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Abstract
We sought to determine the relationship between phencyclidine (PCP)-induced alterations in
behavior and NMDAR expression in the cortex by examining the effect of antischizophrenic drug
treatment on both. Sprague-Dawley rat pups were pretreated with risperidone or olanzapine prior to
treatment with PCP on postnatal day 7 (PN7) or sub-chronically on PN7, 9, and 11. Pre-pulse
inhibition (PPI) of acoustic startle was measured on PN24–26 and following a challenge dose of 4
mg/kg PCP, locomotor activity was measured on PN28–35. PCP treatment on PN7 did not cause a
deficit in PPI, but did cause locomotor sensitization. This was prevented by both antipsychotics. PCP
treatment on PN7 caused an up-regulation of NR1 and NR2B, which was not affected by either
antischizophrenic drug. PCP treatment on PN7, 9, and 11 caused a deficit in PPI and a sensitized
locomotor response to PCP challenge as well as an up-regulation of NR1 and NR2A, all of which
were prevented by both atypical antischizophrenic drugs. These data support the hypothesis that
subchronic, but not single injection PCP treatment in developing rats results in behavioral alterations
that are sensitive to antipsychotic drugs and these behavioral changes observed could be related to
up-regulation of cortical NR1/NR2A receptors.
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1. Introduction
Schizophrenia is a severe neuropsychiatric disorder which afflicts approximately 1% of the
population worldwide and shows strong genetic tendencies, with symptoms first presenting in
early adulthood (Bromet and Fennig, 1999; Lewis and Lieberman, 2000). The disease is
characterized by the presence of both positive, e.g. paranoia, hallucinations, delusions, and
negative symptoms, including but not limited to emotional and social withdrawal, anhedonia,
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and depression, as well as cognitive impairments such as memory and attention deficits
(McGlashan, 1996).

Phencyclidine (PCP) intoxication in humans has been shown to mimic both the positive and
negative symptoms of schizophrenia as well as exacerbate psychosis in schizophrenics. These
psychotomimetic properties led researchers to examine the effects of PCP in animals (Javitt
and Zukin, 1991; Luby et al., 1962). PCP administration to rats results in increased locomotor
activity, stereotypy, ataxia, head-weaving, and circling and walking backwards (Braff and
Geyer, 1990; Castellani and Adams, 1981; Geyer and Ellenbroek, 2003; Martinez et al.,
2000; Steinpresis, 1996). In general, alterations in motoric behaviors such as these are thought
to model the positive symptoms of schizophrenia.

N-methyl-D-aspartate (NMDA) receptor antagonists (PCP and MK-801) have been shown to
reproducibly disrupt pre-pulse inhibition (PPI) of acoustic startle in animals and are routinely
used to model the sensorimotor gating deficits of schizophrenia (Geyer et al., 2001; Rasmussen
et al., 2007). It is a measure of the reduction of the startle response when a smaller non-startling
acoustic stimulus (pre-pulse) is presented 80–120 ms prior to the startling stimulus (pulse)
(Swerdlow et al., 1994). PPI of acoustic startle is a measure of information processing in
specific pathways that are known to be abnormal in schizophrenia (Adams and Moghaddam,
1998; Bunney BG, 2000; Castellani and Adams, 1981; Ellenbroek and Cools, 2000; Wang et
al., 2001). This deficit may contribute to the thought disorder and cognitive fragmentation
characteristic of this disease (Braff and Geyer, 1990).

The etiology of schizophrenia has been described as a neurodevelopmental disorder (Pilowsky
et al., 1993; Weinberger, 1987, 1996). Neurodegeneration during early stages of development
has been shown following PCP or MK-801 treatment in the cortex, hippocampus, and striatum,
all of which are regions of the brain implicated in schizophrenia (Ikonomidou et al., 1999;
Wang and Johnson, 2005, 2007). In addition, PCP treatment on postnatal day (PN) 7, results
in neurodegeneration (positive silver staining) in the frontal cortex, striatum, and hippocampus
within 9 hours of treatment (Wang and Johnson, 2005, 2007). Accompanying increases in
caspase-3 immunoreactivity and terminal dUTP nick-end labeling (TUNEL) of broken DNA
show this degeneration to be apoptotic in nature. Furthermore, administration of MK-801 and/
or PCP to the neonate has been shown to produce aberrant behaviors later in development
(Beninger et al., 2002; Wang et al., 2001) specifically, locomotor sensitization and deficits in
PPI of acoustic startle were reported in postnatal (PN24–28) rats treated with PCP on PN7, 9,
and 11 (Wang et al., 2001).

