
ORIGINAL INVESTIGATION

Interaction of mGlu2/3 agonism with clozapine
and lurasidone to restore novel object recognition
in subchronic phencyclidine-treated rats

Masakuni Horiguchi & Mei Huang & Herbert Y. Meltzer

Received: 12 August 2010 /Accepted: 1 March 2011 /Published online: 25 March 2011
# Springer-Verlag 2011

Abstract
Rationale Subchronic administration to rodents of the
N-methyl-D-aspartate non-competitive antagonist, phency-
clidine (PCP), impairs novel object recognition (NOR).
Atypical antipsychotic drugs (APDs) reverse the effects of
subchronic PCP on NOR. The effect of metabotropic
glutamate2/3 receptor (mGlu2/3) agonists upon NOR is
unknown.
Objectives and methods We tested the hypotheses that the
mGlu2/3 agonist, LY379268, by itself, or in combination
with APDs or pimavanserin, a 5-HT2A inverse agonist,
would reverse the deficit in NOR induced by subchronic
treatment with PCP (2 mg/kg, b.i.d., for 7 days).
Results The mGlu2/3 agonist LY379268 (1 or 3 mg/kg) did
not attenuate the PCP-induced NOR deficit. However,
together with sub-effective dose of the atypical APDs,
clozapine (0.1 mg/kg) or lurasidone (0.03 mg/kg), but not
the typical APD, haloperidol (0.1 mg/kg), or pimavanserin
(3 mg/kg), LY379268, 1 mg/kg, significantly reversed the
PCP-induced NOR deficit. Moreover, the effect of cloza-
pine was blocked by the mGlu2/3 antagonist, LY341495
(1 mg/kg).

Conclusions These results indicate that mGlu2/3 agonism
can potentiate the ability of atypical, but not typical APDs,
to ameliorate the effect of subchronic PCP on NOR, that
mGlu2/3 agonism may contribute to the ability of atypical
APDs to acutely reverse the effect of subchronic PCP on
NOR, but that by itself, mGlu2/3 agonism, is ineffective in
this model of cognitive impairment in schizophrenia. These
results suggest that mGlu2/3 receptor agonism should be
investigated as an adjunctive treatment of cognitive
impairment in schizophrenia rather than as monotherapy,
which may be effective for control of psychosis, but not for
cognitive impairment.
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Introduction

Deficits in multiple domains of cognition, including visual
learning and declarative memory, are present in most
patients with schizophrenia (Palmer et al. 1997). There is
controversial evidence that atypical antipsychotic drugs
(APDs) which are more potent 5-HT2A than D2 antagonists,
e.g., clozapine and risperidone (Meltzer et al. 1989; Schotte
et al. 1996; Meltzer and Huang 2008), are more effective
than typical APDs to attenuate some cognitive deficits
(Hagger et al. 1993; Meltzer and McGurk 1999; Woodward
et al. 2005; Keefe et al. 2007). Unless otherwise noted,
atypical APDs mentioned in this article refer to the
aforementioned class of atypical APDs, excluding drugs
such as amisulpride which belong to other classes of
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atypical APDs. Although average mean effect sizes for the
improvement in cognition by atypical APDs such as
clozapine and risperidone are at best moderate for domains
such as semantic and declarative memory (Woodward et al.
2005), there are substantial numbers of individual patients
who have large, clinically significant improvements, be-
yond expected practice effects particularly in both of these
domains, following a switch to atypical APDs (Hagger et
al. 1993; Bilder et al. 2002). The discovery of novel
adjunctive pharmacologic treatments which can improve at
least some domains of cognition in schizophrenia, accom-
panied by functional improvement, is a major unmet need
(Meltzer and McGurk 1999; Gray and Roth 2007).

Cortical hypodopaminergic, as well as hypoglutamatergic
activity, have been postulated to be major causes of the
cognitive impairment of schizophrenia (Goldman-Rakic and
Selemon 1997; Coyle 2006). The main evidence for the deficit
in glutamatergic function in schizophrenia is that non-
competitive N-methyl-D-aspartate (NMDA) receptor antago-
nists, e.g., phencyclidine (PCP) and ketamine, induce
schizophrenia-like cognitive impairments in healthy subjects
(Javitt and Zukin 1991; Krystal et al. 1999), but the
hypothesis is also supported by post-mortem and genetic
studies (Gunduz-Bruce 2009). There is, however, conflicting
evidence about the effects of acute and chronic ketamine on
declarative memory in patients with schizophrenia and normal
volunteers (LaPorte et al. 1996; Morgan et al. 2009;
Stefanovic et al. 2009). Nevertheless, the effects of NMDA
non-competitive antagonists to impair cognitive function in
rodents and monkeys have been intensively studied as an
animal model of the cognitive deficit in schizophrenia
(Gunduz-Bruce 2009). Acute or subchronic administration of
PCP and MK-801, another non-competitive NMDA antago-
nist, have been reported to produce impairments in visual
learning and memory, attention, reasoning and problem
solving, working memory, and social cognition in rodents
(see Neill et al. (2010) for review).

