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Abstract
Rationale Neurodevelopmental deficits of parvalbumin-
immunoreactive γ-aminobutyric acid (GABA)ergic inter-
neurons in prefrontal cortex have been reported in
schizophrenia. Glutamate influences the proliferation of
this type of interneuron by an N-methyl-D-aspartate
(NMDA)-receptor-mediated mechanism. The present study
hypothesized that prenatal blockade of NMDA receptors
would disrupt GABAergic neurodevelopment, resulting in
differences in effects on behavioral responses to a noncom-
petitive NMDA antagonist, phencyclidine (PCP), and a
dopamine releaser, methamphetamine (METH).
Methods GABAergic neurons were immunohistochemically
stained with parvalbumin antibody. Psychostimulant-induced
hyperlocomotion was measured using an infrared sensor.
Results Prenatal exposure (E15–E18) to the NMDA recep-
tor antagonist MK-801 reduced the density of parvalbumin-
immunoreactive neurons in rat medial prefrontal cortex on
postnatal day 63 (P63) and enhanced PCP-induced hyper-
locomotion but not the acute effects of METH on P63 or
the development of behavioral sensitization. Prenatal
exposure to MK-801 reduced the number of parvalbumin-
immunoreactive neurons even on postnatal day 35 (P35)
and did not enhance PCP-induced hyperlocomotion, the
acute effects of METH on P35, or the development of
behavioral sensitization to METH.

Conclusions These findings suggest that prenatal blockade
of NMDA receptors disrupts GABAergic neurodevelop-
ment in medial prefrontal cortex, and that this disruption of
GABAergic development may be related to the enhance-
ment of the locomotion-inducing effect of PCP in post-
pubertal but not juvenile offspring. GABAergic deficit is
unrelated to the effects of METH. This GABAergic neuro-
developmental disruption and the enhanced PCP-induced
hyperlocomotion in adult offspring prenatally exposed to
MK-801 may prove useful as a new model of the neuro-
developmental process of pathogenesis of treatment-resis-
tant schizophrenia via an NMDA-receptor-mediated
hypoglutamatergic mechanism.
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Introduction

Neurodevelopmental abnormality has been considered one
of the pathogeneses of schizophrenia. Magnetic resonance
imaging studies have revealed a reduction in the volume of
not only the prefrontal cortex (Szeszko et al. 1999) but also
the temporal lobe (Bogerts et al. 1990) even in first-episode
schizophrenia. These structural changes are unassociated
with gliosis (Roberts 1991). Furthermore, histological
analysis has revealed an abnormality in the arrangement
of neurons in the prefrontal cortex in patients with
schizophrenia (Benes and Bird 1987).

Postmortem analysis of brain tissue has revealed loss of
γ-aminobutyric acid (GABA)ergic interneurons in the
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superficial layers of the prefrontal cortex in schizophrenia
(Benes et al. 1991). Furthermore, GABAA receptor binding
is increased in prefrontal cortex in schizophrenia; this
increase is believed to reflect compensatory regulation of
postsynaptic receptors to loss of GABAergic interneurons
(Benes et al. 1996).

Nonoverlapping subpopulations of GABAergic neurons
are defined by the presence of the calcium-binding proteins
parvalbumin, calbindin, and calretinin (Demeulemeester et al.
1988; Celio 1990). Parvalbumin is a Ca2+-binding protein
that is found in fast-firing GABAergic interneurons, where it
influences the activity of Ca2+-dependent K+ channels and
Ca 2+ influx (Plogmann and Celio 1993; McPhalen et al.
1994). The density of parvalbumin-immunoreactive neurons
is reduced in prefrontal cortex (Brodmann areas 9 and 10) in
schizophrenia (Beasley and Reynolds 1997; Beasley et al.
2002; Lewis et al. 2005). Although these findings do not
necessarily mean that these GABA-related deficits are
neurodevelopmental in nature, neurodevelopmental deficits
might exist in specific populations of GABAergic interneur-
ons in the prefrontal cortex in schizophrenia.

Valproic acid, which enhances GABAergic neurotransmis-
sion (Loscher 1999; Vriend and Alexiuk 1996) when
coadministered with olanzapine, risperidone, and haloperi-
dol, is more effective in pharmacotherapy for schizophrenia
than monotherapy with the atypical antipsychotics (Wassef et
al. 2000; Casey et al. 2003). Furthermore, lamotrigine, which
can stimulate GABAergic inhibitory transmission (Leach et
al. 1986; Cunningham and Jones 2000), is effective against
treatment-resistant schizophrenia when combined with clo-
zapine (Dursun and Deakin 2001; Tiihonen et al. 2003).
These findings suggest that neurodevelopmental GABAergic
dysfunction is related to some types of pathophysiology in
treatment-resistant schizophrenia.

Prenatal exposure to the noncompetitive N-methyl-D-
aspartate (NMDA) receptor antagonist MK-801 induces
long-lasting decreases in parvalbumin-positive GABAergic
neurons in the rat striatum (Sadikot et al. 1998). Addition-
ally, prenatal exposure to ethanol, which not only stimulates
GABAA receptors but also blocks NMDA receptors
(Ikonomidou et al. 2000), leads to long-lasting deficits of
GABAergic interneurons in rat prefrontal cortex and
increased spontaneous locomotor activity in adult offspring
(Moore et al. 1998; Bailey et al. 2001). Glutamate plays,
via NMDA receptors, an important role in the migration of
immature neurons (Komuro and Rakic 1993; Behar et al.
1999; Csillik et al. 2002).