While it is generally acknowledged that the schizophrenic “break” does not often occur before
puberty, there is evidence that this does occur in some cases (Nicolson et al., 2000; Ross et al.,
2006b). Further, when examined retrospectively, there is ample evidence of abnormalities such
as poor academic performance and poor social interaction skills in children who are eventually
diagnosed as schizophrenic. This laboratory and others have demonstrated that this model (PCP
treatment on PN7, 9, and 11) has face validity in that it results in behavioral deficits in rats
similar to those seen in schizophrenia, including deficits in spatial learning, PPI of acoustic
startle and social behavior (Harich et al., 2007; Rasmussen et al., 2007; Wang et al., 2001;
Wiley et al., 2003a; Wiley et al., 2003b). Further, pretreatment with olanzapine was able to
prevent both behavioral and neurotoxic indices of postnatal PCP administration, suggesting
that this treatment paradigm is a suitable model of schizophrenia in rats (Wang et al., 2001)

Up-regulation of the NR1 subunit of the NMDA receptor has been reported to be associated
with PCP-induced behavioral changes (Wang et al., 2001); however, it is not known whether
this is accompanied by commiserate increases in NR2 subunits, which would be necessary for
altered receptor function (Kutsuwada et al., 1992; Monyer et al., 1994; Paoletti and Neyton,
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2007). Further, it is not known whether behavioral changes following single dose PCP
treatment on PN7 administration are associated with NMDAR up-regulation, and if so, whether
these changes can also be modulated by antischizophrenic drugs. Therefore, in this study we
determined the effect of PN7 and PN7, 9, 11 PCP administration on two behaviors thought to
model different aspects of schizophrenia as well as on the levels of the three most abundant
cortical and striatal NMDA receptor subunits (NR1, NR2A and NR2B). Finally, the relevance
of the changes in behavior and NMDA receptor subunit protein as a model of schizophrenia
was challenged by determining the effect of pretreatment with two anti-schizophrenic drugs,
risperidone and olanzapine.

2. Materials and Methods
2.1 Animals

Timed, day 14 pregnant female Sprague-Dawley rats were obtained from Charles River
Laboratories (Wilmington, MA). The dams were housed individually with a regular 12h light-
dark cycle (lights on 0700, off at 1900) with food and water ad libitum. Following parturition,
male and female pups from four dams were combined and randomly cross-fostered to one of
the four lactating dams. Each litter consisted of ten to twelve pups with approximately equal
numbers of each gender. All experiments were conducted in accordance with the NIH and the
University of Texas Medical Branch at Galveston Institutional Animal Care and Use
Committee.

2.2 Drugs
Phencyclidine was acquired from the National Institute on Drug Abuse (NIDA, Rockville,
MD) and dissolved in 0.9% NaCl. Risperidone was obtained as a solution from Janssen
Pharmaceutica (Titusville, NJ) and dissolved in 0.9% NaCl. Olanzapine was a generous gift
from Eli Lilly and Company (Indianapolis, IN) and was dissolved in 0.1 N HCl and titrated to
pH 7.0 with 0.1 N NaOH and finally diluted with 0.9% NaCl. Doses were chosen based on
prior experiments that addressed PCP-induced regulation of the NMDAR (Wang et al.,
2001) and our own preliminary experiments.

2.3 Experimental design
Male and female rat pups were treated on either PN7 or on PN 7, 9, and 11 (sub-chronic) with
10 mg/kg PCP or saline vehicle (s.c). Olanzapine (1 mg/kg, s.c.) or risperidone (0.25 mg/kg,
s.c.) were administered 30 minutes prior to PCP or saline administration on PN7 or on PN 7,
9, 11. Pups were sacrificed by decapitation on PN7 at 24 hours following saline/vehicle
(control, time=0 hours), PCP/vehicle, antagonist/vehicle, or antagonist/PCP treatment. In a
separate experiment, pups were sacrificed by decapitation 24 hours following the last injection
of the aforementioned drug regimens on PN7, 9 and 11 (on PN12). For biochemical studies,
the frontal cortex or striatum was dissected as described below and used for Western blot
analysis. We chose to investigate the frontal cortex and striatum because of the prominent role
these two brain regions play in the pathophysiology of schizophrenia. Furthermore, the frontal
cortex and striatum are part of the brain circuitry involved in the expression of both PPI
(Ellenbroek et al., 1996; Koch and Bubser, 1994; Swerdlow et al., 1995) and locomotor
sensitization (Pierce and Kalivas, 1997). In behavioral experiments, animals were assessed for
PPI of acoustic startle on PN24–26 and then tested for locomotor activity following a 4 mg/kg
PCP (i.p.) challenge on PN28–35.

