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Gestational Methylazoxymethanol Exposure Leads to
NMDAR Dysfunction in Hippocampus During Early
Development and Lasting Deficits in Learning
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The N-methyl-D-aspartate (NMDA) receptor has long been associated with learning and memory processes as well as diseased states,
particularly in schizophrenia (SZ). Additionally, SZ is increasingly recognized as a neurodevelopmental disorder with cognitive
impairments often preceding the onset of psychosis. However, the cause of these cognitive deficits and what initiates the pathological
process is unknown. Growing evidence has implicated the glutamate system and, in particular, N-methyl-D-aspartate receptor (NMDAR)
dysfunction in the pathophysiology of SZ. Yet, the vast majority of SZ-related research has focused on NMDAR function in adults leaving
the role of NMDARs during development uncharacterized. We used the prenatal methylazoxymethanol acetate (MAM, E17) exposure
model to determine the alterations of NMDAR protein levels and function, as well as associated cognitive deficits during development.
We found that MAM-exposed animals have significantly altered NMDAR protein levels and function in the juvenile and adolescent
hippocampus. Furthermore, these changes are associated with learning and memory deficits in the Morris Water Maze. Thus, in the
prenatal MAM-exposure SZ model, NMDAR expression and function is altered during the critical period of hippocampal development.
These changes may be involved in disease initiation and cognitive impairment in the early stage of SZ.
Neuropsychopharmacology (2013) 38, 328–340; doi:10.1038/npp.2012.180; published online 12 September 2012
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INTRODUCTION
Schizophrenia (SZ) is a devastating mental illness that is
now recognized as a neurodevelopmental disorder that
begins in prenatal or perinatal life. Evidence suggests that
genetic susceptibilities interact with environmental factors
to alter the neurodevelopmental trajectory, resulting in
psychosis in the second or third decade of life (Lewis and
Levitt, 2002). While it remains unknown how neurodevelopment is altered, many brain regions are implicated in SZ.
This includes the hippocampus, which is critical for
learning and memory, and is consistently found to be
altered in human schizophrenics, both in terms of anatomy
and function (Harrison, 2004). Furthermore, hippocampal
changes are present in prodromal and first-episode schizophrenics, suggesting that they are not secondary to the
illness or treatment (Bogerts et al, 1990; Grace, 2012; Medoff
et al, 2001; Witthaus et al, 2009). In addition, the glutamate
system and, in particular, N-methyl-D-aspartate receptors
(NMDARs) within the hippocampus and cortex are
*Correspondence: Dr W-J Gao, Department of Neurobiology and
Anatomy, Drexel University College of Medicine, 2900 Queen Lane,
Philadelphia, PA 19129, USA, Tel: +215 991 8907, Fax: +215 843
9802, E-mail: wgao@drexelmed.edu
Received 24 May 2012; revised 10 August 2012; accepted 15 August
2012

important for disease symptoms and the progression of
SZ (Hradetzky et al, 2012; Kantrowitz and Javitt, 2010).
NMDARs are complexes formed by an NR1 subunit with
NR2A–D and/or NR3A–B subunits to form an operational
channel. Altering NMDAR subunit composition can have
important consequences both for channel function and
cognitive processing (Tang et al, 1999; von Engelhardt et al,
2008; Zhao et al, 2005). In hippocampus, like some cortical
regions, NMDAR subunit expression is developmentally
regulated and preventing the switch of NMDARs to their
mature form can severely impact synaptogenesis and
synaptic maturation (Brigman et al, 2010; Gambrill and
Barria, 2011; Gray et al, 2011; Roberts et al, 2009).
Therefore, misregulation of NMDAR subunit composition
and function during hippocampal development may contribute to the pathogenesis in SZ. There is a vast literature
examining NMDARs in association with SZ; however, the
majority focused on adult animals (Coyle, 2006) or postmortem human tissues (Meador-Woodruff et al, 2003),
leaving the possible role of NMDARs in early postnatal
development uncharacterized. To determine whether developmental alterations of NMDAR expression and function
could contribute to hippocampal changes in neurodevelopment and SZ, we used the well-characterized prenatal
methalozoxymethanol acetate (MAM) exposure model of SZ
(Featherstone et al, 2009; Flagstad et al, 2004; Goto and
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Grace, 2006; Lodge and Grace, 2007; Moore et al, 2006).
Adult offspring exposed to MAM on gestational day 17 have
deficits similar to those seen in schizophrenics, including
altered activity in the hippocampus (Lodge and Grace, 2007)
and a similar neuroanatomical profile (Moore et al, 2006).
Further, they exhibit behavioral changes that mimic aspects
of the positive, negative, and cognitive symptoms of SZ,
including an increased response to PCP and amphetamine
(Flagstad et al, 2004; Moore et al, 2006), social impairment
(Le Pen et al, 2006), and deficits in working memory
(Gourevitch et al, 2004). Together, the deficits induced by
prenatal MAM exposure closely parallels disease progression in human SZ. Therefore, understanding how MAM
exposure alters NMDAR expression and function could provide insight into how hippocampal development is altered
in SZ. In this study, we find that MAM exposure significantly alters NMDAR protein levels and function in the
juvenile hippocampus, which is correlated with a deficit
in long-term potentiation (LTP) and performance on the
Morris water maze (MWM). Further, the changes to NMDARs
persist into adolescence, and thus may represent a mis-step
in development that is involved in disease initiation and
cognitive impairment in the early stage of SZ.

with laemmli sample buffer, boiled for 5 min, and separated
on a 7.5% SDS-PAGE gel. After electrophoresis, proteins
were transferred to polyvinylidene difluoride membranes
(Millipore). The membrane was blocked in 5% nonfat milk
and probed with primary antiserum. Each blot was simultaneously probed for anti-rabbit NR2A (Millipore, 04-901,
1 : 4000), anti-rabbit NR3A (Millipore, 07-356, 1 : 4000), and
anti-rabbit NR3B (Tocris, 2060, 1 : 4000), then stripped with
Restore Western Blot Stripping Buffer (Thermo Scientific)
and reprobed for anti-mouse NR1 (Invitrogen, 32-5000,
1 : 5000), anti-mouse NR2B (Millipore, 05-920, 1 : 2000), and
anti-mouse actin (Sigma, A5316, 1 : 100 000), which was
used as a loading control. The blots were incubated with
horseradish peroxidase-coupled anti-rabbit or anti-mouse
IgG secondary antibody (Vector Laboratories), and proteins
were visualized using enhanced chemiluminescence (ECL
Plus, Amersham Biosciences). Protein expression for each
subunit was evaluated by densitometry using Image-Pro
Plus software. Additionally, samples from each animal were
run at least four times to minimize interblot variance. Data
were analyzed statistically using Student’s t-test and were
presented as mean±SE.