Induction of hyperlocomotion by NMDA receptor
antagonists, such as phencyclidine (PCP) and dizocilpine
(MK-801), is a model of the NMDA-receptor-mediated
hypoglutamatergic pathophysiology of schizophrenia (Javitt
and Zukin 1991), as clozapine, an atypical antipsychotic
which enhances NMDA-mediated glutamatergic neuro-

transmission (Millan 2005), is effective in blocking this
abnormal behavior (Corbett et al. 1995; Gleason and
Shannon 1997; Abekawa et al. 2003), while haloperidol, a
dopamine D2 receptor antagonist, only weakly blocks PCP-
induced abnormal behavior. NMDA receptor-mediated
hypoglutamatergic transmission has thus been postulated
to play a role in the dopamine D2 receptor antagonist-
resistant pathophysiology of schizophrenia. On the other
hand, repeated administration of amphetamine (AMPH)/
methamphetamine (METH), which has the principal effect
of increasing dopamine levels in dopaminergic terminals,
results in behavioral sensitization to its own locomotion-
inducing effect (Kalivas et al. 1993). AMPH/METH-
induced hyperlocomotion is considered a model of the
dopamine D2-receptor-mediated hyperdopaminergic patho-
physiology of schizophrenia (Sato et al. 1983), as this
behavioral sensitization is related to enhanced dopaminer-
gic neurotransmission in the nucleus accumbens (Robinson
and Becker 1986; Pierce and Kalivas 1997).

The present study hypothesized that prenatal blockade of
NMDA receptors in the fetal brain would induce long-
lasting GABAergic deficits, and that these deficits in
GABAergic development would result in differences in
effects of a noncompetitive NMDA antagonist, PCP-
induced hyperlocomotion from a dopamine releaser,
METH-induced abnormal behavior. To test this hypothesis,
we administered the NMDA receptor antagonist MK-801
prenatally from E15 to E18, the most important period for
neuronal proliferation (Sadikot et al. 1998), and then
examined not only the density of parvalbumin-immunore-
active GABAergic interneurons in rat medial prefrontal
cortex on P35 (juvenile) and P63 (postpubertal) but also
PCP-induced hyperlocomotion on P35 and P63, and the
development of METH-induced behavioral sensitization
from P35 and P63.

Materials and methods

Animals

This study was conducted in accord with a guide for the
care and use of laboratory animals regulated by Hokkaido
University School of Medicine and National Institute of
Health guidelines on animal care. Sprague−Dawley (SD)
dams were impregnated while at Sankyo Labo Service
Corporation (Japan). SD female rats were placed individ-
ually with a male rat overnight until vaginal smear the
following morning was indicative of insemination. This
was defined as gestational day 0 (E0). The dams (E7) were
obtained from the Sankyo Labo Service Corporation. The
dams were divided into two groups. MK-801 group was
injected with 0.2 mg/kg of MK-801 from E15 to E18.
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Saline control group was injected with 1 ml/kg of saline
from E15 to E18. Food and water intake of all animals was
monitored daily. MK-801 group was allowed free access to
standard laboratory diet and tap water. Saline control
groups were coupled 2 days later than MK-801 group to
allow matching food and water consumption of dams at
comparable gestational ages. At birth [postnatal day 0
(P0)], pups were culled to include eight animals per litter.
The pups of different groups were fostered separately. On
P21, the pups were weaned from their mothers. After
weaning, the pups from different treatment group litters
were mixed and housed by gender in groups of three or four
until P28. From P29, the pups were housed individually.

Drugs

MK-801 (dizocilpine; 0.2 mg/kg; Sigma-Aldrich), PCP
hydrochloride (Sigma-Aldrich; 2.5, 5.0, and 7.5 mg/kg),
and METH (Dainippon Seiyaku Pharmaceutical, Japan; 0.3,
0.5, and 1.0 mg/kg) each was dissolved in saline. MK-801
and PCP were injected intraperitoneally, and METH was
injected subcutaneously at the volume of 1 ml/kg. The
doses of PCP and METH refer to salt.

Immunohistochemical study

On P63 and P35, animals different from those for
behavioral study were euthanized by pentobarbital overdose
(0.5–0.8 ml) before transcardial perfusion with phosphate
buffered saline (PBS, 0.1 M phosphate containing 0.9%
sodium chloride; pH=7.4) followed by 4% paraformalde-
hyde (in the 0.1-M PBS). Brains were removed, postfixed
overnight in the same fixative at 4°C, and stored in 30%
sucrose solution at 4°C.

The serial coronal sections of the brains were cut (30 μm
sections) through the medial prefrontal cortex [Fig. 8; The
rat brain in stereotaxic coordinates (Third Edition edited
by Paxinos and Watson 1997)] on a freezing microtome,
and sections were stored in 4°C 1 × PBS containing 0.1%
sodium azide. Free-floating sections were immunostained
for parvalbumin using a monoclonal antibody (CHEMI-
CON). Free-floating sections were washed three times for
5 min in 0.1-M PBS and then incubated for 10 min in a
solution of 0.6% hydrogen peroxide in 10% methanol to
eliminate endogenous peroxidases. After washing two
times for 5 min in 0.1-M PBS, sections were then incubated
for 60 min in 0.1-M PBS containing 2% bovine serum
albumin (2% normal goat serum) and 0.3% Triton X-100
for blocking. Sections were incubated at 4°C overnight with
primary parvalbumin antibody [1:5,000 in 0.1-M PBS
containing 2% normal goat serum (Funakoshi Technical
Services, Japan) and 0.3% Triton X-100]. After washing six
times for 5 min in 0.1-M PBS, sections were incubated for

60 min with second antibody (1:1,200; biotinylated anti
mouse immunoglobulin G; Funakoshi Technical Services]
followed by amplification with an avidin–biotin complex
(Funakoshi Technical Services). Peroxidase was visualized
using the chromogen diaminobenzidine (Funakoshi Tech-
nical Services), intensified with nickel chloride, and
counterstained with toluidine blue. Coronal sections omit-
ting the primary antibody were routinely developed to
ensure that any observed staining was due to parvalbumin.
Animals of each gender from each group were processed
for immunohistochemistry at a given time to avoid slight
procedural differences.