2.4 Sub-cellular fractionation
Protein extracts were prepared from the frontal cortex or striatum as previously described with
some modifications (Anastasio and Johnson, 2008; Wang et al., 2001). Briefly, 2 mm sections
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corresponding to 4.7 to 2.7 mm anterior to Bregma for the frontal cortex and 0.7 mm to −1.3
mm for the striatum (Paxinos and Watson, 1986) were cut with the aid of an aluminum brain
mold. Cortical brain sections were homogenized in 500 µL of lysis buffer with the aid of an
automatic tissue grinder (Kontes Pellet Pestle Motor, Kimble / Kontes, Vineland, New Jersey).
The lysis buffer consisted of 10 mM HEPES (pH 7.4), 1 mM EDTA, 2 mM EGTA, and 500
µM DTT. Just prior to use, protease inhibitor cocktail [4-(2-aminoethyl) benzenesulfonyl
fluoride (AEBSF), pepstatin A, E-64, bestatin, leupeptin, and aprotinin without metal chelators
(Sigma-Aldrich, St Louis, MO)] at a concentration of 10 µL/mL was added to the lysis buffer.
The homogenate was then centrifuged at 1000 × g at 4°C for 10 minutes to pellet the nuclear
protein fraction (P1). The supernatant (S1) was collected and centrifuged at 8000 × g at 4°C
for 30 minutes to pellet the membrane protein fraction (P2). The membrane fraction was re-
suspended in homogenization buffer and centrifuged at 20,000 × g at 4°C for 30 minutes; the
resultant pellet was re-suspended in lysis buffer + 1% SDS, boiled for 10 minutes and stored
at −80°C.

2.5 Western blot analysis
Equal amounts of protein were separated on 10% Bis-Tris gels (Invitrogen, NY) using SDS-
PAGE with a MES-SDS running buffer system, pH 7.4. Following electrophoresis (110 V for
2 hours), proteins were transferred to polyvinylidene difluoride (PVDF) membranes (0.2 µm)
in a Mini Electrotransfer Unit (Bio-Rad, Hercules, CA) overnight. The membrane was blocked
in 5% nonfat milk, followed by incubation with the primary antibody in 1% milk for 2 hours
at room temperature. Following washes (3 × 10 minutes) in TBS+0.1% Tween 20 (TBST), the
membrane was incubated with horseradish peroxidase conjugated secondary antibodies for 1
hour at room temperature. Analysis was carried out using the enhanced chemiluminescence
(ECL) plus Western blotting detection reagents (Amersham Biosciences, Piscataway, NJ). The
bands corresponding to the various proteins of interest were scanned and densitometrically
analyzed by using an automatic imaging analysis system (Alpha Innotech Corporation, San
Leandro, CA). All quantitative analyses were normalized to β-actin (after stripping [Reblot
mild, Chemicon International, Temecula, CA]).

2.6 Antibodies
The monoclonal anti-NR1, anti-NR2A, and anti-NR2B were purchased from BD Biosciences
(San Jose, CA). Anti-actin antibody was obtained from Chemicon International (Temecula,
CA). Primary antibody dilution was 1:500–1:1000. Secondary antibodies were purchased from
Zymed (Invitrogen Corporation, Carlsbad, CA) and used at a concentration of 1:5000.

2.7 Pre-pulse inhibition (PPI) of acoustic startle
Measurement of PPI of acoustic startle was performed according to previously published
procedures with minor modifications (Wang et al., 2001; Wang et al., 2003). Testing was
performed between 0900 and 1600 hours as described below. Male and female rat pups (PN24–
26) were transferred into a small sound-attenuated, dedicated behavior room on the day of
testing and allowed to acclimate to the room for 20 minutes. Animals were then placed into
one of three startle chambers (SR-Lab, San Diego Instruments, San Diego, CA) with a
background noise level of 65 dB. Following a 10 minute acclimation period, rats were exposed
to three randomly administered stimuli: no stimulus, a 73 dB 20 ms pre-pulse 100 ms prior to
a 120 dB pulse, or a 120 dB 40 ms pulse alone with a variable inter-trial interval (5–20 sec)
for a total of 63 trials (21 no stimulus, 21 pulse alone, and 21 pre-pulse + pulse). % PPI of
acoustic startle was calculated as the [pulse-(pre-pulse + pulse)]/pulse × 100.
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2.8 Locomotor Activity
On the day of testing animals were placed in locomotor chamber boxes and allowed to habituate
for 30 minutes prior to a 4 mg/kg challenge dose of PCP (i.p.). Locomotor activity was
measured for an additional 90 minutes via an open-field activity system (San Diego
Instruments, San Diego, CA) which consisted of a square enclosure with Plexiglas walls (40
× 40 × 40 cm). Horizontal activity was measured with a 16 × 16 photobeam matrix which
recorded both central and peripheral activity in 5 min bins.

2.9 Statistical analysis
Group comparisons were specifically defined before the beginning of each experiment;
therefore, planned comparisons were performed instead of an overall F test in a multifactorial
ANOVA (Keppel, 1982). Statistical comparisons for each experiment were conducted using
a one-way ANOVA. All values are presented as mean ± SEM. The null hypothesis was rejected
at p<0.05.