Electrophysiology
MATERIALS AND METHODS
Animals
All animal procedures were performed in accordance with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Drexel
University College of Medicine Animal Care and Use
Committee. Thirty-two adult pregnant Sprague–Dawley rats
were purchased from Charles River Laboratories International (Wilmington, MA) and were intraperitoneally (I.P.)
injected with 25 mg/kg MAM or saline vehicle control on
gestational day 17 (E17). Pups were usually born on embryonic day 21 and were weaned and rehoused on postnatal
day 21. For all experiments, animals aged P7 were classified
as neonatal, P12–21 as juveniles, P28–45 as adolescents
based on others’ (Spear, 2000) and our previous studies
(Wang and Gao, 2009, 2010).

Tissue Collection and Western Blot
Animals were perfused with ice-cold sucrose buffer (in mM:
320 sucrose, 4 HEPES-NaOH buffer, pH 7.4, 2 EGTA,
1 sodium orthovanadate, 0.1 phenylmethylsulfonyl fluoride,
50 sodium fluoride, 10 sodium pyrophosphate, 20 glycerophosphate, with 1 mg/ml leupeptin and 1 mg/ml aprotinin).
The hippocampus was dissected, homogenized in sucrose
buffer, and then centrifuged at 1000 g for 10 min to remove
large cell fragments and nuclear materials. The resulting
supernatant was centrifuged at 17 000 g for 15 min to yield
cytoplasmic proteins in the supernatant. The pellet from
this spin was resuspended in homogenization buffer and
centrifuged at 17 000 g for an additional 15 min to yield
washed synaptosomes. The synaptosomal fraction then was
hypoosmotically lysed and centrifuged at 25 000 g for 20 min
to yield synaptosomal plasma membranes in the pellet. A
bicinchoninic acid protein assay was performed to determine protein concentration. The protein sample was mixed

Experiments were conducted as previously described (Wang
and Gao, 2010). Juvenile (aged P11–23) and adolescent
(aged P29–39) saline- and MAM-exposed animals of either
sex were used. Briefly, animals were anesthetized with euthasol
(0.2 ml/kg, I.P.) and perfused with ice-cold, oxygenated
artificial cerebrospinal fluid (ACSF, in mM: 124 NaCl, 2.5
KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgSO4, 26 NaHCO3, and 10
dextrose, pH 7.4). The brains were removed and dorsal
hippocampal slices were cut (300 mm) into an ice-cold bath
of oxygenated ACSF using a vibrotome tissue slicer (Leica
Microsystems). Slices were transferred to a holding chamber,
submerged in oxygenated ACSF at 351C for 1 h and then
remained at room temperature until used for recording.
Slices were placed into a recording chamber mounted on an
Olympus upright microscope (BX51), where they were
bathed in oxygenated ACSF. Neurons were visualized with
infrared differential interference video microscopy. To
record AMPAR- and NMDAR-mediated currents, somatic
whole-cell voltage-clamp recordings were obtained from
CA1 pyramidal cells using patch electrodes with an open tip
resistance of 5–7 MO (internal solution, in mM: 110 Dgluconic acid, 110 CsOH, 10 CsCl2, 1 EGTA, 1 CaCl2, 5 QX314, 1 ATP-Mg, 10 HEPES, at pH 7.3, adjusted with CsOH).
A stimulating electrode was placed in the middle of the
stratum radiatum 150–250 mm from the soma of the
recorded cell. Synaptically evoked excitatory postsynaptic
currents (EPSCs) were evoked by a bipolar electrode using
paired pulses (100 ms interstimulus interval) and recorded
first at a holding potential of  60 mV and then þ 60 mV in
ACSF containing the GABAA receptor antagonist picrotoxin
(50–100 mM, Tocris).
In a separate set of experiments, the patch pipette was
filled with a potassium gluconate internal solution (in mM:
120 potassium gluconate, 20 KCl, 4 ATP-Na, 0.3 Na2GTP,
5 Na-phosphocreatine, 0.1 EGTA, 10 HEPES, pH 7.3,
305 mosmol/l). Whole-cell current clamp was used to record
action potentials (APs) in response to varying step currents
Neuropsychopharmacology
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from  300 to þ 400 pA with 50 pA increment. The
recording was then switched into voltage-clamp mode with
membrane potentials held at  70 mV in the presence
of picrotoxin (100 mM) to record spontaneous EPSCs
(sEPSCs), or with both picrotoxin and tetrodotoxin (TTX,
0.5 mM) for miniature EPSCs (mEPSCs).