Atypical APDs which are 5-HT2A/D2 antagonists, but not
haloperidol, a typical APD, have been reported to reverse
cognitive deficits induced by sub-chronic PCP treatment in
novel object recognition (NOR) (Grayson et al. 2007;
Hashimoto et al. 2005; Nagai et al. 2009; Hagiwara et al.
2008; McKibben et al. 2010; Snigdha et al. 2010), a possible
analog of declarative memory in humans. Lurasidone is a
novel atypical APD recently approved for schizophrenia (see
Meyer et al. (2009) for review). Lurasidone has high binding
affinities for the human 5-HT2A, 5-HT7, D2, and 5-HT1A
receptors (Ki=0.47, 0.50, 0.99, 6.4 nM, respectively;
Ishiyama et al. 2009). Lurasidone has been reported to have
cognitive benefits in animal models: e.g., reversal of
scopolamine- and MK-801-induced impairment in the
passive avoidance, Morris water maze, and radial-arm maze
tests in rats (Ishiyama et al. 2007; Enomoto et al. 2008).

We have recently reported that the ability of sub-effective
doses of risperidone to reverse the deficit in NOR caused by
subchronic PCP treatment is potentiated by the 5-HT2A inverse
agonists, pimavanserin and M100907, although neither of the
latter drugs attenuated this deficit by themselves (Snigdha et al.
2010). Microdialysis studies in rats have shown that atypical
APDs preferentially enhance cortical and hippocampal dopa-
mine (DA) efflux, which may contribute to their ability to
improve cognition, at least in some schizophrenia patients,
and that the effect on cortical DA is related to greater affinity
for 5-HT2A than D2 receptors as well as 5-HT1A receptor
agonism (Moghaddam and Bunney 1990; Kuroki et al. 1999;
Ichikawa et al. 2002; Chung et al. 2004). The ability of sub-
effective doses of typical and atypical APDs to increase DA
efflux in the mPFC is enhanced by 5-HT2A inverse agonists
(Liegeois et al. 2002; Meltzer and Huang 2008). This
enhancement of DA efflux in the mPFC by the combination
of atypical APDs and 5-HT2A inverse agonists may be related
to the improved performance in the NOR test following the
combined administration of these agents.

Metabotropic glutamate2/3 receptor (mGlu2/3) agonists
are putative antipsychotic agents (Swanson and Schoepp
2002; Patil et al. 2007). mGlu2/3 receptors are presynaptic
and enriched in brain areas associated with cognition, e.g.,
the hippocampus (HIP), neocortex, amygdala, and striatum
(Cartmell and Schoepp 2000). mGlu2/3 agonists, such as
LY354740, LY379268, and LY404039, have been reported
to be more potent inhibitors of PCP-induced than
amphetamine-induced locomotor activity (Moghaddam
and Adams 1998; Cartmell et al. 1999; Swanson and
Schoepp 2002; Woolley et al. 2008). A recent phase IIA
clinical trial showed that LY2140023, a prodrug that is
converted into the mGlu2/3 agonist LY404039, improved
positive and negative symptoms in patients with schizo-
phrenia (Patil et al. 2007). A second phase II study with
LY2140023 failed to show clinical improvement in schizo-
phrenic patients, but it was a failed, and, therefore,
inconclusive study since the positive control, olanzapine,
also did not differentiate from placebo (Kinon 2009).

LY354740 has been reported to reverse PCP-induced
working memory deficits (Moghaddam and Adams 1998)
and deficits of social novelty discrimination secondary to
neonatal PCP administration in rats (Harich et al. 2007).
LY354740 was also reported to attenuate ketamine-induced
working memory deficits in humans (Krystal et al. 2005).
However, Schlumberger et al. (2009) reported that
LY354740 did not modify PCP-induced working memory
deficits in a spontaneous alternation task or in the passive
avoidance test. Another mGlu2/3 agonist, LY487379, had
no effect on cognitive impairment in active allothetic place
avoidance induced by MK-801 (Vales et al. 2010).
LY354740 has been reported to induce memory impair-
ments in rats (Aultman and Moghaddam 2001) whereas
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LY379268 exacerbated PCP-induced disruption of attentional
performance in the five-choice serial reaction time task
(Amitai and Markou 2010). Possible synergistic effects
between mGlu2/3 agonists and typical or atypical APDs have
not yet been investigated. Uslaner et al. (2009) reported that
the effects of LY379268 and M100907, a 5-HT2A inverse
agonist, on amphetamine-induced and MK-801-induced psy-
chotomor activity, were significantly greater when adminis-
tered together than when administered separately.