3. Results
PCP administration in adult rats causes substantial impairments in normal behavior (Geyer et
al., 2001; Hanania et al., 1999; Phillips et al., 2001). In perinatal rats, 10 mg/kg PCP results in
significant reduction of normal behaviors, most notably, a reduction of suckling behavior. This
lasts approximately 6–8 hours and causes a concomitant weight loss, especially in male pups.
While females regain the lost weight within 24 hrs, the males do not; however, at the time of
behavioral testing, there is no significant difference in weight between saline and PCP treated
animals of either gender (Table 1). All experimental groups consisted of equal numbers of
males and females.

3.1 Effects of PCP treatment on the development of locomotor sensitization and deficits in
PPI

PCP treatment on PN7 had no significant effect on PPI (F3,31=2.264, NS) (Figure 1). Further,
PCP treatment on PN7 had no effect on the startle amplitude (data not shown). However, we
found that PCP treatment on PN7 caused a significantly sensitized locomotor response to PCP
challenge on PN28–35 that was prevented by either olanzapine (F3,31=8.071, p<0.05) or
risperidone (F3,31=10.001, p<0.05) (Figure 2).

As with PCP treatment on PN7, treatment on PN7, 9, and 11 produced no significant effect on
startle amplitude (data not shown). On the other hand, PCP treatment on PN7, 9, and 11 resulted
in a significant deficit in PPI of acoustic startle measured on PN24–26, which was blocked by
pretreatment with either olanzapine (F3,31=4.194, p<0.05) or risperidone (F3,31=2.852, p<0.05)
(Figure 3). Previous studies from this laboratory reported that the atypical antipsychotic drug,
olanzapine, prevented sensitization to the locomotor activating effects of PCP challenge with
2 mg/kg on PN42 as well as the inhibition of baseline pre-pulse inhibition of acoustic startle
on PN24–28 in female pups (Wang et al., 2001). This experiment was repeated using the present
design which also included male pups in order to exclude any gender related differences.
Further, this design was extended to risperidone, which has some atypical properties at low
doses. For these studies, animals treated sub-chronically with PCP and then challenged with
4 mg/kg PCP on PN28–35, showed enhanced locomotor activity compared to saline treated
animals (Figure 4). Both olanzapine (F3,31=5.920, p<0.05) and risperidone (F3,31=5.044,
p<0.05) pretreatment on PN7, 9, and 11 prevented PCP-induced locomotor sensitization
measured on PN28–35 with no effect of their own (Figure 4).
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3.2 Effects of olanzapine and risperidone on PCP-mediated regulation of NR1/2A/2B
In order to delineate one possible biochemical mechanism underlying the above mentioned
behavioral changes, we determined the effects of PCP treatment on PN7 or on PN7, 9, and 11
on the density of NR1, NR2A, and NR2B in the synaptosomal membrane fraction of the frontal
cortex and striatum.

Quantitative western analysis revealed that PCP treatment on PN7 produced a 3-fold increase
in membrane bound NR1 and NR2B subunits in the frontal cortex 24 hours after PCP
administration, while no effect on NR2A was observed (Anastasio and Johnson, 2008). In
another experiment, perinatal animals were treated with either olanzapine (1 mg/kg) or
risperidone (0.25 mg/kg) 30 minutes prior to PCP treatment on PN7. Twenty-four hours after
the PCP injection, the rats were killed and the density of NMDA receptors was determined in
the cortical membrane fraction. Pretreatment with either olanzapine or risperidone did not
inhibit the up-regulation of membrane cortical NR1 or NR2B induced by PCP treatment on
PN7 (Figure 5). Furthermore, treatment with olanzapine or risperidone alone had no effect on
the concentration of membrane NR1 or NR2B in the frontal cortex compared to saline controls
(data not shown).

PCP treatment on PN7, 9, and 11 treatment caused a 3-fold increase in membrane NR1 and a
10-fold increase in NR2A protein levels in the frontal cortex with no effect on NR2B protein
expression (Anastasio and Johnson, 2008). To analyze the actions of atypical antipsychotics
on PCP-induced changes in the membrane protein levels of NMDAR subunits in the frontal
cortex, animals were treated with olanzapine or risperidone 30 minutes prior to PCP on PN7,
9, and 11 and sacrificed 24 hours after the last of 3 injections. Each of the antipsychotics
investigated inhibited PCP-induced up-regulation of the NR1 subunit in the membrane protein
fraction of the frontal cortex (Figure 6), while having no effect on NR1 subunit expression on
their own (data not shown). Pre-treatment with either olanzapine or risperidone also was able
to completely block the increase in membrane cortical NR2A protein levels caused by PCP
treatment on PN7, 9, and 11 treatment (Figure 6) with no effect on their own (data not shown).

PCP treatment on PN7 had no significant effect on NR1 or NR2B protein expression levels in
the striatum at 24 hours following treatment (Figure 7). The effects of pretreatment with the
antipsychotics on NR1 and NR2B protein levels in the striatum were also investigated
following a single injection of PCP. Treatment with olanzapine or risperidone did not
significantly alter expression of NR1 or NR2B protein levels in the striatum prior to PCP on
PN7 at 24 hours following treatment (Figure 7) or when administered alone (data not shown).
Similarly, treatment with either PCP or atypical antipsychotics did not alter striatal NR2A
protein expression levels (data not shown).