Slides from animals of each gender from the two groups
were randomized and coded such that all subsequent
procedures were carried out blind. Coverslips were exam-
ined with an upright microscope (Olympus BX 50)
equipped with a charge-coupled device (CCD) camera (3
CCD Color Video Camera Model DXC-930, Sony), and
analyzed with microsoft computer imaging device software
(MCID) (version 7.0). Parvalbumin-positive cell counts in
the medial prefrontal cortex (Bregma +3.2 mm according to
the atlas of Paxinos and Watson 1997) were made
bilaterally in six fields per coverslip with the aid of a grid
in the microscope eye-piece. The number of intensely
labeled neurons was counted within 800×800-μm2 grid
area. The data were expressed as the number of intensely
labeled neurons per 1 mm2. Animal numbers of each group
were as follows: MK-801 group (P63; male, n=8; female,
n=8), saline group (P63; male, n=8; female, n=8); MK-
801 group (P35; male, n=7; female, n=8), saline group
(P35; male, n=7; female, n=8).

Distribution of parvalbumin-immunoreactive neurons on
P63 and P35 in each gender was analyzed. As shown in
Fig. 4b, the ratio of parvalbumin-positive cell number in
deep layer (V and VI) to that in superficial layer (I, II, and
III) in the area “500 μm × L μm” (according to the atlas of
Paxinos and Watson 1997) was calculated. The parvalbu-
min-positive cell number in the superficial or deep layers in
the area “500 μm × L μm” was shown in Table 1.

Behavioral study

Experiment 1: sensitivity to PCP

Different animals were used for the experiment on P63 and
P35. Rats for the experiment on P63 were randomly
assigned to one of the following four groups. MK801/
PCP (male, n=6; female, n=8) and saline/PCP (male, n=6;
female, n=7) groups were prenatally treated with MK-801
and saline, respectively, from E15 to E18. On P63, these
two groups were injected with PCP (7.5 mg/kg, i.p.).
MK801/saline (male, n=7; female, n=8) and saline/saline
(male, n=6; female, n=7) groups were prenatally treated
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with MK-801 and saline, respectively, from E15 to E18. On
P63, these two groups were injected with saline. The
animals were injected with PCP or saline in activity
chambers, and locomotor activity was measured.

The rats for the experiment on P35 were randomly
assigned to one of the following four groups. MK801/PCP
(male, n=6; female, n=6) and saline/PCP (male, n=6;
female, n=6) groups were prenatally treated with MK-801
and saline, respectively, from E15 to E18. On P35, these
two groups were injected with PCP (7.5 mg/kg, i.p.).
MK801/saline (male, n=6; female, n=6) and saline/saline
(male, n=6; female, n=6) groups were prenatally treated
with MK-801 and saline, respectively, from E15 to E18. On
P35, these two groups were injected with saline.

Experiment 2

Dose response to PCP Male animals were randomly
assigned to one of the following four groups. MK801/
PCP [2.5 mg/kg (n=7) or 5.0 mg/kg (n=7)], saline/PCP
[2.5 mg/kg (n=7) or 5.0 mg/kg (n=7)], MK801/saline
(n=7), and saline/saline (n=6) groups. On P63, MK801/
PCP and saline/PCP groups were injected with PCP (2.5 or
5.0 mg/kg), and MK801/saline and saline/saline groups
were injected with saline.

Reversal effect of a GABAA receptor agonist, muscimol on
enhanced sensitivity to PCP The male animals were
randomly assigned to one of four groups. MK801/Veh/PCP
(5.0 or 7.5 mg/kg), MK801/musc (0.5 or 1.0 mg/kg)/PCP
(5.0 or 7.5 mg/kg), saline/musc (0.5 or 1.0 mg/kg)/PCP (5.0
or 7.5 mg/kg), and saline/Veh/PCP (5.0 or 7.5 mg/kg)
groups. On P63, MK801/Veh/PCP (5.0 mg/kg; n=7),
MK801/musc (0.5mg/kg)/PCP (5.0 mg/kg; n=7), saline/musc
(0.5 mg/kg)/PCP (5.0 mg/kg; n=7), and saline/Veh/PCP
(0.5 mg/kg; n=7) groups were injected with PCP (5.0 mg/kg;
black arrow) 20 min after muscimol (0.5 mg/kg, i.p.) or
vehicle injection (white arrow). On P63, MK801/Veh/PCP
(7.5 mg/kg; n=7), MK801/musc (1.0 mg/kg)/PCP

(7.5 mg/kg; n=7), saline/musc (1.0 mg/kg)/PCP
(7.5 mg/kg; n=7), and saline/Veh/PCP (7.5 mg/kg; n=7)
groups were injected with PCP (7.5 mg/kg; black arrow)
20 min after muscimol (0.75 mg/kg, i.p.) or vehicle
injection (white arrow).