Extracellular recording. For LTP, experiments were
conducted in the stratum radiatum of the CA1 hippocampus. The recording electrode (1–3 MO tip resistance) was
filled with ACSF (see above) and placed B500 mm away
from the stimulating electrode. Hippocampal slices were
prepared as above. For baseline recording, the stimulus
intensity was set to elicit a field potential of B0.5 mV peak
amplitude. There was no statistical difference in the current
intensity used between saline and MAM slices (p ¼ 0.19).
Stimulation was given every 30 s for 20 min to generate
baseline data. Only recordings with stable baselines were
used for LTP recording. To induce LTP, slices were stimulated with high-frequency stimulation (1 s, 100 Hz train,
repeated two times at 30 s intervals). Thereafter, stimulation
was given every 30 s for further recording of 40 min.
Data analysis. All experiments were conducted with Axon
MultiClamp 700B amplifier (Molecular Devices), and data
were acquired using pCLAMP 9.2 software and analyzed
using Clampfit 9.2 (Molecular Devices). A typical s/mEPSC
was selected to create a sample template for the event
detections within a 5-min data period. The frequency
(number of events) and amplitude of the individual events
were examined with the threshold set at the medium level
(ie, 5) in Clampfit. The detected events were then visually
inspected to ensure specificity. The amplitudes of the
evoked EPSCs were measured by averaging 30 traces from
the onset to the peak of the EPSC. Because we calculated the
relative ratio, NMDA current was measured 50 ms after the
peak in evoked EPSCs recorded at þ 60 mV in the presence
of picrotoxin (50–100 mM). This analysis avoids the AMPA
receptor-mediated current, which usually returns to baseline within 50 ms. Only the neurons that produced stable
baseline EPSCs without rundown were used for further
analysis. To determine whether the recordings were stable
and reliable, the baseline EPSC amplitudes of each neuron
were exported to excel to make a scatter graph and
examined the linear relationship by adding a trend line.
In addition, the input resistance of each neuron was monitored by injecting negative current (  100 pA, 200 ms)
500 ms prior to EPSC induction during recording. The stable
baseline recording was thus determined by a recording
showing no progressive changes (increase or decrease) in
EPSC amplitudes, including a flat/horizontal trend line and
a small R2 value, as well as no alteration in input resistance.
All neurons without stable baseline recording of EPSCs and
with input resistance increased more than 20% were
discarded for further analysis. For paired-pulse data, 30
traces in a run were averaged and paired-pulse ratio was
determined as the peak amplitude of EPSC2/EPSC1. The
APs recorded in current-clamp mode were used to measure
the resting membrane potential, input resistance, AP
threshold, AP half-width, peak AP amplitude, and size of
afterhyperpolarization. For LTP experiments, the slope of
Neuropsychopharmacology

the field potential was averaged for baseline recording (criteria
used for stable baseline are same as aforementioned EPSC
recording) and compared with the average slope of the
EPSPs in the first 2 min of post-tetanus stimulation or the
average slope of the EPSPs in the last 2 min of post-tetanus
stimulation. All data were analyzed with Student’s t-test
for statistical significance with 95% confidence, and were
presented as mean±SE. The majority of experiments were
conducted in male rats; however, female data were included
in some experiments and no significant sex difference was
found.

Morris Water Maze
Spatial learning in male saline and MAM rats was assessed
using the MWM beginning at age P17 (juvenile) or at P40
(adolescent). The animals were required to locate a hidden
platform located in a fixed position using visual cues. Each
rat was trained over 5 consecutive days, with four trials each
day, and allotted a maximum of 60 s to locate the submerged
platform in a 1-m diameter water maze. The average of the
four trials was used as the average latency to reach the platform on each training day. A repeated measures ANOVA
followed by post-hoc analysis was used to determine
statistical significance. A probe memory testing occurred
24 h after the last training session and was used to evaluate
the animals’ ability to recall the learned platform location.
With the platform removed, each animal was given 60 s to
swim while being tracked with a computerized video system.
The amount of time spent swimming in the previous
platform location quadrant minus the time spent swimming
along the pool edge was calculated and compared between
saline and MAM animals. The total amount of time spent
swimming along the pool edge was also compared between
saline and MAM animals. These data were analyzed statistically using Student’s t-test. Following training and probe
trials, the latency to find a visible platform was recorded.
Swim speed was calculated by taking the total distance
traveled divided by the trial length (60 s).

RESULTS
NMDAR Protein Levels are Reduced in the
Hippocampus of Juvenile MAM-Exposed Rats
To determine whether NMDARs are altered during development in a SZ model, we first examined how prenatal
MAM exposure affects NMDAR protein levels in different
age groups, including neonatal (P7), juvenile (P14 and P21),
and adolescent (P45) animals. We collected synaptic plasma
membrane fractions from saline and MAM animals, and
probed for NMDAR subunits, including NR1, NR2A, NR2B,
NR3A, and NR3B. Actin was used as a loading control. We
found no significant difference in NR1, NR2A, NR2B, or
NR3A subunit levels at P7 (Figure 1a, p ¼ 0.25, 0.45, 0.32,
0.72, 0.55, respectively, n ¼ 7). NR3B was not thoroughly
examined in this age group, because NR3B protein levels are
extremely low at this developmental time point and thus not
reliably detectable by western blot (Henson et al, 2010).
However, at P14, there was a significant decrease in NR3A
in the hippocampus of MAM animals compared with saline
(Figure 1b, NR3A saline 1.02±0.03, MAM 0.841±0.04,
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in NR2B in MAM animals (NR2B saline 1.02±0.04, MAM
0.891±0.03, p ¼ 0.03, saline, n ¼ 7, MAM, n ¼ 9). Together,
these data indicate that prenatal MAM exposure alters
NMDAR protein levels during a critical time period for the
developing hippocampus.
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Figure 1 NMDAR protein levels are reduced in the hippocampus of
juvenile MAM-exposed rats. (a–d), Representative western blots and
summary histograms show the NMDAR subunit protein levels in synaptic
plasma membrane fractions from saline- and MAM-exposed animals at P7
(a), P14 (b), P21 (c), and P45 (d). No significant difference was found for
any subunit at P7 (Note: NR3B was not detectable at P7). However, MAM
exposure results in a significant decrease in NR3A at P14 (n ¼ 8 for both
saline and MAM, p ¼ 0.005), and at P21 (saline, n ¼ 7, MAM, n ¼ 9,
p ¼ 0.002) compared to saline. By P45, there are no longer significant
differences in NR3A, yet, there is a significant decrease in NR2B (n ¼ 8,
p ¼ 0.03).