Unlike the up-regulation of NR1 observed in the frontal cortex, Western blot analysis of
membrane bound protein showed that levels of striatal NR1 protein were significantly
decreased following sub-chronic PCP treatment on PN7, 9, and 11 (Figure 8), with no effect
on regulation of striatal NR2A (Figure 8) or NR2B (data not shown). Pretreatment with the
anti-schizophrenic drug olanzapine, but not risperidone, prevented the down-regulation of NR1
protein expression in the striatum caused by sub-chronic PCP administration (Figure 8).
Administration of these drugs alone had no effect on NR1 or NR2A protein levels in the
striatum (data not shown).

We also measured the levels of NR1, NR2A, and NR2B in the frontal cortex of animals
following PCP challenge on PN28–35. No alterations in the protein levels of any of the subunits
in the frontal cortex were evident in the animals treated sub-chronically with PCP (data not
shown).
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4. Discussion
It is well known that acute PCP treatment produces a disruption in PPI in adult rats, similar to
that seen in schizophrenic patients (e.g. (Mansbach and Geyer, 1989; Martinez et al., 2000).
Typical antipsychotics, such as haloperidol, are not able to reverse deficits in PPI caused by
acute PCP treatment in adult rats (Geyer et al., 2001) or in pre-pubertal rats (Martinez et al.,
2002), but in adult rats, they can reverse the effects of dopamine agonists (Geyer et al.,
2001). Atypical antipsychotics, including clozapine, olanzapine, and quetiapine, are effective
at alleviating acute PCP inhibition of PPI in adult rats (Ballmaier et al., 2001; Geyer et al.,
2001; Johansson et al., 1994; Johansson et al., 1995; Martinez et al., 2002), but not in pups
(PN16–19) or pre-pubertal (PN45) rats (Martinez et al., 2002). However, olanzapine is
effective at preventing the deficits observed in PPI in PN24–28 pups following PCP treatment
on PN7, 9 and 11 (Wang et al., 2001). In addition, both olanzapine and risperidone are able to
increase PPI in NR1 −/− mice (Duncan et al., 2006). The current study shows that both
olanzapine and risperidone pretreatment also blocks the PPI deficit observed in both male and
female PN24–26 pups following PCP pretreatment on PN7, 9 and 11. In contrast, PCP
treatment on PN7 administration did not produce a deficit in PPI in developing rat pups. It is
then reasonable to postulate that PCP treatment on PN7, 9, and 11 produces a chronic deficit
in NMDA receptor function compared to a single injection of PCP and that this more closely
models the disease and the developmental NMDA hypofunction theory of schizophrenia
(Duncan et al., 2006).

Like other psychomotor stimulants, repeated administration of PCP causes a progressive
augmentation of locomotor activity (Xu and Domino, 1994), referred to as sensitization. The
neuroadaptations associated with sensitization may be linked to the mechanisms underlying
addiction (Robinson and Berridge, 1993). Sensitization is also thought to be an important index
related to psychosis as well as movement and thought disorders in schizophrenia (Robbins,
1990). PCP-induced sensitization is blocked by haloperidol and risperidone (Kitaichi et al.,
1995) and cross-sensitizes with MK-801 (Pechnick and Hiramatsu, 1994), but not with
amphetamine (Balster, 1989, 1986). In the current study, PCP treatment on PN7 or on PN7, 9,
and 11 produced locomotor sensitization in rats at PN28–35 that was blocked by pretreatment
with either olanzapine or risperidone.

Our group and others have demonstrated that a single administration of PCP, MK-801 or
ketamine to PN7 pups induces widespread neuronal apoptosis (Ikonomidou et al., 1999; Scallet
et al., 2004; Wang and Johnson, 2005, 2007; Young et al., 2005). Other laboratories have also
reported that transient NMDAR blockade by acute PCP, MK-801, ketamine, and ethanol to
rodents during development causes behavioral, structural, and molecular abnormalities in
adulthood (Fredriksson and Archer, 2003, 2004; Fredriksson et al., 2004; Harris et al., 2003;
Wozniak et al., 2004). For example, Harris et al (2003) found that PN7 female rat pups
administered MK-801 (0.5 mg/kg, twice, 8 hours apart, s.c.) showed PPI deficits and increased
locomotor activity accompanied by a reduction of brain volume and neuronal number within
the hippocampus and altered hippocampal NR1 subunit expression. Furthermore, the
neurotoxicity evident in the developing frontal cortex following either a single injection or
multiple injections suggests a role for altered cortical function in the development of locomotor
sensitization (Wang et al., 2001; Wang and Johnson, 2005, 2007).