Experiment 3: sensitivity to METH

Different animals were used for the experiment on P63 and
P35. The rats for the experiment on P63 were randomly
assigned to one of the following four groups. MK801/
METH (male, n=6; female, n=7) and saline/METH (male,
n=6; female, n=8) groups were prenatally treated with
MK-801 and saline, respectively, from E15 to E18. On P63,
repeated administration with METH (1 mg/kg, s.c.; once in
a day, total of five times on every other day) to these two
groups was started. MK801/saline (male, n=6; female,
n=8) and saline/saline (male, n=6; female, n=8) groups
were prenatally treated with MK-801 and saline, respec-
tively, from E15 to E18. On P63, repeated administration
with saline (once in a day, total of five times on every other
day) to these two groups was started. Locomotor activity
was measured at the first (on P63), third (on P67), and fifth
injection (on P71).

The rats for the experiment on P35 were randomly
assigned to one of the following four groups. MK801/
METH (male, n=6; female, n=6) and saline/METH (male,
n=6; female, n=6) groups were prenatally treated with
MK-801 and saline, respectively, from E15 to E18. On P35,
repeated administration with METH (1 mg/kg, s.c.; once in
a day, total of five times on every other day) to these two
groups was started. MK801/saline (male, n=6; female, n=6)
and saline/saline (male, n=6; female, n=6) groups were
prenatally treated with MK-801 and saline, respectively,
from E15 to E18. On P35, repeated administration with
saline (once in a day, total of five times on every other day)
to these two groups was started. Locomotor activity was
measured at the first (on P35), third (on P39), and fifth
injection (on P43).

Table 1 Parvalbumin-positive cell number in the superficial or deep layer in the area “500 μm × L μm”

Male Female

Day 63 Day 35 Day 63 Day 35

Superficial (layers I, II, and III)
Saline 13.63±1.29 15.13±1.27 11.88±0.87 11.75±1.29
MK-801 12.00±0.76 12.38±0.68 10.00±0.65 12.63±1.13
Deep (layers V and VI)
Saline 21.13±1.26 28.75±1.28 20.75±0.92 24.38±2.21
MK-801 14.38±0.90* 13.50±0.38* 12.38±0.62* 15.13±0.69*

Each value represents the mean±SEM.
*p<0.01, MK-801 group vs. saline group
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Experiment 4: Dose response to METH

Male animals were randomly assigned to one of the
following four groups. MK801/METH (0.3 mg/kg), sa-
line/METH (0.3 mg/kg), MK801/METH (0.5 mg/kg), and
saline/METH (0.5 mg/kg) groups. On P63, repeated
administration with 0.3 and 0.5 mg/kg of METH (once in
a day, total of five times on every other day) to MK801/
METH (0.3 mg/kg; n=6), saline/METH (0.3 mg/kg; n=6)
groups, and to MK801/METH (0.5 mg/kg; n=7), saline/
METH (0.5 mg/kg; n=7) groups were started, respectively.

Measurement of locomotor activity

The observation room was located near the animal room
and kept under the same conditions. The home cage for
each rat was moved to an observation room and placed
under the sensor. Measurement of locomotor activity
began after 2-h habituation period by using an apparatus
with an infrared sensor that detects thermal radiation
from animal (Supermex; Muromachi Kikai, Tokyo,
Japan). Horizontal movements of the rat were digitized
and fed into a computer every 10 min. Locomotion

predominantly contributed to the count, but repetitive
rearing and other nonspecific body movements could
contribute to the count when these movements had
substantial horizontal components.

Statistics

Data from counts of parvalbumin-positive neurons, ratio of
deep to superficial layer parvalbumin-positive cells and
dose response to METH (0.3 and 0.5 mg/kg) were analyzed
by an unpaired t test (p<0.05). Data from locomotor
activity in the PCP experiments and cumulated counts for
locomotor activity in the METH experiments were analyzed
by a repeated two-way analysis of variance (ANOVA)
using treatment group as the between variable and time as
the repeated measure variable (defined as p<0.05). Then, a
one-way ANOVA followed by post hoc Duncan test was
used to determine which group significantly differed from
the others (p<0.05). Furthermore, a one-way ANOVA
followed by the post hoc test was used to analyze the
difference of cumulated counts of locomotor activity
between on the fifth injection and on the first injection
(p<0.05).
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Fig. 1 Effect of prenatal exposure to MK-801 on the density of parvalbumin-immunoreactive neurons of male and female offspring in the male
medial prefrontal cortex on P63 and P35. Number sign: p<0.01, MK-801 group vs saline group (unpaired t test)
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Fig. 3 Representative for pho-
tograph of 30-μm coronal sec-
tions through the medial
prefrontal cortex of male off-
spring on P35. a saline group
(a lower magnification); b saline
group (a higher magnification);
c MK-801 group
(a lower magnification);
d MK-801 group (a higher
magnification)

Fig. 2 Representative for pho-
tograph of 30-μm coronal sec-
tions through the medial
prefrontal cortex of male off-
spring on P63. a saline group
(a lower magnification); b saline
group (a higher magnification);
c MK-801 group (a lower
magnification); d MK-801
group (a higher magnification)

308 Psychopharmacology (2007) 192:303–316



Results

Immunohistochemical study

On P63, parvalbumin-positive neurons in the medial
prefrontal cortex of male (Fig. 1a) and female (Fig. 1b)
rats exposed to MK-801 prenatally were decreased as
compared to the animals treated with saline (unpaired
t test). On P35, parvalbumin-positive neurons in the medial
prefrontal cortex of male (Fig. 1c) and female (Fig. 1d) rats
prenatally exposed to MK-801 were decreased as compared
to the animals treated with saline (unpaired t test). Figure 2
shows representative for the photograph of 30-μm coronal
sections through the medial prefrontal cortex of male rats

on P63 which were prenatally treated with saline (Fig. 2a, a
lower magnification; Fig. 2b, a higher magnification), and
MK-801 (Fig. 2c, a lower magnification; Fig. 2d, a higher
magnification). Sections are matched for anatomical loca-
tion and are representative of their respective group.
Figure 3 shows representative for the photograph of
30 μm coronal sections through the medial prefrontal
cortex of male rats on P35, which were prenatally treated
with saline (Fig. 3a, a lower magnification; Fig. 3b, a
higher magnification) and MK-801 (Fig. 3c, a lower
magnification; Fig. 3d, a higher magnification). Not only
at P63 but also P35, quantitative reductions in parvalbumin-
positive neuronal number were seen in the prenatally MK-