p ¼ 0.005, n ¼ 8). No difference at P14 was found for NR1,
NR2A, NR2B, and NR3B (p ¼ 0.21, 0.81, 0.22, and 0.17,
respectively, n ¼ 8). Furthermore, at P21, MAM animals had
significantly lower NR3A and a trend toward lower NR3B
protein levels (Figure 1c, NR3A saline 1.08±0.03, MAM
0.882±0.05, p ¼ 0.002, n ¼ 7 and 8, respectively; NR3B
saline 1.362±0.21, MAM 0.875±0.14, p ¼ 0.09, n ¼ 4 and 5,
respectively). Interestingly, in the adolescent (P45), we
found no difference between saline and MAM animals for
NR1, NR2A, NR3A, and NR3B subunits (Figure 1d, NR1
p ¼ 0.12, NR2A p ¼ 0.51, NR3A p ¼ 0.30, saline, n ¼ 7, MAM,
n ¼ 9; and NR3B p ¼ 0.77, n ¼ 5), but a significant decrease

We hypothesized that the MAM-induced alteration in NMDAR
protein levels would affect the function of NMDARs at
synapses. We first determined whether prenatal MAM
exposure had an effect on CA1 pyramidal neuron health.
We used whole-cell patch clamp recording in current-clamp
mode to record APs, in slices from juvenile (P13–20) and
adolescent (P29–39) animals in response to varying step
currents from  300 pA to þ 400 pA. MAM exposure had
no effect on resting membrane potential, AP threshold, AP
peak amplitude, AP 1/2 width, 20–80% rise time, and the
afterhyperpolarization in juveniles or adolescents (Table 1).
However, we found an increase in spike number with high
current injection (4300 pA) in cells from juvenile MAM
animals (Figure 2a, saline n ¼ 6, MAM n ¼ 7, po0.05). There
was no difference in these same measures in adolescence
(Figure 2b, saline n ¼ 11, MAM n ¼ 12, p40.05). Thus, it
appears that MAM does not significantly alter cell health in
both age groups.
We next assessed NMDAR function in juvenile and
adolescent rats. We recorded EPSCs evoked by paired-pulse
stimulation of stratum radiatum in voltage-clamp mode in
the presence of picrotoxin, with first evoking currents
between 50–100 pA in a holding potential of  60 mV. In
the same cell we then recorded evoked EPSCs with a holding
potential of þ 60 mV (Figure 3a1). This allowed us to
compare the AMPA–EPSC amplitude, the NMDA–EPSC
amplitude, the NMDA/AMPA ratio, and to calculate pairedpulse ratio, which may indicate presynaptic function,
between saline and MAM animals. We found no differences
in the AMPA–EPSC amplitude (Figure 3b1) and in pairedpulse ratio (PPR AMPA–EPSC saline 2.06±0.29, MAM
1.92±0.14, p ¼ 0.65; PPR NMDA–EPSC saline 1.06±0.18,
MAM 0.84±0.083, p ¼ 0.24, n ¼ 7 and 9, respectively) in the
juvenile (P11–19) rat hippocampal neurons. However, cells
from juvenile MAM animals showed significantly larger
NMDA–EPSC amplitudes (Figure 3b1, first pulse: saline
49.3±6.14 pA, MAM 149.3±35.0, p ¼ 0.026; second pulse:
saline 46.4±4.8 pA, MAM 111.3±21.9 pA, p ¼ 0.022; n ¼ 7
and 9, respectively), as well as a larger NMDA/AMPA ratio
(Figure 3c1, first pulse: saline 0.88±0.13, MAM 1.94±0.42,
p ¼ 0.04; second pulse: saline 0.46±0.08, MAM 0.75±0.11,
p ¼ 0.045, n ¼ 7 and 9, respectively), indicating that juvenile
MAM animals had increased NMDAR current at synapses.
This result is consistent with reduced NR3A protein levels
in synaptic plasma membrane fractions (Figure 1), because
NR3A is a known negative regulator of NMDAR current
(Das et al, 1998; Perez-Otano et al, 2001; Sasaki et al, 2002;
Tong et al, 2008). Thus, MAM-exposed animals had
significantly altered glutamatergic signaling in juvenile rat
hippocampal neurons.
It is possible that the changes of NMDAR function persist
throughout development. Alternatively, the changes in
juvenile animals may represent a transient development
Neuropsychopharmacology
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Table 1 Physiological Properties of CA1 Pyramidal Neurons in Saline and MAM Animals
Resting membrane
potential (mV)

Spike threshold
(mV)

Peak spike
amplitude (mV)

Afterhyperpolarization
(mV)

Spike half-width
(ms)

20–80% rise time
(ms)

 4.7±1.1

Juvenile saline

 66.1±2.0

 41.7±3.1

Juvenile MAM
Adolescent saline

 68.2±2.2
 66.2±1.6

 44.2±2.4
 40.3±2.4

77.3±2.9
80.0±2.0
81.6±3.9

 3.5±0.7
 61±0.86

1.5±0.11
1.5±0.07
1.3±0.17

0.28±0.02
0.28±0.02

0.31±0.02

Adolescent MAM

 64.7±1.9

 39.9±2.6

81.5±2.8

 7.3±1.2

1.2±0.07

0.27±0.01

There were no significant differences between cells from saline and MAM animals in both ages (all p40.05).
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Figure 2 MAM exposure slightly increases excitability of CA1 pyramidal neurons in hippocampus in juvenile animals. Representative action potentials (a1
and a2) and summary graphs (b1 and b2) from juvenile and adolescent saline and MAM-exposed animals. (a1 and b1) Juvenile MAM-exposed animals had an
increased spike number only with high current injection compared with saline controls (saline n ¼ 6, MAM n ¼ 7, *po0.05). (a2 and b2) There is no
difference in neuronal excitability in adolescent animals (saline n ¼ 11, MAM n ¼ 12, p40.05).

