positive symptoms,
negative symptoms, and cognitive deficits in humans,
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which persist for several weeks after withdrawal from
chronic PCP use (3).

To understand the pathophysiology of schizophrenia,
an animal model of schizophrenia was established using
PCP (3). Nabeshima and colleagues previously demon-
strated that repeated treatment with PCP induced several
behavioral abnormalities such as increased immobility in
a forced swimming test, social deficits on a social inter-
action test, impairment of latent learning in a water
finding test, and associative learning impairment in cue
and contextual fear conditional tests in mice (3). Thus,
PCP-treated mice might be a useful animal model of
schizophrenia.

In the present study, we purified parishin C from GE.
We examined whether parishin C affects PCP-induced
changes in immobility, social interaction, and cognitive
function in mice. Simultaneously, we evaluated whether
the 5-HT\a receptor is involved in parishin C—mediated
pharmacological actions against PCP insults.

All animals were treated in accordance with the NIH
Guide for the Care and Use of Laboratory Animals (NIH
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Publication No. 85-23, 1985; www.dels.nas.edu/ila).
This study was performed in accordance with the Institute
for Laboratory Animal Research (ILAR) guidelines for
the care and use of laboratory animals.

Male C57BL/6]J mice or male ICR mice (Bio Genormc
Inc., Gyeonggi-Do, South Korea), weighing 25+ 3 g,
were maintained on a 12:12 h light:dark cycle and fed ad
libitum. Male ICR mice were only used as the “target” in
the social interaction test, with no drug treatment.

N-[2-[4-(2-Methoxyphenyl)-1-piperazinyl]ethyl-N-(2-
pyridinyl)cyclohexane carboxamide trihydrochloride
(WAY 100635; Sigma-Aldrich, St. Louis, MO, USA),
PCP hydrochloride (Tocris Bioscience, Ellisville, MO,
USA), and (+)-8-hydroxy-2-(di-n-propylamino)tetralin
(8-OH-DPAT, Sigma-Aldrich) were dissolved in 0.9%
sterile saline. 1,3-Bis[4-£-p-glucopyranosyloxy)benzyl]
‘citrate (Parishin C, Fig. 1A) was purified according to
Lin et al. (4) and was dissolved in distilled water. All
solutions were prepared immediately before use. Mice
received PCP (10 mg-kg '-day™, s.c.) for consecutive 14

A.

days. Parishin C (25, 50, or 100 mg-kg™'-day™', i.p.) or
8-OH-DPAT (0.05 mg-kg '-day ™', i.p.) was administered
throughout the experimental period (26 days). Mice re-
ceived WAY 100635 (0.5 mg-kg '-day ', i.p.) during the
PCP withdrawal period. Novel object recognition, forced
swimming, and social interaction tests were performed 7
days after withdrawal from PCP. As reflected by the ef-
ficacy of parishin C (or GE), pre-treatment is more effec-
tive than post-treatment in response to PCP in our pilot
study (5). Thus, we used the experimental schedule of
our pilot study in our current study (5). Experimental
schedules are shown in Fig. | B.

The novel object recognition, forced swimming, and
social interaction tests were performed as described
previously (1, 6, 7). An automated video-tracking system
(Noldus Information Technology, Wageningen, Nether-
lands) was used to record and analyze the movements of
mice in all three tests. Binding study to 5-HT ) receptors
was performed using rat hippocampal membrane accord-
ing to the procedure described by Hoyer et al. (8). The

1,3-Bis[4-(B-D-glucopyranosyloxy)benzyl|citrate (Parishin C)

Parishin C (25, 50 or 100 mg-kg'-day”, i.p. x 26) or
8-OH-DPAT (0.05 mg'kg'-day’, i.p. x 26)

Phencyclidine
(10 mg'kg!'-day™, s.c. x 14)

WAY 100635

(0.5 mg'kg'-day’, i.p. x 7)

Fig. 1. Chemical structure of parishin C (A) and experi-
mental schedules (B). 8-OH-DPAT was used as a reference

drug. Mice were treated with phencyclidine (PCP)

I | I
Day -4 1 14 15 21

Training Test

Novel object
recogni tion test (&)