This study was designed to test whether the mGlu2/3
agonist, LY379268, by itself, or in combination with a sub-
effective dose of atypical APDs which have high affinity for
5-HT2A receptors (clozapine and lurasidone), a typical APD
(haloperidol), or the 5-HT2A inverse agonist, pimavanserin,
are able to reverse the PCP-induced NOR deficit in rats.

Material and methods

Animals

Thirty-four female Long–Evans (LE) rats (8 or 9 weeks old;
Harlan Sprague Dawley, Inc, Indianapolis, IN, USA) were
used as subjects for NOR experiments 1–3; 43 rats were
used as subjects for experiments 4–6. LE rats were housed
in groups of three or four on a 12-h light/dark cycle (lights
on at 7:00A.M.). All experiments were conducted during the
light phase. Food and water were available ad libitum. All
experiments were conducted in accordance with the
Vanderbilt animal committee regulations.

Drugs

Lurasidone was provided from Dainippon Sumitomo Pharma
(Osaka, Japan). Pimavanserin was provided by Acadia
Pharmaceuticals (Torrence, CA). Clozapine was obtained
from Novartis (Basel, Switzerland). Haloperidol and PCP
were obtained from Sigma–Aldrich (St. Louis, MO, USA).
LY379268 and LY341495 were purchased from Tocris
Bioscience (Ellisville, MO, USA). PCP, haloperidol, and
pimavanserin were dissolved in distilled water. Lurasidone
was dissolved 0.5% methylcellulose, 0.2% Tween80. Cloza-
pine was dissolved in a small amount of 0.1 M phosphoric
acid, and the pH was adjusted to 6 to 7 with 0.1 N NaOH.
LY379268 was dissolved in saline. LY341495 was dissolved
in a small amount of 0.1M sodium hydroxide and then diluted
with saline. All drugs or vehicle administered intraperito-
neally (i.p.) in a volume of 1 ml/kg body weight.

Drug treatment

LE rats were randomly assigned to two treatment groups:
nine were treated with vehicle (saline, i.p.), and the

remainder were treated with PCP (2 mg/kg, i.p.) twice
daily for 7 days. Subsequently, animals were given a 7-day
washout period prior to NOR testing, and each rat was
tested three times in the NOR paradigm, as in previous
studies (Grayson et al. 2007; Snigdha et al. 2010). To
reduce carryover effects, a 7-day washout period was given
between each of the test sessions. The criterion for
continuing to test rats was exploration times in the
acquisition and retention phases to either of two objects
≥5 s. If a rat did not explore at least that amount in either of
these two phases, its data were excluded from analysis. This
rarely occurred and did not affect the ability to complete the
analysis using the data from the remaining animals of that
group. All experiments consisted of six to nine rats.

Novel object recognition test

Testing was carried out according to a previously validated
method (Grayson et al. 2007; Snigdha et al. 2010). The object
recognition test was performed in an open field comprising a
square box made of Plexiglas (52×52×31 cm). The floor of
the box was white with black gridlines forming nine identical
squares on it; all other walls were black. All rats were
habituated to the test environment and NOR arena for three
consecutive days prior to the first NOR test. Habituation
consisted of placing the subjects in the empty NOR arena for
1 h. Rats were given a further 3-min habituation on the day of
testing. After the 3-min habituation period, the rats were given
two 3-min trials (an acquisition trial and a retention trial),
separated by a 1-min inter-trial return to their home cage
during which the objects were removed, and the arena was
cleaned. During the acquisition trial, the animals were allowed
to explore two identical objects (A1 and A2) for 3 min.
During the retention trial, the animals explored a familiar
object (A) from the acquisition trial and a novel object (B) for
3 min. The familiar object presented during the retention trial
was a duplicate of the object presented in acquisition trial to
avoid any olfactory trails. Behavior in all trials was recorded
on video for subsequent blind scoring for the object
exploration. Object exploration is defined by animal’s licking,
sniffing, or touching the object with the forepaws while
sniffing, but not leaning against, turning around, standing, or
sitting on the object. The exploration time (seconds) of each
object in each trial was recorded manually by the use of two
stopwatches. The discrimination index (DI) [(time spent
exploring the novel object − time spent exploring the familiar
object) / total exploration time] was then calculated for
retention trial.