mis-step that contributes to deficits found in adult MAM
animals. Because there was no significant change in NR3A
protein levels, but a significant decrease in NR2B protein
levels in adolescent MAM animals, we wondered whether
NMDAR function in MAM animals was still altered. We reexamined NMDA-EPSC amplitude and the NMDA/AMPA
ratio in adolescent rats (P30–39; Figure 3a2). Interestingly,
we found no difference in NMDA–EPSC amplitudes (Figure 3b2,
first pulse: saline 72.1±14.5 pA, MAM 77.1±9.29 pA, p ¼ 0.7;
second pulse: saline 56.44±7.2 pA, MAM 62.5±7.7 pA,
p ¼ 0.6; n ¼ 7 and 8, respectively), or the NMDA/AMPA
ratio (Figure 3c2, first pulse: saline 0.70±0.11, MAM 0.73±
0.08, p ¼ 0.8, second pulse: saline 0.34±0.06, MAM 0.41±
0.04, p ¼ 0.3; n ¼ 7 and 8, respectively) in MAM-exposed
animals compared with saline control. This is consistent
with a normal NR3A expression, as well as normal NR1,
NR2A, and NR3B protein levels in adolescent animals,
supporting a relatively recovered NMDAR function in
adolescence. However, we did find a significant decrease
Neuropsychopharmacology

in the decay time of the second NMDA–EPSC in MAM
animals (saline 91.54±4.1 ms, MAM 70.9±2.7, p ¼ 0.008,
n ¼ 7 and 8, respectively). This is consistent with the
reduced NR2B protein levels in MAM animals because
NR2B-containing NMDARs have a slower decay time than
NR2A-containing receptors (Cull-Candy et al, 2001; Wang
et al, 2008).
Further, we found a small but significant decrease in
paired-pulse ratio specifically for AMPA–EPSCs, but not
NMDA–EPSCs (AMPA–EPSC PPR, saline 1.65±0.09, MAM
1.42±0.06, p ¼ 0.038; NMDA–EPSC PPR, saline 0.86±0.11,
MAM 0.84±0.07, p ¼ 0.8; n ¼ 7 and 8, respectively),
although both the first and second AMPA–EPSC amplitudes
appeared to be comparable between MAM-exposed rats and
saline control (p ¼ 0.77 and 0.37, respectively). This may
indicate a change in presynaptic function in adolescent
animals. Additionally, given that we experimentally controlled the size of the AMPA-mediated EPSC, it is unclear
whether MAM exposure specifically alters presynaptic
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Figure 3 NMDA–EPSC amplitudes are increased in juvenile MAM-exposed rats, but normalized by adolescence. (a1 and a2) Representative paired-pulse
traces of stratum radiatum-evoked EPSCs at  60 and þ 60 mV from CA1 cells of a juvenile (a1) and (a2) adolescent saline and MAM-exposed animal. (b1
and b2) Summary histograms show that NMDA–EPSC amplitude is significantly increased in cells from juvenile MAM-exposed animals (saline, n ¼ 7, MAM
n ¼ 9, p ¼ 0.02 and 0.02, respectively), while AMPA–EPSC amplitude is not changed (saline, n ¼ 7, MAM n ¼ 9, p ¼ 0.40 and 0.42, respectively). In contrast,
both NMDA–EPSC and AMPA–EPSC are not different between adolescent saline and MAM animals (saline, n ¼ 7, MAM n ¼ 8, p ¼ 0.7 and 0.6,
respectively). (c1 and c2) Summary histograms show a significantly increased first NMDA/AMPA ratio in cells from juvenile (saline, n ¼ 7, MAM n ¼ 9,
p ¼ 0.04), but not in neurons from adolescent MAM-exposed animals (saline, n ¼ 7, MAM n ¼ 8, p ¼ 0.8).

NMDAR function or whether AMPAR function was affected
as well, especially given the altered paired-pulse ratio found
in adolescence. To determine whether MAM exposure had
an effect on functional AMPARs and/or there were changes
to presynaptic function, we recorded sEPSC and mEPSC
while holding the cell at  70 mV in juvenile and adolescent
animals (Figure 4a1 and b1). We found no differences in
either the frequency or amplitude of the sEPSCs or mEPSCs
in juvenile (P12–20) MAM- and saline-exposed rats
(Juvenile, Figure 4a1 and b1, sEPSCs: frequency, Hz, saline
0.49±0.11, MAM 0.55±0.122, p ¼ 0.74; amplitude, pA,
saline 11.2±1.62, MAM 12.7±1.34, p ¼ 0.48; n ¼ 7 and 10,
respectively. mEPSCS: frequency, Hz, saline 0.27±0.05,
MAM 0.24±0.03, p ¼ 0.55; amplitude, pA, saline 10.6±1.55,
MAM 9.19±0.53, p ¼ 0.33; n ¼ 6 and 8, respectively).
Similarly, we recorded sEPSCs and mEPSCs to assess
functional AMPARs and presynaptic function in adolescent
(P29–39) rats (Figure 4a2 and b2). However, we found no
difference in the frequency or amplitude of sEPSCs or
mEPSCs in adolescent saline and MAM animals (adolescent,
Figure 4a2 sEPSCs, frequency, Hz, saline 0.549±0.08, MAM
0.56±0.08, p ¼ 0.9; amplitude, pA, saline 9.96±0.77, MAM
9.06±1.2, p ¼ 0.5; n ¼ 7 and 10, respectively; mEPSCs,
Figure 4b2, frequency, Hz, saline 0.35±0.06, MAM 0.34±
0.05, p ¼ 0.7; amplitude, pA, saline 9.3±0.39, MAM 8.8±
0.91, p ¼ 0.8, n ¼ 6 and 7, respectively). Therefore, MAM

exposure selectively and transiently affects NMDAR function in juvenile hippocampal neurons.