(10 mg-kg'-day™', s.c.) for 14 consecutive days. After a
7- or 8-day withdrawal period, the novel object recogni-
tion, forced swimming, and social interaction tests were
performed using independent sets of mice; each set of mice
was used for one of the three behavioral tests (&). Treat-
ment with parishin C (25, 50, or 100 mg-kg™'-day™, i.p.) or
8-OH-DPAT (0.05 mg-kg '-day™, i.p.) was started from 4

22

fx;:ﬁﬂin days before the first PCP injection and continued through-
test (&) & out the experimental period. WAY 100635 (0.5 mg'kg™

day™, i.p.) was administered during the PCP withdrawal
Social period. Parishin C was injected 90 min prior to PCP or
interaction WAY 100635, and WAY 100635 was injected 30 min prior
test (&) to the behavior test.
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inhibition constants (Ki) were calculated from the Cheng
and Prusoff equation (9). For the [**S]GTP)S binding
assay, membranes were prepared from rat hippocampus
according to the method described by Alper and Nelson
(10). The agonist activity of increasing concentrations of
parishin C was determined by stimulation of [**S]GTPyS
binding.

Statistical analyses were performed using one-way
analysis of variance (ANOVA). A post-hoc Fisher’s
PLSD test or a Student-Newman-Keuls test was then
applied. A P value < 0.05 was deemed to indicate statisti-
cal significance.

Repeated treatment with PCP (10 mg-kg '-day ™, s.c.)
resulted in significant increases in immobility time in the
forced swimming test, while PCP resulted in significant
decreases in the interaction time in the social interaction
test and exploration rate for a novel object in the novel
object recognition test. Parishin C treatment (50 or 100
mg-kg™', i.p.) significantly attenuated PCP-induced in-
crease in immobility time, sociability deficit, and im-
paired visual recognition memory in a dose-dependent
manner. The effects of parishin C (100 mg-kg™", i.p.) in
all behaviors were comparable to those of 8-OH-DPAT
(0.05 mg-kg™', i.p.), a 5-HTs—receptor agonist. Consis-
tently, WAY 100635 (0.5 mg-kg™', i.p.), a 5-HTs—recep-
tor antagonist, significantly inhibited parishin C (100
mg kg, i.p.)-mediated pharmacological actions in re-
sponse to PCP (Fig. 2).

The apparent affinity (Ki) of parishin C and the refer-
ence compound 8-OH-DPAT labeled by [*H]-8-OH-
DPAT in rat hippocampal membrane were determined.
As shown in Table 1, parishin C exhibited high affinity
at 5-HT 4 receptors (Ki = 1.54 nM), which is comparable
to 8-OH-DPAT (Ki = 1.21 nM). For agonist activity, the
effect of parishin C was compared with the selective
5-HTa—receptor agonist R(+)-5-OH-DPAT for stimula-
tion of [**SJGTPyS binding. Parishin C produced a sig-
nificant stimulation (% increase = 78.4) in a concentra-
tion-dependent manner (ECs, = 34 nM); this is near the
R(+)-8-OH-DPAT level (% increase = 93.6), suggesting
that parishin C is a 5-HTa—receptor full agonist. Thus, it
is possible that parishin C attenuates PCP-induced
changes in immobility time, social interaction, and cog-
nitive function, at least in part, via activation of 5-HT 4
receptors.

A recent finding has suggested that repeated PCP
treatment significantly decreases the density of 5-HT)
receptors in the mouse brain (11). 5-HTa—agonist prop-
erties are thought to improve negative symptoms and
cognitive deficits by stimulating the release of dopamine
in the prefrontal cortex (12). Atypical antipsychotic
drugs, such as clozapine, zipraidone, aripiprazole, and
quetiapine, are all 5-HT,s—receptor (partial) agonists,

which may be relevant for their actions in treating
schizophrenia (13). While current antipsychotic treat-
ments are effective against positive symptoms, they have
significant side effects and have little effect on negative

A. Forced swimming test

) t
@80 dk  kk ok
=
£ 60
£
3
S 40
2 0}
£
£
= 0

Sal WAY Sal Sal WAY Sal WAY Sal Sal Sal Sal WAY

0.05 100 005 25 50 100
Sal  80H PAR Sal  SOH PAR
Sal PCP

B. Social interaction test

80
60
40

20

Sal WAY Sal Sal WAY Sal WAY Sal Sal Sal Sal WA

Time spent in interaction zone (%)