Fig. 4 Ratio of the density of
parvalbumin-positive cells in the
deep (V and VI) to superficial (I,
II, and III) layers. Asterisk: p<
0.05, MK-801 group vs saline
group; number sign: p<0.01,
MK-801 group vs saline group
(unpaired t test). The diagram of
the area in the mPFC (according
to the rat atlas of Paxinos and
Watson 1997) settled for the
analysis of the ratio of parval-
bumin-positive cell number in
the deep layers (V and VI) to the
ratio in the superficial layers
(I, II, and III)
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801-exposed rat as compared to the prenatally saline treated
control.

On both P63 and P35, the ratio in parvalbumin-positive
neuronal density in the deep (V and VI) to superficial (I, II,
and III) layer of animals prenatally exposed to MK-801 was
lower than the ratio of animals prenatally treated with saline
(Fig. 4a). These results suggest that prenatal exposure to
MK-801 changed distribution of parvalbumin-positive
neurons. Figure 4b shows the method for the analysis of
laminar distribution of parvalbumin-positive neurons. As
shown in Table 1, on both P63 and P35, parvalbumin-
positive cell number only in the superficial but not deep
layers of male and female animals that were prenatally
exposed to MK-801 was lower than that of animals
prenatally treated with saline.

Behavioral study

For the data from male postpubertal offspring (Fig. 5a), a
repeated two-way ANOVA indicated a significant effect of
group × time interaction [F(27, 189) = 3.92, p<0.01], an
effect of group [F(3, 21) = 7.78, p<0.01], and an effect of
time [F(9, 189) = 8.79, p<0.01]. For the data from female
postpubertal offspring (Fig. 5b), a repeated two-way

ANOVA indicated a significant effect of group × time
interaction [F(27, 234) = 10.32, p<0.01], an effect of group
[F(3, 26) = 15.98, p<0.01], and an effect of time [F(9, 234) =
26.00, p<0.01]. For the data from both male and female adult
offspring on P63, the post hoc Duncan test revealed that PCP-
induced hyperlocomotion of MK801/PCP group was larger
than that of saline/PCP group, and revealed that PCP-induced
hyperlocomotion of MK/PCP group or saline/PCP group was
larger than that of saline/saline group.

For the data from male juvenile offspring (Fig. 5c), a
repeated two-way ANOVA indicated a significant effect of
group × time interaction [F(27, 180) = 3.28, p<0.01], an
effect of group [F(3, 20) = 15.81, p<0.01], and an effect of
time [F(9, 180) = 14.35, p<0.01]. For the data from female
juvenile offspring (Fig. 5d), a repeated two-way ANOVA
indicated a significant effect of group × time interaction
[F(27, 180) = 3.11, p<0.01], an effect of group [F(3, 20) =
12.87, p<0.01], and an effect of time [F(9, 180) = 6.01,
p<0.01]. For the data from both male and female juvenile
offspring on P35, the post hoc Duncan test revealed that
there was no difference between MK801/PCP group and
saline/PCP group, and revealed that PCP-induced hyper-
locomotion of MK801/PCP group or saline/PCP group
was larger than that of saline/saline group.
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Fig. 5 Effect of prenatal exposure to MK-801 on PCP (7.5 mg/kg)-
induced hyperlocomotion of male and female offspring on P63 and
P35. a p<0.05, MK801/PCP group vs saline/PCP group; b p<0.01,

MK801/PCP group vs saline/PCP group; asterisk: p<0.05, vs saline/
saline group; number sign: p<0.01, vs saline/saline group (post hoc
test)
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For the data from response to 2.5 mg/kg of PCP of
postpubertal male offspring (Fig. 6a), a repeated two-way
ANOVA did not indicate a significant effect of group ×
time interaction [F(27, 207) = 1.01, p=0.45], and indicated
a significant effect of group [F(3, 23) = 4.22, p<0.05], and
an effect of time [F(9, 207) = 18.18, p<0.01]. For the data
from response to 5.0 mg/kg of PCP of postpubertal male
offspring (Fig. 6b), a repeated two-way ANOVA did not
indicate a significant effect of group × time interaction
[F(27, 207) = 1.35, p=0.13], and indicated a significant
effect of group [F(3, 23) = 7.27, p<0.01], and an effect of
time [F(9, 207) = 3.69, p<0.01]. The post hoc Duncan test
indicated that 5.0 mg/kg but not 2.5 mg/kg of PCP
indicated an enhanced response to PCP in the postpubertal
offspring prenatally exposed to MK-801.