Long-Term Potentiation is Impaired in Juvenile
MAM-Exposed Rats
SZ is associated with cognitive deficits, which includes
learning and memory processes. For example, it was
recently demonstrated that visual plasticity is disrupted in
SZ patients (Cavus et al, 2012). In rodents, long-term
potentiation is considered to be the cellular correlate for
learning and memory, and requires NMDAR function (Lee
and Silva, 2009). Because NMDAR function is disrupted in
juveniles by MAM exposure, we compared LTP in saline
and MAM animals measured in CA1 extracellular field
potential recordings after high-frequency (100 Hz, 100
pulses) Schaffer collateral stimulation (Figure 5a). Interestingly, as exhibited in Figure 5, slices from MAM animals
showed a significant reduction in both short-term potentiation (the first 2-min post-tetanic potentiation) and the
magnitude of LTP (Figure 5b and c, normalized EPSP slope,
average first 2-min post-tetanus, saline 2.20±0.23, MAM
1.54±0.13, p ¼ 0.02; average last 5-min post-tetanus,
saline 1.77±0.26, MAM 1.27±0.06, p ¼ 0.03, n ¼ 6 and 12,
respectively). This may indicate that juvenile MAM animals
have learning and memory deficits. We did not test LTP in
Neuropsychopharmacology
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Figure 4 AMPA receptor-mediated currents are not affected by MAM in either juveniles or adolescents. (a1 and a2) Sample traces (upper panels) and
summary histograms (lower panels) of sEPSCs recorded at  70 mV in CA1 pyramidal neurons from juvenile (a1) adolescent (a2) saline and MAM-exposed
animals. Summary graphs show no change in sEPSC frequency or amplitude with MAM exposure for juvenile (p ¼ 0.74, 0.48, respectively, saline n ¼ 7, MAM
n ¼ 8) or adolescent animals (p ¼ 0.9, 0.5, respectively, saline, n ¼ 7, MAM n ¼ 9). (b1 and b2) Sample traces (upper panels) and summary histograms (lower
panels) of mEPSCs recorded at  70 mV in the presence of TTX in CA1 pyramidal neurons from juvenile (b1) and adolescent (b2) saline- and MAMexposed animals. MAM exposure did not alter the frequency or amplitude of mEPSCs for either age group (juveniles, p ¼ 0.55, 0.33, respectively, saline
n ¼ 6, MAM, n ¼ 9; adolescent, p ¼ 0.7, 0.8, respectively, saline n ¼ 6, MAM n ¼ 7). These data indicate that there is no change in functional AMPARs at
synapses in juvenile or adolescent MAM-exposed animals.

adolescence because both AMPA and NMDA functions
appear to be mostly normal. Furthermore, it was previously
demonstrated that MAM exposure did not affect the
induction and magnitude of LTP in adult animals, although
there was a substantial deficit in the reversal of LTP, and
depotentiation (Sanderson et al, 2012).

MAM Exposure Impairs Spatial Learning in Juvenile and
Adolescent Rats
Previous studies indicate that changes in NMDARs, as well
as deficits in long-term potentiation, affect spatial learning
and memory (Roberts et al, 2009; Silva et al, 1996; Tang
et al, 1999). Furthermore, SZ patients show deficits in
performance on a virtual MWM task (Folley et al, 2010). We
therefore examined whether the alterations in NMDAR
function and long-term potentiation we observed would
have behavioral consequences for juvenile MAM animals.
We trained juvenile (P17 on training day 1) saline and MAM
Neuropsychopharmacology

animals on the fixed platform MWM and examined the
latency for locating the hidden escape platform. As shown
in Figure 6, saline animals learned to find the hidden escape
platform across training days. In contrast, in MAM animals
the escape latencies were stable without clear changes over
training days. By repeated measures ANOVA, there was a
significant effect of day (F ¼ 9.49, p ¼ 0.001), treatment
(F ¼ 20.04, p ¼ 0.002), as well as an interaction (F ¼ 2.73,
p ¼ 0.034; Figure 6a1, n ¼ 11 for each group). Post-hoc
analysis revealed a significant difference in escape latencies
on training days 3, 4, and 5 between saline and MAM
animals (Figure 6a1, all po0.05).
After training, we tested memory for the platform
location with a probe trial. The hidden platform is removed
from the MWM and the amount of time the animal spends
swimming in the quadrant of the previous platform location
is recorded. Animals with a strong memory for the platform
location will spend more time swimming in the quadrant
where the platform used to be. Not surprising given their
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Figure 5 LTP is impaired in slices from juvenile MAM-exposed animals.
(a) Representative fEPSPs recorded in the CA1 region of the hippocampus
evoked by stimulation of Schaffer collaterals during baseline recording
and following high-frequency stimulation. Recordings were conducted in
slices from animals aged P15–21. (b) Summary graph shows the averagenormalized slope of fEPSPs in saline and MAM animals during
baseline recording and following high-frequency stimulation. (c) Summary
histogram shows that both post-tetanic potentiation and LTP are
significantly attenuated in MAM-exposed animals (first 2-min post-tetanus,
p ¼ 0.02; average last 5-min post-tetanus, p ¼ 0.028, saline n ¼ 6 and MAM
n ¼ 12).

poor performance during training, the MAM animals spent
significantly less time swimming in the previous target
quadrant (Figure 6a2, p ¼ 0.01). Additionally, MAM animals
displayed thigmotaxis, spending a significantly longer amount
of time swimming along the edge of the pool (in seconds,
saline, 28.2±1.4, MAM, 43.6±2.1, p ¼ 0.0002). While there
was no difference in swim speeds between juvenile saline
and MAM animals (in cm/s, saline, 23.6±0.62, MAM,
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Figure 6 Both juvenile and adolescent MAM animals exhibit learning
deficits in the Morris Water Maze. (a1 and b1) Summary line graphs show
the average latencies (s) to the escape platform across training on the
Morris Water Maze for juvenile (a1) and adolescent (b1) saline and MAM
animals. Training began on P17 for juveniles and P40 for adolescents. (a1)
Juveniles exhibited learning deficits with a significant effect of day (F ¼ 9.49,
p ¼ 0.001), treatment (F ¼ 20.04, p ¼ 0.002), and an interaction (F ¼ 2.73,
p ¼ 0.034) by repeated measures ANOVA (n ¼ 11 for each group). Posthoc analysis revealed a significant difference in escape latencies on training
days 3, 4, and 5 between saline and MAM animals (*po0.05). (b1)
Although adolescent MAM animals learned the task better than juvenile
MAM animals, they still exhibited certain level of learning deficits, with a
significant effect of treatment ANOVA (F ¼ 23.1, p ¼ 0.02) and an effect of
day (F ¼ 24.2, p ¼ 0.0001), but no interaction (F ¼ 1.52, p ¼ 0.56) by
repeated measures ANOVA (n ¼ 7 for each group). Post-hoc analysis
revealed a significant difference in escape latencies on training days 2, 3, and
5 for MAM animals compared with saline (*po0.05). (a2 and b2) Summary
histograms show the time spent in searching the target quadrant during a
probe trial for juvenile (a2) and adolescent (b2) animals, respectively. (a2)
During a probe trial conducted post-training, juvenile MAM-exposed
animals spent significantly less time swimming in the previous target
quadrant, indicating low memory for the previous platform location
(p ¼ 0.01, n ¼ 11). (b2) In contrast, there was not a significant difference in
the amount of time adolescent MAM animals spent swimming in the target
quadrant compared to saline animals (p ¼ 0.41, n ¼ 7). This indicates that
adolescent MAM animals have a memory for the previous platform
location.