Data analysis

All data are expressed as mean ± SEM (n=6–9 per group).
Exploration data were analyzed by a repeated-measures two-
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way ANOVA followed by the pairwise comparison when a
significant effect was detected by the ANOVA. DI data were
analyzed by one-way ANOVA followed by the Bonferroni
test when a significant effect was detected by the ANOVA.

Results

Effect of lurasidone in subchronic PCP-treated rats
(experiments 1 and 2)

In the acquisition phase, there was no significant difference
in time spent exploring the two identical objects in any
group (Figs. 1a and 2a). In the retention phase, vehicle-
treated animals explored the novel object significantly
longer than the familiar objects (p<0.05 and p<0.01 each,
Figs. 1b and 2b). The ability to discriminate novel and
familiar objects was abolished by subchronic PCP-
treatment (Figs. 1b and 2b). Lurasidone (0.01 and
0.03 mg/kg) failed to reverse the PCP-induced NOR deficit
(Fig. 1b). However, higher doses of lurasidone (0.1 and
0.5 mg/kg) significantly attenuated the deficit (p<0.01,
each; Fig. 2b). The DI was significantly reduced following
subchronic PCP treatment (p<0.01); 0.1 and 0.5 mg/kg

lurasidone significantly (p<0.05 and p<0.01, respectively)
reversed the PCP-induced reduction in DI (Figs. 1c and 2c).

Effect of LY379268 in subchronic PCP-treated rats
(experiment 3)

In the acquisition trial, statistical analysis showed no significant
difference in time spent exploring the identical two objects in
any group (Fig. 3a). In the retention trial, vehicle-treated
animals explored the novel object significantly more than the
familiar object (p<0.05). In subchronic PCP-treated rats, there
was no significant difference between the time spent exploring
the novel and the familiar object and LY379268 at doses of 1
and 3 mg/kg did not attenuate the PCP-induced deficit
(Fig. 3b). Statistical analysis showed subchronic PCP treat-
ment significantly reduced the DI (p<0.05). LY379268 (1 and
3 mg/kg) failed to improve the reduction of DI induced by
subchronic PCP treatment (Fig. 3c).

Effect of clozapine and LY341495 in subchronic
PCP-treated rats (experiment 4)

In the acquisition trial, statistical analysis showed no
significant difference in time spent exploring the identical
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Fig. 1 Effect of acute adminis-
tation of lurasidone (0.01,
0.03 mg/kg) on PCP-induced
cognitive impairment in NOR
test. a Effect of lurasidone (0.01,
0.03 mg/kg, i.p.) on exploration
of two identical objects in the
acquisition trial in NOR test.
Data are shown as mean ± SEM
(n=7 per group). b Effect of
lurasidone (0.01, 0.03 mg/kg, i.
p.) on exploration of a novel and
a familiar object in the retention
trial in NOR test. Data are
shown as mean ± SEM (n=7 per
group). *p<0.05, significant
difference in time spent explor-
ing the novel compared with the
familiar object. c Effect of lur-
asidone (0.01, 0.03 mg/kg, i.p.)
on the DI. Data are shown as
mean ± SEM (n=7 per group).
**p<0.01, significant decrease
in DI compared with the vehicle
group
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two objects in any group (Fig. 4a). In the retention trial,
vehicle-treated rats showed exploratory preference for the
novel object and subchronic PCP treatment abolished the
preference (p<0.01). 0.3 mg/kg clozapine, but not 0.1 mg/kg,
significantly reversed the PCP-induced NOR deficit (p<0.01).
Co-administration of the mGlu2/3 antagonist, LY341495, with
clozapine (0.3 mg/kg) blocked the effect of clozapine to
restore the NOR deficit in PCP-treated rats (Fig. 4b). The DI
was significantly reduced following subchronic PCP treat-
ment (p<0.01); treatment with 0.3 mg/kg clozapine, but not
0.1 mg/kg, significantly improved the NOR deficit induced
by PCP (p<0.05). Clozapine (0.3 mg/kg) did not reverse the
PCP-induced NOR deficit when LY341495 (1 mg/kg) was
co-administered (Fig. 4c).