For the data from an effect of muscimol (0.5 mg/kg) on
an enhanced response to PCP(5.0 mg/kg) in postpubertal
male offspring prenatally exposed to MK-801 (Fig. 6c), a

repeated two-way ANOVA indicated a significant effect of
group × time interaction [F(33, 264) = 1.87, p<0.05], an
effect of group [F(3, 24) = 5.00, p<0.01], and an effect of
time [F(11, 264) = 7.35, p<0.01]. For the data from an
effect of muscimol (1.0 mg/kg) on an enhanced response to
PCP(7.5 mg/kg) in postpubertal male offspring prenatally
exposed to MK-801 (Fig. 6d), a repeated two-way ANOVA
indicated a significant effect of group × time interaction
[F(33, 264) = 2.45, p<0.01], an effect of group [F(3, 24) =
3.24, p<0.05], and an effect of time [F(11, 264) = 17.62,
p<0.01]. The post hoc Duncan test indicated that 0.5 mg/kg
of muscimol attenuated or reversed an enhanced response to
PCP (5.0 mg/kg) and 1.0 mg/kg of muscimol reversed an
enhanced response to PCP (7.5 mg/kg) in the postpubertal
male offspring prenatally exposed to MK-801.

For the data from male postpubertal offspring (Fig. 7a), a
repeated two-way ANOVA indicated a significant effect of
group × time interaction [F(6, 40) = 8.14, p<0.01], an
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Fig. 6 a, b Dose response to PCP (2.5 and 5.0 mg/kg), and c, d reversal
effect of muscimol (0.5 and 1.0 mg/kg) on an enhanced response to PCP
(5.0 and 7.5 mg/kg). Asterisk: p<0.05, MK801/PCP (2.5) group vs
saline/saline group; saline/PCP (2.5) group vs saline/saline group;
number sign: p<0.01, MK801/PCP (2.5) group vs saline/saline group
(post hoc test); asterisk: p<0.05, MK801/PCP (5.0) group vs saline/
saline group; saline/PCP (5.0) group vs saline/saline group; number
sign: p<0.01, MK801/PCP (5.0) group vs saline/saline group; a p<0.05,
MK801/PCP (5.0) group vs saline/PCP (5.0) group; b p<0.01, MK801/
PCP (5.0) group vs Saline/PCP (5.0) group (post hoc test); asterisk:
p<0.05, MK801/Veh/PCP (5.0) group vs saline/Veh/PCP (5.0) group;
MK801/musc (0.5)/PCP (5.0) group vs saline/Veh/PCP (5.0) group;

number sign: p<0.01, MK801/Veh/PCP (5.0) group vs saline/Veh/PCP
(5.0) group; a p<0.05, MK801/musc (0.5)/PCP (5.0) group vs MK801/
Veh/PCP (5.0) group; b p<0.01, MK801/musc/PCP (5.0) group vs
MK801/Veh/ PCP (5.0) group (post hoc test); White arrow: vehicle or
muscimol (0.5) injection, black arrow: PCP(5.0) injection. asterisk:
p<0.05, MK801/Veh/PCP (7.5) group vs saline/Veh/PCP(7.5) group;
MK801/musc (1.0)/PCP (7.5) group vs saline/Veh/PCP (7.5) group;
number sign: p<0.01, MK801/Veh/PCP (7.5) group vs saline/Veh/PCP
(7.5) group; a p<0.05, MK801/musc (1.0)/PCP (7.5) group vs MK801/
Veh/PCP (7.5) group; b p<0.01, MK801/musc/PCP (7.5) group vs
MK801/Veh/ PCP (7.5) group (post hoc test). White arrow: vehicle or
muscimol (1.0) injection, black arrow: PCP (7.5) injection
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effect of group [F(3, 20) = 42.00, p<0.01], and an effect of
time [F(2, 40) = 12.61, p<0.01]. For the data from female
postpubertal offspring (Fig. 7b), a repeated two-way
ANOVA indicated a significant effect of group × time
interaction [F(6, 54) = 2.80, p<0.05], an effect of group
[F(3, 27) = 56.95, p<0.01, and an effect of time [F(2, 54) =
7.68, p<0.01]. For the data from both male and female adult
offspring, the post hoc Duncan test indicated that cumulated

counts for locomotion of both MK801/METH group and
saline/METH group at the fifth injection were larger than
those at the first injection, and indicated that there was no
difference of cumulated counts for locomotion between
MK801/METH group and saline/METH group at any time
of injection.

For the data from male juvenile offspring (Fig. 7c), a
repeated two-way ANOVA indicated a significant effect of
group × time interaction [F(6, 40) = 7.26, p<0.01], an
effect of group [F(3, 20) = 68.43, p<0.01], and an effect of
time [F(2, 40) = 11.37, p<0.01]. For the data from female
juvenile offspring (Fig. 7d), a repeated two-way ANOVA
indicated a significant effect of group × time interaction
[F(6, 40) = 5.54, p<0.01], an effect of group [F(3, 20) =
221.45, p<0.01], and an effect of time [F(2, 40) = 12.91,
p<0.01]. For the data from both male and female juvenile
offspring, the post hoc Duncan test indicated that
cumulated counts for locomotion of both MK801/METH
group and saline/METH group at the fifth injection were
larger than those at the first injection and indicated that
there was no difference of cumulated counts for locomo-
tion between MK801/METH group and Saline/METH
group at any time of injection.

For data from dose response toMETH (0.3 and 0.5 mg/kg),
an unpaired t test indicated that cumulated counts for
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and a development of behavioral sensitization to METH (0.3 and
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Fig. 7 Effect of prenatal exposure to MK-801 on the development of
behavioral sensitization to METH (1 mg/kg) of male and female
offspring from P63 and P35. a p<0.05, fifth injection, third injection

vs first injection; b p<0.01, fifth injection vs first injection, third
injection vs first injection; N.S. not significant, MK801/METH group
vs saline/METH group (post hoc test)
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locomotion of MK801/METH(0.3) and saline/METH(0.3)
groups, and MK801/METH(0.3) and saline/METH(0.5)
groups at fifth injection were larger than those at first
injection (Fig. 8). Furthermore, this test indicated that there
was no difference of cumulated counts for locomotion
between MK801/METH and saline/METH groups both at
0.3 and 0.5 mg/kg of METH injection.