24.7±3.5, p ¼ 0.74), MAM animals had an increased latency
to reach the platform during the visible platform trials that
we completed following the probe trial (in seconds, saline,
14.1±2.2, MAM, 26.4±4.2, p ¼ 0.02). This may reflect a
reduced motivation for MAM animals to escape the water.
Therefore, reduced NR3A levels, increased NMDAR current,
and reduced long-term potentiation is strongly correlated
with deficits in spatial learning and memory for juvenile
MAM animals.
We next determined whether these behavioral deficits
would persist in adolescent MAM animals. We trained
adolescent saline and MAM animals (aged P40 on training
day 1) on the fixed platform MWM. In contrast to the
juveniles, adolescent MAM animals were able to learn the
water maze task. However, they still exhibited some deficits,
with a significant effect of treatment ANOVA (F ¼ 23.1,
p ¼ 0.02), and an effect of day (F ¼ 24.2, p ¼ 0.0001), but no
Neuropsychopharmacology
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interaction (F ¼ 1.52, p ¼ 0.56) by repeated measures. Posthoc analysis revealed a significant difference in escape
latencies on training days 2, 3, and 5 for MAM animals
compared with saline (Figure 6b, po0.05, n ¼ 7, for each
group). Interestingly, during the probe trial, there was no
difference between saline and MAM animals in the amount
of time spent swimming in the previous target quadrant
(p ¼ 0.41), indicating an improved memory for the platform
location. Furthermore, there was no difference in swim
speeds (in cm/s, Saline, 24.7±1.1, MAM, 26.1±1.3, p ¼ 0.44)
or in the latency to reach a visible platform (in seconds,
saline, 11.0±2.0, MAM, 11.1±2.3, p ¼ 0.95), indicating
normal locomotor activity (Flagstad et al, 2004). These
results indicate that the adolescent MAM animals, in contrast
to their juvenile performance, had an improved memory for
the platform location, despite their learning deficits indicated by their longer latencies to find the hidden platform
during training. This result is consistent with Hazane et al
(2009), who reported severe learning deficits in the MWM
for adult MAM-exposed animals. Therefore, recovery in
NMDAR protein levels and function in the adolescent
appears to be correlated with improved memory performance. However, the persistent learning deficits on the
MWM for MAM animals may be the result of decreased
NR2B protein levels or a yet unexplored mechanism.

DISCUSSION
The MAM SZ model has been extensively validated in
previous studies (Featherstone et al, 2009; Flagstad et al,
2004; Goto and Grace, 2006; Lodge and Grace, 2007; Moore
et al, 2006). However, the majority of work focused on the
adult phenotype with only a few behavioral experiments
conducted in pre-puberty (Hazane et al, 2009; Le Pen et al,
2006; Moore et al, 2006). For example, most behavioral
deficits such as enhanced sensitivity to MK801 and AMPH,
as well as impaired pre-pulse inhibition emerge postpuberty (Le Pen et al, 2006; Moore et al, 2006), but deficits
in social interaction and spontaneous alternation were
reported in pre-pubertal MAM animals (Hazane et al, 2009;
Le Pen et al, 2006). Our study is unique in that it is the first
to examine early developmental changes to the glutamatergic system that could alter hippocampal development and
contribute to the adult MAM phenotype. We initially
focused on NMDARs because of their known importance
for learning and memory and diseased states, including SZ
(Lau and Zukin, 2007). We investigated the effects of prenatal MAM exposure on NMDAR expression and function
during early development in the hippocampus. We found
that in juvenile MAM rats, NR3A protein levels were transiently decreased which enhanced NMDAR function, but
with no effects on AMPAR function. In addition, MAM
animals had significantly reduced LTP and impaired performance on the MWM in juveniles. Interestingly for MAMadolescent animals, memory for the task was normal but
learning deficits persisted, which may be related to the
reduced NR2B protein levels at this developmental time
point.
An important finding in this study is that prenatal MAM
animals had decreased NR3A proteins levels and an
increased NMDAR function in juveniles. NR3A subunits
Neuropsychopharmacology