Effect of LY379268 plus atypical APDs, haloperidol,
or pimavanserin in subchronic PCP-treated rats (experiment
5 and 6)

In the acquisition trial, statistical analysis showed no
significant difference in time spent exploring the identical
two objects in any group (Figs. 5a and 6a). In the retention
trial, vehicle-treated animals spent significantly longer

exploring the novel object compared with familiar objects
(p<0.05, p<0.01, each; Figs. 5b and 6b). In subchronic
PCP-treated rats, there was no significant difference
between the time spent exploring the novel and the familiar
object (Fig. 5b). Haloperidol (0.1 mg/kg) plus LY379268
(1 mg/kg) or pimavanserin (3 mg/kg) plus LY379268
(1 mg/kg) did not affect the exploration times of the PCP-
treated rats in the retention trial (Figs. 5b and 6b). Statistical
analysis showed that the combination of LY379268 (1 mg/kg)
and sub-effective dose of lurasidone (0.03 mg/kg) or
clozapine (0.1 mg/kg) successfully reversed the PCP-
induced deficit in NOR (p<0.05, p<0.01, respectively;
Figs. 5b and 6b). Subchronic PCP treatment significantly
reduced the DI compared with control rats (p<0.01, p<0.05,
each; Figs. 5c and 6c). Haloperidol (0.1 mg/kg) or
pimavanserin (3 mg/kg) in combination with LY379268
(1 mg/kg) did not affect the PCP-induced reduction in DI
(Figs. 5c and 6c). A sub-effective dose of lurasidone
(0.03 mg/kg) in combination with LY379268 (1 mg/kg)
significantly improved the PCP-induced reduction in DI
(Fig. 5c). There was a trend for sub-effective dose of
clozapine (0.1 mg/kg) plus LY379268 (1 mg/kg) to restore
the DI in PCP-treated rats (p=0.08; Fig. 6c).
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Fig. 2 Effect of acute adminis-
tation of lurasidone (0.1,
0.5 mg/kg) on PCP-induced
cognitive impairment in NOR
test. a Effect of lurasidone (0.1,
0.5 mg/kg, i.p.) on exploration
of two identical objects in the
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8 per group). **p<0.01, signif-
icant difference in time spent
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of lurasidone (0.1, 0.5 mg/kg,
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Discussion

The mGlu2/3 agonist, LY379268, alone, did not attenuate
the PCP-induced NOR deficit at a dose which has
previously been reported to block the locomotor effects of
PCP and, to a lesser extent, amphetamine, in rodents
(Moghaddam and Adams 1998; Cartmell et al. 1999;
Swanson and Schoepp 2002; Woolley et al. 2008).
Lurasidone, a novel atypical APD, like clozapine, produced
a dose-dependent reversal of PCP-induced deficit in NOR.
Co-administration of LY379268, with a sub-effective dose
of clozapine or lurasidone, but not haloperidol or pima-
vanserin, also significantly reversed the PCP-induced NOR
deficit. Moreover, the ameliorating effect of clozapine on
NOR in PCP-treated rats was blocked by pretreatment with
the mGlu2/3 antagonist, LY341495. Whereas the combined
effect of submaximal doses of LY379268 and the 5-HT2A

inverse agonist, M100907 block acutely administered PCP-
and amphetamine-induced locomotor activity in rats (Uslaner
et al. 2009), the ability of LY379268 to reverse the effects of
subchronic PCP on NOR, was not potentiated by the 5-HT2A
inverse agonist, pimavanserin.

Our results confirm that subchronic PCP treatment
(2 mg/kg, i.p., twice a day for 7 days) induces a robust,
persistent impairment in NOR and that atypical APDs, but
not typical APDs, reverse this deficit (Grayson et al. 2007;
Snigdha et al. 2010). The procedure of using the same rats
in up to three studies, separated by a 7-day washout period,
was validated by conducting the same experiment as the
first in one group of animals and the last in another group
of animals, and obtaining the same results (Snigdha et al.
2010).

LY379268 alone (1 and 3 mg/kg) did not improve the
NOR deficit, despite evidence that these doses of
LY379268 attenuate PCP-induced hyperlocomotion
(Cartmell et al. 1999; Swanson and Schoepp 2002). Our
results are in accord with some previous studies showing
that mGlu2/3 agonists did not improve cognitive impair-
ment induced by non-competitive NMDA receptor antag-
onists in a spontaneous alternation task, a passive
avoidance test (Schlumberger et al. 2009), and in active
allothetic place avoidance (Vales et al. 2010). Moreover,
the mGlu2/3 agonist, LY354740, failed to improve the
deficit in pre-pulse inhibition induced by acute PCP

A) B)

E
xp

lo
ra

ti
o

n
 t

im
e 

(S
)

E
xp

lo
ra

ti
o

n
 t

im
e 

(S
)