0.05 100 0.05 25 50 100
Sal 8OH PAR Sal 8OH PAR
Sal PCP

C. Novel object recognition test

Sal WAY Sal Sal WAY Sal WAY Sal Sal Sal Sal WAY

Exploration for a novel object (%)

0.05 100 0.05 25 50 100
Sal 80OH PAR Sal 80H PAR
Sal PCP

Fig. 2. Effect of WAY 100635 on the parishin C-mediated pharma-
cological actions in response to phencyclidine (PCP)-induced changes
in the immobility time (A), social interaction time (B), and recogni-
tion memory (C). Sal =saline, PAR 25 = parishin C (25 mg-kg™,
i.p.), PAR 50 = parishin C (50 mg-kg™, i.p.), PAR 100 = parishin C
(100 mg'kg™', i.p.), 8OH = 8-OH-DPAT (0.5 mg-kg™, i.p.), WAY =
WAY 100635 (0.5 mg-kg™", i.p.). Each value is the mean + S.E.M. of
12 mice. *P < 0.05, **P < 0.01 vs. Saline + Saline + Saline; “P < 0.05
vs. Saline + Saline + PCP; P <0.05 vs. Saline + PAR 100 + PCP
(One-way ANOVA followed by Fisher’s PLSD test).
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Table 1. Affinity for 5-HT, 4 receptors and agonist properties of [**S]JGTPyS binding in isolated rat hippocampal

membranes
. Basal fmol GTPyS Maximal fmol GTPyS N
Compound K o) (bound/mg protein) (bound/mg protein) Tuersase (36)
R(+)-8-OH-DPAT 1.21+0.02 14.1+£09 273+14 93.6%*
Parishin C 1.54+0.04 139+1.2 24825 78.4%*

Compounds were tested at concentrations from 107" to 107 M. Each value is the mean = S.E.M. of three separate
experiments. Significant increase, **P < 0.01 (One-way ANOVA followed by Student-Newman-Keuls test).

or cognitive symptoms (14).

Nagai et al. (7) have indicated that potential antipsy-
chotic effects on PCP require combined modulation of
5-HTa and dopamine receptors. Interestingly, the GE-
mediated anti-depressant effects are exerted, at least in
part, by dopaminergic modulation in the rat brain (1);
however, the interaction between 5-HT, and specific
dopamine receptors in our experimental condition re-
mains to be determined.

Our results are in line with our earlier findings that
repeated treatment with PCP showed significant increases
in immobility time and significant decreases in social
interaction and recognition memory in mice (3). Pro-
longed exposure to parishin C significantly blocked
PCP-induced behavioral effects, in a dose-related man-
ner. The protective effects of parishin C in response to
PCP were comparable to those of the 5-HT,,—receptor
agonist 8-OH-DPAT (0.05 mg-kg ™!, i.p.). Furthermore,
our results suggest that parishin C is a 5-HT, 4 full agonist
with high affinity at 5-HT, 4 receptors. Consistently, the
5-HT s—receptor antagonist WAY 100635 significantly
counteracted parishin C—mediated pharmacological ef-
fects in response to PCP. We propose that the 5-HT) 4 full
agonistic character of parishin C may be important in its
antipsychotic effects in response to PCP. Alternatively,
we cannot rule out the possibility that parishin C might
act as a 5-HT receptor—transporter inhibitor. However,
the effective doses, 100 and 0.05 mg-kg™' for parishin C
and 8-OH-DPAT, respectively, are quite different. It may
be due to pharmacokinetic differences between both
compounds or parishin C might exert its effect through
mechanisms other than 5-HT;s—receptor activation.

Similar to parishin C, various SHT;a-receptor agonists,
such as buspirone, 8-OH-DPAT, and ipsapirione, have
been shown to enhance social interaction (15). Further-
more, various preclinical data strengthen the notion that
targeting the 5-HT a—receptor system should result in
beneficial effects on dysfunctional social behavior, pos-
sibly not only in schizophrenic patients but also in the
population suffering from social withdrawal of other
etiologies.