There were no differences of body weight of dams and
pups between MK-801 group and saline group (Table 2).

Discussion

Prenatal exposure to the NMDA receptor antagonist MK-
801 decreased the density of parvalbumin-immunoreactive
neurons in male and female medial prefrontal cortex not
only on P63 but also P35. This reduction in parvalbumin-
positive neurons could be mediated by cell death induced
by MK-801 administered prenatally, reduced expression of
parvalbumin in living cells, or interference with the neuro-
genesis of interneurons. The present immunohistochemical
findings cannot clarify which mechanism is responsible for
the reduction in parvalbumin-positive neurons. We cannot
definitively conclude that the decrease in immunoreactivity
observed reflects a reduction in parvalbumin-positive
GABAergic cell number on the basis of immunohistochem-
ical findings alone. The reduction in density of parvalbu-
min-expressing GABAergic interneurons we observed may
be due to changes in the volume of medial prefrontal cortex
and/or the diameters of parvalbumin-expressing cells
(Beasley and Reynolds 1997; Moore et al. 1998).

MK-801 exposure during the cell-proliferative phase
(E15–E18) but not the postproliferative phase (E18–E21)
induces long-lasting decrease in parvalbumin-positive inter-
neurons in the rat striatum (on P35 or P42); this decrease is
mediated by blocking of NMDA receptors (Sadikot et al.
1998). Prenatal ethanol exposure reduces the number of
parvalbumin-immunoreactive GABAergic neurons in adult
rat cingulate cortex (Moore et al. 1998); this reduction may
be mediated by blocking of NMDA receptors and/or
stimulation of GABAA receptors (Ikonomidou et al.
2000). The fact that parvalbumin-positive neurons of the
cortex are derived from the same region as striatal

parvalbumin-positive neurons (the medial ganglion emi-
nence; Metin et al. 2006) suggests the possibility that the
effects of NMDA receptor blockade on proliferation of
striatal parvalbumin-positive neurons may be generalized to
include cortical parvalbumin-positive neurons as well, and
that glutamate influences the proliferation of parvalbumin-
expressing GABAergic interneurons via NMDA-receptor-
mediated excitatory glutamatergic neurotransmission.

In the present study, on both P63 and P35, the ratio of
parvalbumin-positive neuronal density in the deep (V and
VI) to that in the superficial (I, II, and III) layers in animals
prenatally exposed to MK-801 was lower than that in
animals prenatally treated with saline. The low ratio was
due to a decrease in the number of parvalbumin-positive
cells in the deep but not superficial layers. Considering that
glutamate, acting via NMDA receptors, plays an important
role in the migration of immature neurons (Komuro and
Rakic 1993; Behar et al. 1999; Csillik et al. 2002), we can
speculate that prenatal blockade of NMDA receptors may
have disturbed the migration of parvalbumin-expressing
GABAergic interneurons.

NMDA receptor antagonists have neurotoxic effects in
various regions of cortex in adult rats (Allen and Iversen
1990). In contrast, fetal rats are insensitive to the
cerebrocortical neurotoxic effects of NMDA receptor
antagonists (Farber et al. 1995). However, expression of
the neuroprotective protein parvalbumin does not begin
until the first postnatal week (Alcantara et al. 1993),
yielding ‘a window of vulnerability’ during which these
neurons may be particularly sensitive to excitatory damage.
The prenatal MK-801 exposure-induced, long-lasting re-
duction in parvalbumin-expressing cells may thus be
mediated by NMDA receptor antagonist-induced neurotox-
ic effects on immature parvalbumin-expressing cells.

Prenatal exposure to MK-801 enhanced the PCP-induced
hyperlocomotion of male and female offspring on P63.
PCP-induced hyperlocomotion is mediated by the blockade
of NMDA receptors on GABAergic interneurons in medial
prefrontal cortex (Yonezawa et al. 1998). The primary site
of pharmacological action of PCP is prefrontal cortex
(Jentsch et al. 1998). GABAA receptor agonists such as
muscimol and imidazole acetic acid block PCP-induced
hyperlocomotion (Freed et al. 1980). GABA transaminase

Table 2 Body weight of dams and offspring

Dams E15 day E18 day Offspring PD 35 day PD 63 day

Saline n=10 302.5±4.12 315.0±8.23 Male 137.1±5.43 (n=24) 283.6±7.29 (n=24)
Female 123.3±1.67 (n=24) 192.2±3.83 (n=30)

MK-801 n=10 296.9±5.89 306.9±2.82 Male 145.7±5.38 (n=24) 291.2±6.95 (n=25)
Female 125.0±1.89 (n=24) 202.5±2.83 (n=31)

Each value of body weight represents the mean (gram) ± SEM.
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inhibitors such as vigabatrin and (s)-4-allenyl GABA,
which increase brain GABA concentrations, antagonize
PCP-induced hyperlocomotion (Seiler and Grauffel 1992).
These findings suggest the hypothesis that in prenatally
MK-801-exposed offspring, the reduction in density of
parvalbumin-positive GABAergic neurons in medial pre-
frontal cortex on P63 enhances PCP-induced hyperlocomo-
tion, as prenatal MK-801 exposure-induced GABAergic
deficit enhances PCP-induced attenuation of GABAergic
transmission via blockade of NMDA receptors on
GABAergic interneurons. In fact, in the present study, a
GABAA receptor agonist, muscimol, reversed the enhance-
ment of response to PCP in postpubertal animals prenatally
exposed to MK-801.