Acquisition Time Retention Time

0.0

5.0

10.0

15.0

20.0

25.0
Familiar

Novel

0.0

5.0

10.0

15.0

20.0

25.0
Left

Right

C) 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

D
is

cr
im

in
at

io
n

 In
d

ex

Fig. 3 Effect of acute adminis-
tation of LY379268 (1, 3 mg/kg)
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(Schreiber et al. 2000) or ketamine (Imre et al. 2006)
administration, and LY379268 did not improve the
impairment in conditioned emotional response in isolation
reared rats (Jones et al. 2010). On the other hand, mGlu2/3
agonists have been reported to improve working memory
and social novelty discrimination disrupted by non-
competitive NMDA receptor antagonists (Krystal et al.
2005; Moghaddam and Adams 1998; Harich et al. 2007).
LY379268 also reversed post-weaning social isolation-
induced locomotor hyperactivity, deficits in NOR, and
deficits in acoustic startle response in the pre-pulse
inhibition paradigm (Jones et al. 2010). This suggests that
mGlu2/3 agonists attenuate some domains of cognitive
impairments but not others, as has been reported for
atypical APDs in schizophrenia (Meltzer and McGurk
1999). Our results suggest that the combination of a sub-
effective dose of an atypical APD with an mGlu2/3 agonist

might produce a broader improvement in cognition in
patients with schizophrenia than either drug alone.

Lurasidone has more potent 5-HT2A than D2 receptor
blocking properties (Ishiyama et al. 2009), as do the five
other atypical antipsychotic drugs which have been shown
to reverse the effects of PCP in this model (Grayson et al.
2007; Snigdha et al. 2010). This is consistent with other
evidence that the reversal of the PCP-induced deficit in
NOR by atypical APDs is facilitated by extensive blockade
of 5-HT2A receptors (Snigdha et al. 2010). There is
significant clinical evidence that 5-HT2A receptor blockade
can diminish psychopathology, including psychotic symp-
toms in patients with schizophrenia or Parkinson’s disease,
some of which we have summarized elsewhere (Meltzer et
al. 2010). This includes a placebo-controlled trial in acutely
psychotic patients treated with the 5-HT2A inverse agonist,
SR43469B (Meltzer et al. 2004). Further, a recent PET
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Fig. 4 Effect of acute administation of clozapine (0.1, 0.3 mg/kg) and
clozapine (0.3 mg/kg) plus LY341495 (1 mg/kg) on PCP-induced
cognitive impairment in NOR test. a Effect of clozapine (0.1, 0.3 mg/
kg, i.p.) and clozapine (0.3 mg/kg, i.p.) plus LY341495 (1 mg/kg, i.p.)
on exploration of two identical objects in the acquisition trial in NOR
test. Data are shown as mean ± SEM (n=6–8 per group). b Effect of
clozapine (0.1, 0.3 mg/kg, i.p.) and clozapine (0.3 mg/kg, i.p.) plus
LY341495 (1 mg/kg, i.p.) on exploration of a novel and a familiar

object in the retention trial in NOR test. Data are shown as mean ±
SEM (n=6–8 per group). **p<0.01, significant difference in time
spent exploring the novel compared with the familiar object. c Effect
of clozapine (0.1, 0.3 mg/kg, i.p.) and clozapine (0.3 mg/kg, i.p.) plus
LY341495 (1 mg/kg, i.p.) on the DI. Data are shown as mean ± SEM
(n=6–8 per group). **p<0.01, significant decrease in DI compared
with the vehicle group. # p<0.05, significant reversal in DI compared
with PCP group
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study which measured 5-HT2A receptor occupancy with
[18F] altanserin PET in 15 first-episode antipsychotic-naïve
schizophrenia patients before and after 6 months of
quetiapine treatment reported that a 5-HT2A receptor
occupancy level between 60% and 70% appeared to exert
the optimal 5-HT2A receptor-related treatment effect on
positive symptoms (Rasmussen et al. 2010).

It is noteworthy that co-administration of LY379268 and
sub-effective doses of the atypical APDs, clozapine and
lurasidone, but not haloperidol or pimavanserin, ameliorat-
ed the subchronic PCP-induced NOR deficit. These
negative results suggest that an interaction of mGlu2/3
agonism with either D2 or 5-HT2A receptors alone is
insufficient to reverse the effects of subchronic PCP, but
do not exclude the possibility that both D2 and 5-HT2A

receptor blockade, in combination with other neurochemical
effects of the atypical APDs, contribute to the synergism of