Interestingly, Hagiwara et al. (11) demonstrated that

the hippocampal density of 5-HT,s receptor is much
higher than the frontal cortical density of 5-HT receptor
in mice and that repeated treatment with PCP did not
significantly alter the frontal cortical density of 5-HT,
but did change the hippocampal density of 5-HT recep-
tors, and that perospirone, a 5-HT,,—receptor agonist,
ameliorated PCP-induced cognitive deficits, as measured
by a novel object recognition test (NORT). Thus, the
cognitive enhancing effect of parishin C or §-OH-DPAT
may be similar to that of perospirone.

Combined, our results suggest that 5-HT; receptor—
agonistic properties of parishin C offer potential thera-
peutic advantages in response to PCP-induced schizo-
phrenia-like psychosis.
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Altered glutamatergic neurotransmission in the prefrontal cortex (PFC) has been implicated in a myriad
of neuropsychiatric disorders. We previously reported that prenatal exposure to PCP produced long-
lasting behavioral deficits, accompanied by the abnormal expression and dysfunction of NMDA receptors.
In addition, these behavioral changes were attenuated by clozapine treatment. However, whether the
prenatal exposure adversely affects pre-synaptic glutamatergic neurotransmission in postpubertal mice

Keywords: remains unknown. In the present study, we investigated the involvement of prefrontal glutamatergic
Prenatal PCP Lo . . . .. . .

Behavior neurotransmission in the impairment of cognitive and emotional behavior after prenatal PCP treatment
GLAST (5mg/kg/day) from E6 to E18 in mice. The PCP-treated mice showed an impairment of recognition mem-

ory in a novel object recognition test and enhancement of immobility in a forced swimming test at 8
weeks of age. Moreover, the prenatal treatment reduced the extracellular glutamate level, but increased
the expression of a glial glutamate transporter (GLAST) in the PFC. The microinjection of DL-threo-
B-benzyloxyaspartate (DL-TBOA, 10 nmol/site/bilaterally), a potent blocker of glutamate transporters,
reversed these behavioral deficits by enhancing the prefrontal glutamatergic neurotransmission. Taken
together, prenatal exposure to PCP produced impairments of long-term memory and emotional function
which are associated with abnormalities of pre-synaptic glutamate transmission in the PFC of postpuber-
tal mice. These findings suggest the prenatal inhibition of NMDA receptor function to contribute partly
to the pathophysiology of neurodevelopment-related disorders, such as schizophrenia.

© 2011 Elsevier B.V. All rights reserved.

Glutamate transmission
Prefrontal cortex
Mice

1. Introduction

Disruption of the brain’s development at an early stage can
potentially alter neural networks and may increase the risk
for neuropsychiatric disorders in later life. According to the
neurodevelopmental hypothesis, disruption of the developing
brain predisposes the neural systems to long-lasting structural
and functional abnormalities, leading to the emergence of psy-
chopathological behavior in adulthood [3].

NMDA receptor plays a critical role in neuronal development
[10]. The stimulation of NMDA receptors during development is
critical for the survival, differentiation and migration of immature
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neurons [4,20], controls structure and plasticity [40], and estab-
lishes normal neural networks in the developing brain [12]. On the
other hand, pharmacological inhibition of NMDA receptors at an
early stage disturbs neural function in development [6,13,22].

The blockade of NMDA receptors with phencyclidine (PCP), a
noncompetitive antagonist, produces a transient state of psychosis
and schizophrenia-like deficits in normal subjects and exacerbates
several symptoms in schizophrenia patients [18]. Moreover, PCP
elicited a prolonged recrudescence of the acute psychotic state in
patients with stable chronic schizophrenia, suggesting that a sim-
ilar mechanism is compromised [21]. These observations, along
with the finding of reduced glutamate levels in the cerebrospinal
fluid of schizophrenic patients [19], form the basis of the gluta-
matergic hypofunction hypothesis of schizophrenia.

According to this hypothesis, PCP is widely used to pro-
duce abnormal behavior and biochemical changes resembling the
positive symptoms, negative symptoms, and cognitive deficits
of patients with schizophrenia [32,33,38]. Although a series of
schizophrenia-like symptoms are observed in PCP-treated adult
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