In the present study, similar to previous studies (Honack
and Loscher 1993; Moy and Breese 2002), behavioral
sensitivity to PCP was higher in female than male animals.
Although there was the difference of sensitivity to PCP
between male and female animals, enhanced response to
PCP was similarly induced in male and female adult rats
that were prenatally exposed to MK-801.

Prenatal exposure to MK-801-induced GABAergic def-
icit had no effect on sensitivity to the acute effects of
METH at the first injection on P63 or the development of
behavioral sensitization to METH from P63. Prenatal
exposure to MK-801 had no effect on PCP-induced hyper-
locomotion of male or female rats on P35, and had no effect
on sensitivity to the acute effects of METH at the first
injection or the development of behavioral sensitization to
METH from P35.

An NMDA receptor antagonist, ketamine activates
psychotic symptoms in schizophrenic patients (Mechri et
al. 2001). Although haloperidol, a dopamine D2 receptor
antagonist, fails to block the ketamine-induced worsening
of psychotic symptoms (Lahti et al. 1995), clozapine, an
atypical antipsychotic that is effective to the treatment-
resistant schizophrenia, improves ketamine-induced activa-
tion of positive symptoms in schizophrenic patients
(Malhotra et al. 1997). Psychosis that is induced by chronic
abuse of METH is effectively improved by haloperidol
(Sato et al. 1983). Although haloperidol more potently
blocks hyperlocomotion elicited by AMPH than PCP, PCP-
induced hyperlocomotion is more potently blocked by
clozapine than haloperidol (Maurel-Remy et al. 1995).
Therefore, PCP-induced hyperlocomotion and METH/
AMPH-induced hyperlocomotion can model treatment-
resistant and dopamine D2 receptor antagonist-responsive
pathophysiology of schizophrenia, respectively.

The findings of the present study do not enable clear
determination why prenatal exposure to MK-801 enhanced
PCP-induced hyperlocomotion on P63 but not on P35. In
the present study, reduction in the density of parvalbumin-
immunoreactive neurons in medial prefrontal cortex was

found even on P35. Notably, Olney and Farber (1995)
hypothesized the following: GABAergic neurons that are
destined to be innervated by glutamate via NMDA
receptors in the adult central nervous system may express
NMDA receptors in the fetal brain in utero that reach peak
sensitivity to excitotoxic stimulation at a relatively early
stage of pregnancy. This excitotoxic insult during pregnan-
cy might selectively delete NMDA receptor-bearing
GABAergic neurons, setting the stage for expression of an
NMDA receptor antagonist-induced syndrome in early
adulthood.

Numerous neurodevelopmental animal models of schizo-
phrenia have been developed. Excitotoxic lesions and
reversible inactivation of the ventral hippocampus in
neonatal rats enhance MK-801- and AMPH-induced hyper-
locomotion in adult but not juvenile rats (Al-Amin et al.
2001; Lipska et al. 2002). The present study has shown for
the first time that prenatal exposure to MK-801 induces a
deficit in GABAergic neuronal development in the mPFC
not only on P63 but also on P35, enhances PCP-induced
hyperlocomotion in adult but not juvenile rats, but does not
enhance sensitivity to the acute effects of METH or the
development of behavioral sensitization to METH in either
adult or juvenile rats. The prenatal MK-801 exposure
model is thus consistent with the neonatal ventral hippo-
campus dysfunction model, in the observation of enhance-
ment of NMDA receptor antagonist-induced hyperlocomotion,
but inconsistent with it in lack of effect on METH/AMPH-
induced hyperlocomotion.

Postnatal PCP treatment minimally affects PCP-induced
hyperlocomotion in male and female adult animals (Sircar
and Soliman 2003), and postnatal MK-801 treatment
increases spontaneous locomotor activity in female but
not in male adult animals (Harris et al. 2003). These
findings are quite different from those of the present study
and lacks histological information on neurodevelopment.
Although postnatal NMDA-receptor-mediated neurotrans-
mission may play an important role for the neurodevelop-
ment, prenatal period from E15 to E18, during which
animals were exposed to MK-801 in the present study, is
the most critical for parvalbumin-positive cell proliferation
as mentioned previously (Sadikot et al. 1998).

In conclusion, prenatal exposure to the NMDA receptor
antagonist MK-801 reduced the density of parvalbumin-
immunoreactive neurons in male and female rat medial
prefrontal cortex not only on P63 but also on P35. In both
male and female offspring, prenatal exposure to MK-801
enhanced PCP-induced hyperlocomotion but did not en-
hance the acute effects of METH on P63 or the develop-
ment of behavioral sensitization to METH from P63.
Prenatal exposure to MK-801 had no effect, in male or
female offspring, on PCP-induced hyperlocomotion on
P35. Furthermore, prenatal exposure to MK-801 did not
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alter the acute effects of METH on P35 or the development
of behavioral sensitization to METH from P35. In prena-
tally MK-801-exposed offspring, the reduction in density of
parvalbumin-immunoreactive neurons in medial prefrontal
cortex on P63 may be related to the enhancement of
PCP-induced hyperlocomotion. This GABAergic neuro-
developmental deficit and the enhancement of PCP-induced
hyperlocomotion but not METH observed in prenatally
MK-801-exposed animals may be useful as a new model of
the neurodevelopmental process of the pathogenesis of
schizophrenia via an NMDA receptor-mediated hypogluta-
matergic mechanism, and might enable the development of
treatments for the dopamine D2 receptor antagonist-resis-
tant pathophysiology of schizophrenia.
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