mGlu2/3 agonists with atypical APDs. The dose of haloper-
idol used here was based on previous studies of its ability to
weakly enhance cortical DA efflux (Ichikawa and Meltzer
1991; Kuroki et al. 1999). The dose of pimavanserin has
been shown to achieve essentially 100% 5-HT2A receptor
occupancy (Vanover et al. 2006). mGlu2/3 and 5-HT2A
receptors co-localize in cortical pyramidal neurons and form
a heterodimer complex (González-Maeso et al. 2008).
mGlu2/3 agonists, like 5-HT2A inverse agonists, decrease
5-HT2A agonist-induced head twitch (Gewirtz and Marek
2000) and excitatory postsynapitc potentials (Marek et al.
2000). Recent studies showed that LY379268 (1 mg/kg) and
the 5-HT2A inverse agonist, M100907 (0.2 mg/kg), modestly
decreased amphetamine-induced hyperlocomotion when
given alone, whereas the combination markedly attenuated
amphetamine- and MK-801-induced hyperlocomotion
(Uslaner et al. 2009). These considerations led Pehrson and
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Fig. 5 Effect of acute administation of LY379268 (1 mg/kg) plus
haloperidol (0.1 mg/kg) and LY379268 (1 mg/kg) plus lurasidone
(0.03 mg/kg) on PCP-induced cognitive impairment in NOR test. a
Effect of LY379268 (1 mg/kg, i.p.) plus haloperidol (0.1 mg/kg, i.p.)
and LY379268 (1 mg/kg, i.p.) plus lurasidone (0.03 mg/kg, i.p.) on
exploration of two identical objects in the acquisition trial in NOR
test. Data are shown as mean ± SEM (n=6–8 per group). b Effect of
LY379268 (1 mg/kg, i.p.) plus haloperidol (0.1 mg/kg, i.p.) and
LY379268 (1 mg/kg, i.p.) plus lurasidone (0.03 mg/kg, i.p.) on

exploration of a novel and a familiar object in the retention trial in
NOR test. Data are shown as mean ± SEM (n=6–8 per group). *p<
0.05, significant difference in time spent exploring the novel
compared with the familiar object. c Effect of LY379268 (1 mg/kg,
i.p.) plus haloperidol (0.1 mg/kg, i.p.) and LY379268 (1 mg/kg, i.p.)
plus lurasidone (0.03 mg/kg, i.p.) on the DI. Data are shown as mean ±
SEM (n=6–8 per group). **p<0.01, significant decrease in DI
compared with the vehicle group. ## p<0.01, significant reversal in
DI compared with PCP group
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Moghaddam (2010) to suggest that mGlu2/3 agonists may be
working, in part, through a serotonergic signaling mecha-
nism to attenuate the ability of amphetamine to increase DA
efflux. LY379268 may induce functional changes in these
heterodimer complexes and 5-HT2A receptor signal trans-
duction, thereby producing the synergistic effects of
LY379268 and sub-effective doses of the atypical APDs,
clozapine and lurasidone. In this study, LY379268 3 mg/kg
tended to increase total exploration time in both trials. A
similar effect has been reported with pimavanserin (Snigdha
et al. 2010). Additional studies are necessary to clarify the
effect of mGlu2/3 agonists and 5-HT2A inverse agonists on
exploration time in PCP-treated rodents.

The ameliorative effect of clozapine on NOR was
blocked by the mGlu2/3 antagonist, LY341495, whereas
LY341495 was reported not to inhibit the effect of clozapine
on PCP-induced hyperlocomotion (Cartmell et al. 1999).

Although it was reported that LY341495 improved acquisition
of spatial learning in rodents (Higgins et al. 2004), we found
that LY341495 by itself did not attenuate the PCP-induced
NOR deficit (data not shown). These data suggest that mGlu2/3
agonism is a necessary component of the neural circuit
activated by clozapine, and probably other atypical APDs
related to clozapine, to reverse the effect of subchronic PCP
treatment on NOR, but that mGlu2/3 agonism is insufficient by
itself to reverse the effect of PCP. mGlu2/3 receptors are
negatively coupled to adenylyl cyclase (Prézeau et al. 1994)
as are DA D2 receptors (Senogles et al. 1988) and 5-HT1A
receptors (Devivo and Maayani 1985), while 5-HT7 receptors
are positively coupled to adenylyl cyclase (Lovenberg et al.
1993). Atypical APDs have complex effects as partial agonists
and inverse agonists at both 5-HT1A and 5-HT7 receptors
(Newman-Tancredi et al. 2005: Rauly-Lestienne et al. 2007).
As clozapine and lurasidone, as well as other atypical APDs,
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Fig. 6 Effect of acute administation of LY379268 (1 mg/kg) plus
clozapine (0.1 mg/kg) and LY379268 (1 mg/kg) plus pimavanserin
(3 mg/kg) on PCP-induced cognitive impairment in NOR test. a Effect
of LY379268 (1 mg/kg, i.p.) plus clozapine (0.1 mg/kg, i.p.) and
LY379268 (1 mg/kg, i.p.) plus pimavanserin (3 mg/kg, i.p.) on
exploration of two identical objects in the acquisition trial in NOR
test. Data are shown as mean ± SEM (n=8 to 9 per group). b Effect of
LY379268 (1 mg/kg, i.p.) plus clozapine (0.1 mg/kg, i.p.) and
LY379268 (1 mg/kg, i.p.) plus pimavanserin (3 mg/kg, i.p.) on