Several studies from this laboratory have investigated a possible mechanism by which PCP
may elicit its neurotoxic effects and produce alterations in behavior in rats. In developing rats,
PCP treatment on PN7, 9, and 11 of pups resulted in increased expression of NR1 mRNA in
the frontal cortex, striatum, nucleus accumbens and olfactory cortex that was inhibited by
pretreatment with the atypical antipsychotic olanzapine (Wang et al., 2001). These data are
consistent with our previous report demonstrating that chronic PCP treatment resulted in
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increased NR1 immunoreactivity in the frontal cortex and striatum of adult rats treated
chronically with PCP (Hanania et al., 1999). In addition, recently we reported that PCP
treatment on PN7 produces an up-regulation of cortical NR1 and NR2B subunits via an increase
in trafficking from intracellular compartments to the membrane, while subchronic PCP
treatment results in an up-regulation of cortical NR1 and NR2A subunits by increasing new
protein synthesis of these subunits (Anastasio and Johnson, 2008). We extended these
experiments in this study and show that olanzapine and risperidone pre-treatment is unable to
prevent the up-regulation of cortical NR1 and NR2B subunits following PCP treatment on PN7
administration. These data suggest that NMDAR up-regulation in the cortex and subsequent
locomotor sensitization following a single injection of PCP are independent of each other. This
suggests that expression of sensitized behavior is dependent on mechanisms requiring
activation of dopamine (DA) D2 and/or serotonin (5-HT) 5-HT2A/2C receptors. Thus, even
though a sensitized behavioral response to acute PCP challenge appears to involve activation
of D2 and/or 5-HT2 receptors, the increase in NMDAR trafficking appears to be independent
of these receptors. Furthermore, the DA and 5-HT mechanisms involved in locomotor
sensitization may be downstream of receptor regulation. If so, antipsychotics would be
ineffective at preventing PCP-induced changes in receptor trafficking, but still capable of
preventing PCP-induced sensitization and other behaviors. In contrast, both olanzapine and
risperidone are able to prevent up-regulation of NR1 and NR2A subunits in the frontal cortex
following sub-chronic PCP treatment. These data suggest that up-regulation of NR1 and NR2A
subunits (rather than NR1 and NR2B) may underlie the development of deficits in PPI
following PCP treatment on PN7, 9, and 11, though the relative role of NMDAR subunits in
locomotor behavior and PPI are not completely understood. Several studies have reported that
blockade of NR2B subunits with selective antagonists (eliprodil and Ro63–1908) does not
disrupt PPI (Depoortere et al., 1999; Higgins et al., 2003; Wiley, 1998) and that it is the
combined blockade of NR2A and NR2B subunits which is necessary to induce deficits in PPI
as well as hyperactivity in rodents (Spooren et al., 2004). Administration of the selective NR2A
antagonist, NVP-AAM007, to adult rats did not disrupt PPI and resulted in hypolocomotor
activity, while the NR2B antagonist, Ro 25–6981 disrupted PPI and produced a dose-dependent
hyperlocomotion (Chaperon et al., 2003). Thus, the role of NR2A and NR2B subunits in the
detrimental behavioral effects of PCP merits further investigation.

Neither the mechanisms underlying PCP-induced alterations in behavior nor NMDA receptor
upregulation nor those responsible for the ability of olanzapine and risperidone to prevent these
alterations is clear. Clozapine, olanzapine, and M100907, but not haloperidol, have been
reported to prevent the blockade of NMDA responses in the medial prefrontal cortex caused
by acute PCP administration (Arvanov and Wang, 1999; Wang and Liang, 1998). These data
suggest a prominent role for 5-HT2A receptors in preventing the acute effect of PCP.
Furthermore, clozapine has been shown to inhibit hypersensitive responses to NMDA
following subchronic PCP (Arvanov and Wang, 1999), suggesting that the expected increase
in NMDAR function following PCP up-regulation of NR1 and NR2A may also be prevented
by olanzapine treatment. It is possible that the ability of olanzapine to inhibit PCP-induced
neurotoxicity, NMDAR up-regulation and deficits in PPI following PCP treatment stems from
its blockade of both DA and 5-HT2A receptors. Additionally, if PCP-induced neurotoxicity
and the subsequent loss of these cortical neurons results in a hypo-glutamatergic state, then the
ability of antipsychotics to prevent this loss of glutamatergic tone through blockade of DA and
5-HT receptors may be related to their effectiveness in alleviating both positive and negative
symptoms of schizophrenia (Jardemark et al., 2000). Understanding the mechanism by which
olanzapine and risperidone prevent PCP-induced neuronal apoptosis could provide insights
into the molecular and cellular mechanisms involved in the behavioral effects of PCP in rats,
which in turn could provide insight into the etiology and pharmacotherapy of schizophrenia.
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PN7–11 is a critical stage in brain development, with ample evidence of neurite growth and
synapse formation, and is referred to as the brain growth spurt (Olney et al., 2002). Thus, it is
reasonable that even temporary changes during this critical period could result in behavioral
changes as these animals mature. No variation in the expression of cortical NR1, NR2A, or
NR2B was observed in either saline or sub-chronically PCP treated pups as measured
immediately following PCP challenge and behavior measurement on PN28–35. Thus, it could
be argued that the behavioral effects observed at this time are independent of the effects of
PCP challenge on the expression of the NMDA receptor and that are more likely due to changes
in NMDA receptor expression during an earlier, critical period of development and the
subsequent maturation of the brain. Additionally, these results are consistent with the
neurodevelopment theory of schizophrenia, which hypothesizes that damage during this early,
critical stage of brain development may account for the later manifestation of mental disorders
(du Bois and Huang, 2007).