exploration of a novel and a familiar object in the retention trial in
NOR test. Data are shown as mean ± SEM (n=8 to 9 per group).
**p<0.01, significant difference in time spent exploring the novel
compared with the familiar object. c Effect of LY379268 (1 mg/kg, i.p.)
plus clozapine (0.1 mg/kg, i.p.) and LY379268 (1 mg/kg, i.p.) plus
pimavanserin (3 mg/kg, i.p.) on the DI. Data are shown as mean ± SEM
(n=8 to 9 per group). *p<0.05, significant decrease in DI compared
with the vehicle group
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are likely to be acting at D2, 5-HT1A and 5-HT7 receptors at
clinically effective doses, all of which have been shown to
have a role in cognition, further study is warranted to
determine if the effect of mGlu2/3 agonists and antagonists
may be mediated, in part, by actions on cyclic AMP-
dependent signaling mechanisms.

mGlu2 receptors, which are considered to mediate the
antipsychotic effect of the mGlu2/3 agonists (Woolley et al.
2008), are expressed in perirhinal cortical neurons, although
the expression profile, functional roles, and intracellular
signaling of the various neurotransmitter receptors in this
region are not well known (Harris et al. 2004). There is
evidence for involvement of the perirhinal cortex in human
recognition memory (Yassa and Stark 2008), as well as
NOR performance in rodents. Thus, lesions of perirhinal
cortex impair performance in rodent NOR (Winters et al.
2004). Patients with schizophrenia, compared to normals,
have been reported to have reduced volumes, relative to
cranial size, in left and right perirhinal cortex, which was
associated with decreased olfactory threshold sensitivity but
not impaired memory performance (Turetsky et al. 2003).
The mGlu2 in perirhinal cortex might contribute to the
ability of atypical APDs to ameliorate the PCP-induced
NOR deficit. The results reported suggest the need for
clinical trials of the combination of atypical APDs with
mGlu2/3 agonists to improve some domains of cognition in
schizophrenia especially declarative memory.

Atypical APDs, e.g., clozapine, preferentially enhance
DA efflux in the rat mPFC and HIP (Kuroki et al. 1999;
Chung et al. 2004). We have suggested this may contribute
to their ability to improve cognitive function in patients
with schizophrenia (Meltzer and McGurk 1999).
LY379268, 1 mg/kg, s.c. by itself, did not increase DA
efflux in the mPFC or HIP, but the combination of this dose
and a sub-effective dose of lurasidone significantly
increased mPFC and HIP DA efflux in awake freely
moving rats (Huang et al. submitted). It has been reported
that prefrontal cortical DA utilization is reduced by
subchronic PCP treatment in rats (Jentsch et al. 1998).
This has been suggested to be due to the loss of dendritic
spine synapses (Hajszan et al. 2006). Clozapine, but not
haloperidol, have been shown to increase the formation of
dendritic spines (Critchlow et al. 2006). Chronic adminis-
tration of the atypical APD, olanzapine, but not haloperidol,
has been shown to reverse 6-hydroxydopamine-induced
abnormalities in pyramidal neuron dendrites (Wang and
Deutch 2008). Whether the ability of clozapine and
lurasidone alone, or in combination with LY379268, is
based on changes in dendritic spines, which can occur very
rapidly (Li et al. 2011), requires further study.

In conclusion, these results indicate that mGlu2/3
agonism is relevant to the ability of clozapine and
lurasidone to ameliorate the effect of subchronic PCP

treatment on NOR, a putative model for the cognitive
dysfunction of schizophrenia. The results reported here
suggest that combined administration of mGlu2/3 agonists,
with at least some atypical APDs, may be a means to
augment their ability to improve cognition in schizophrenia.
Co-administration of a mGlu2/3 agonist with an atypical
APD may also facilitate the antipsychotic efficacy of both
agents, thereby permitting lower doses of each, with a
diminution of side effect burden of either agent.
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