PCP treatment on PN7 had no effect on the expression of either PSD-95 (data not shown) or
any of the NMDA receptor subunits in the striatum. PSD-95 interacts with the intracellular tail
of NR2 subunits and is thought to be responsible for anchoring the functional NR1/NR2
receptor complex in the membrane (Wenthold et al., 2003). Thus, it is possible that the lack of
an observable effect on NMDA receptor expression is related to the lack of effect on PSD-95.
This suggests that the striatal neurotoxicity previously reported (Wang and Johnson, 2005) is
unrelated to alterations in the expression of NMDA receptor protein. Similarly, the locomotor
sensitization measured following a single injection of PCP must also be due to mechanisms
other than changes in striatal NMDAR expression levels. However, this does not rule the
possible role that altered NMDAR expression in the frontal cortex may play in the sensitization
response.

Pretreatment with olanzapine was able to prevent the down-regulation of striatal NR1
polypeptide that was caused by sub-chronic PCP administration; however, pretreatment with
risperidone did not. We have recently observed that neither SCH23390 (selective D1
antagonist), sulpiride (selective D2 antagonist), nor M100907 (selective 5-HT2A antagonist)
were able to prevent the down-regulation of NR1 in the striatum (Anastasio and Johnson,
unpublished observations). Thus, this effect of olanzapine may require blockade of both DA
and 5-HT receptors. In addition to affinity for DA and 5-HT receptors, olanzapine possesses
high affinity for muscarinic ACh receptors (Ki = 1.89 nM), H1 histamine receptors (Ki=7.14
nM), as well as α1 noradrenergic receptors (Ki=19 nM) (Arnt and Skarsfeldt, 1998; Raggi et
al., 2004); therefore, it is possible that in the striatum, an area rich in muscarinic ACh receptors,
olanzapine’s effect of blocking down-regulation of NR1 caused by sub-chronic PCP
administration to postnatal rats could also involve an action at these receptors.

Studies of postmortem schizophrenic brains have provided conflicting data on the expression
of NMDA receptor subunit expression. The NR1 protein has been shown to be up-regulated
in the prefrontal, parietal, and medial temporal cortices in schizophrenia (Chen et al., 1998),
while radioligand binding studies showed no significant differences in NR1 in healthy versus
schizophrenic brain tissue (Gao et al., 2000). Another study using in situ hybridization reported
no difference between control and schizophrenic brains in either NR1 or NR2 mRNA levels
(Akbarian et al., 1996), but NR2B mRNA was reportedly increased in the hippocampus while
NR1 mRNA was diminished in the medial temporal cortex, superior temporal cortex, and
frontal cortex (Akbarian et al., 1996; Meador-Woodruff and Healy, 2000). Although these are
quite complex, this does not rule out a role for altered NMDAR function early in development
in this disease. In fact, a number of genes related to glutamatergic function have been
discovered that are significantly associated with schizophrenia, though in as yet undefined
ways. Included in this list is NRG1 (neuregulin-1), which is known to regulate NMDAR
expression (Chong et al., 2008; Craddock et al., 2005). DTNBP1 (dystrobrevin binding protein
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1) has been shown to modulate glutamate function through up-regulation of presynaptic
proteins and neurotrophic effects mediated by the Akt signaling pathway (Duan et al., 2007;
Numakawa et al., 2004). DAOA (D-amino acid oxidase activator) activates NMDA receptors
through a series of reactions involving the glycine-like molecule, D-serine (Korostishevsky et
al., 2004; Ross et al., 2006a). RGS4 (regulator of G-protein signaling 4) is under-expressed in
schizophrenic prefrontal cortex in postmortem microarray studies and has been reported to
regulate G proteins in glutamate neurons, thereby dampening the effects of neurotransmitter
interactions at G-protein coupled receptors (Chowdari et al., 2008; Chowdari et al., 2002). In
addition to the glutamate related genes above found with linkage analysis, several other genes
putatively associated with the NMDA synapse have been discovered to be associated with
schizophrenia, including GRM3 (mGluR3 a member of the group II metabotropic receptor
family, which also includes mGluR2 (Egan et al., 2004); mGluR3 is known to modulate
glutamate release. Thus, genetic evidence supports a role for alterations in various
glutamatergic genes including those specific to NMDA receptor function in schizophrenia.
Importantly, these data are strongly supported by pharmacological data that also imply a role
for altered NMDAR function. However, the complexities of these data do not allow a direct
comparison between the data in this model to what may occur in the human brain in
schizophrenia. Our view is that this model may reveal the gross structural features underlying
behavioral alterations in rats that are similar to schizophrenia and possibly point to novel
pharmacological approaches that may be helpful in treatment of the disease.
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Figure 1. Effects of PCP administration (PN7 only) on PPI of acoustic startle
PCP (10 mg/kg) treatment on PN7 does not produce a significant deficit in PPI of acoustic
startle as measured on PN24–26. N=8 in both control and experimental groups.
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Figure 2. Effects of PCP administration (PN7 only) the development of locomotor sensitization
Locomotor sensitization induced by a 4 mg/kg challenge to PCP treatment on PN7 treated
animals as measured on PN28–35. Pretreatment on PN7 with olanzapine (1 mg/kg) or
risperidone (0.25 mg/kg) inhibits the development of locomotor sensitization N=8/group
(top). Time-course of locomotor activity (bottom) *p<0.05 vs. saline (one-way ANOVA with
Bonferroni’s post hoc test). N=8 in both control and experimental groups. ●-saline; ○-10 mg/
kg PCP; ▼-1 mg/kg olanzapine; Δ-olanzapine + PCP; ■-0.25 mg/kg risperidone; □-risperidone
+ PCP
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Figure 3. Effects of subchronic PCP administration (PN7, 9 and 11) on PPI of acoustic startle
PCP treatment (10 mg/kg) treatment on PN7, 9, and 11 results in a deficit in PPI of acoustic
startle as measured on PN24–26. Pretreatment on PN7, 9, and 11 with olanzapine (1 mg/kg)
or risperidone (0.25 mg/kg) inhibits the PCP-induced deficit in PPI of acoustic startle. *p<0.05
vs. saline (one-way ANOVA with Bonferroni’s post hoc test). N=8 in both control and
experimental groups.
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Figure 4. Effects of subchronic PCP administration (PN7, 9 and 11) on the development of
locomotor sensitization
Locomotor sensitization induced by a 4 mg/kg challenge to PCP treatment on PN7, 9, and 11
treated animals as measured on PN28–35. Pretreatment on PN7, 9, and 11 with olanzapine (1
mg/kg) or risperidone (0.25 mg/kg) inhibits the development of locomotor sensitization.
(top) Time course of locomotor activity (bottom) *p<0.05 vs. saline (one-way ANOVA with
Bonferroni’s post hoc test). N=8 in both control and experimental groups. ●-saline; ○-10 mg/
kg PCP; ▼-1 mg/kg olanzapine; Δ-olanzapine + PCP; ■-0.25 mg/kg risperidone; □-risperidone
+ PCP
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Figure 5. Pharmacological antagonism of PCP treatment on PN7 effects on NR1 and NR2B in the
frontal cortex
Quantitative analysis reveals that antipsychotics pretreatment has no effect on PCP treatment
on PN7-induced up-regulation of NR1 or NR2B protein levels in the frontal cortex 24 hours
following PCP (10 mg/kg, N=5–15/treatment). *p<0.05 vs. SAL NR1 (one-way ANOVA with
Bonferroni's post hoc test) ^p<0.05 vs. SAL NR2B (one way ANOVA with Bonferroni’s post
hoc test).
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Figure 6. Pharmacological antagonism of PCP treatment on PN7, 9, and 11-induced up-regulation
on NR1 and NR2A in the frontal cortex
Quantitative analysis reveals that pretreatment with antipsychotics prevents PCP-induced (10
mg/kg, N=5–15/treatment) up-regulation of NR1 or NR2A protein in the frontal cortex.
*p<0.05 vs. SAL NR1 (one-way ANOVA with Bonferroni's post hoc test) ^p<0.05 vs. SAL
NR2A (one way ANOVA with Bonferroni’s post hoc test).
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Figure 7. Effects of a single injection of PCP on PN7 on the membrane protein expression of NR1
and NR2B in the striatum
Quantitative analysis reveals that PCP treatment on PN7 has no effects on the expression of
striatal NR1 or NR2B (10 mg/kg, N=5–15/treatment).
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Figure 8. Antagonism of PCP treatment on PN7, 9, and 11-induced down-regulation on NR1 in the
striatum
Quantitative analysis reveals that pretreatment with olanzapine prevents PCP-induced (10 mg/
kg, N=5–15/treatment) down-regulation of NR1 in the striatum. PCP treatment had no effect
on protein levels of NR2A *p <0.05 vs. SAL NR1 (one-way ANOVA with Bonferroni's post
hoc test)
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