are negative regulators of NMDAR channel function. They
confer reduced calcium permeability, lower Mg2 þ sensitivity, and decreased channel conductance (Das et al, 1998;
Perez-Otano et al, 2001; Sasaki et al, 2002; Tong et al, 2008).
Therefore, the increased NMDA–EPSC amplitude in CA1
pyramidal neurons in the MAM-exposed rats is likely the
result of reduced NR3A subunits. Furthermore, we observed
an increased NMDA/AMPA ratio with no change in AMPAR
function in juvenile MAM animals, consistent with those
reported in NR3A KO mice (Tong et al, 2008). Presynaptic
NR3A-containing NMDARs have been shown in neocortex
to alter neurotransmitter release (Larsen et al, 2011). It is
therefore possible that MAM exposure alters presynaptic
NMDAR function that could influence release probability.
Yet, we saw no changes in paired-pulse ratios or the
frequencies of both AMPA–sEPSCs and AMPA–mEPSCs,
suggesting that there is no change in presynaptic function in
juvenile MAM animals, in agreement with a recent study
(Sanderson et al, 2012).
Interestingly, the changes in NR3A expression and
NMDA–EPSC amplitude were transient. Both NR3A subunit
levels and NMDAR function in MAM animals are similar to
controls in adolescence. But instead, NR2B protein levels
are significantly decreased at this age. The altered NMDAR
subunit composition in the synapse could have important
consequences for neuronal functioning and development.
Several recent studies have reported an altered hippocampal
function in adult MAM-exposed animals. Lodge and Grace
(2007) first reported an increased neuronal activity in the
ventral hippocampus that leads to an enhanced activity of
dopaminergic neurons in the ventral tegmental area.
Furthermore, two recent studies from the same group have
exhibited an increased hyperexcitability, a reduced synaptic
transmission, and a disrupted depotentiation but intact LTP
and LTD induction in the dorsal hippocampus of adult
MAM animals (Hradetzky et al, 2012; Sanderson et al,
2012). In contrast, we found that the neuronal excitabilities
in juvenile hippocampus were comparable between salineand MAM-treated animals. This discrepancy is likely attributable to the age difference or recording location, ie, ventral
vs dorsal hippocampus. Despite the NMDAR function
change, the hippocampal circuit appears relatively intact
in the juvenile animals, likely because the deficit in
inhibitory transmission appears only after late adolescent
(Trantham-Davidson, HL et al, personal communication),
whereas the hyperexcitability is probably derived from
deficits in synaptic inhibition (Lodge et al, 2009; Sanderson
et al, 2012). While these other experiments are all
conducted in adult animals, they lend credence to the idea
that the early functional changes in NMDARs as we
observed in this study could contribute to the malformation
of the hippocampal circuit.
Indeed, increasing evidence has shown that altering
NMDAR subunit composition and function can affect both
brain development and cognitive functioning (Brigman
et al, 2010; Gambrill and Barria, 2011; Gray et al, 2011; Tang
et al, 1999; von Engelhardt et al, 2008; Yashiro and Philpot,
2008; Zhao et al, 2005). It is generally believed that NMDAR
subunit changes such as the NR2B-to-NR2A (Dumas, 2005;
Gambrill and Barria, 2011) and the NR3A-to-NR3B switch
(Henson et al, 2010; Henson et al, 2008) are important for
proper hippocampal development. The early changes in
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NMDAR function observed in this study correspond to a
critical time period of extensive hippocampal maturation. During this period, the hippocampus undergoes
synaptogenesis, neuronal dendritic arborization, synaptic
pruning and remodeling, and maturation of circuitry
(Crain et al, 1973; Hsia et al, 1998; Pokorny and
Yamamoto, 1981; Swann et al, 1991). These processes, at
least partially, rely upon synaptic activation and signaling
through NMDARs (Stoneham et al, 2010). Evidence
suggests that removal of NR3A from NMDARs is critical
for synapse maturation and premature removal of NR3ANMDARs could lead to detrimental effects in developing
synapses (Perez-Otano et al, 2006; Roberts et al, 2009).
Additionally, reduced NR3A in NMDARs could increase
calcium influx, which in turn could easily activate
intracellular signaling cascades, leading to excitotoxicity
or disrupted synaptic function during development (Fink
et al, 2003; Okamoto et al, 2007), and consequently
hippocampal dysfunction. Furthermore, the reduced NR2B
protein levels could also impact circuit maturation (Akashi
et al, 2009; Liu et al, 2004; Monyer et al, 1994; Ohno et al,
2010; Sheng et al, 1994; Wang et al, 2011; Wang et al, 2008;
Williams et al, 1993) as well as learning processes (Duffy
et al, 2008; Valenzuela-Harrington et al, 2007; Wang et al,
2008; Zhao et al, 2005; Zhou et al, 2007).
It should be pointed out that our finding of enhanced
NMDAR function in juvenile MAM animals contrasts with
the NMDAR hypofunction associated with SZ in adulthood
(Coyle, 2006; Dracheva et al, 2001; Javitt, 2004; Moghaddam
and Jackson, 2003; Mohn et al, 1999; Olney et al, 1999;
Tamminga, 1999). Downregulated NMDAR subunits are
usually seen in postmortem tissue from schizophrenics
(Akbarian et al, 1996; Gao et al, 2000; Kristiansen et al,
2007) and animal models with disrupted NMDAR function
that have SZ-like symptoms (Belforte et al, 2010; GunduzBruce, 2009; Lisman et al, 2008; Xi et al, 2011). However, the
majority of these experiments has been conducted on
postmortem adult human brains or in adult animals and
thus does not exclude the possibility that NMDAR expression and function can be differentially regulated over
development. This is indeed evidenced by our findings of
a NMDAR hyperfunction in juveniles and reduced NR2B
protein levels in the adolescent MAM animals. Therefore,
any dysregulation of NMDAR functioning is likely to impact
the developmental process and thus affect synaptic maturation and learning and memory (Henson et al, 2010; Roberts
et al, 2009; Wang et al, 2011).

MAM Exposure Alters Learning and Memory in Juvenile
Animals
The enhanced NMDAR function occurs at the same developmental time point as deficits in LTP and the MWM in
juvenile MAM animals. While it is unclear if and how the
changes to NMDAR function are related to those deficits,
previous studies have demonstrated the importance of
NMDAR function in both LTP and cognitive performance.
NMDAR blockade prevents LTP and impairs performance
on the MWM (Morris et al, 1986; Riekkinen and Riekkinen,
1997; Tsien et al, 1996). Indeed, we found that that decreased NR3A in juvenile MAM animals were accompanied with
deficits in LTP and performance on the MWM, consistent

with a recent report (Roberts et al, 2009), in which
downregulation of NR3A-containing NMDARs was found
to be required for synapse maturation and memory consolidation. However, it is unlikely that the alterations in
NMDAR expression and function are the sole mediators
of the deficits in the MWM. NR3A levels recovered by
adolescence, yet, learning deficits while lessened compared
with the juvenile, persist. We found a significant difference
in the adolescents for the escape latency throughout
training on the MWM. The remaining learning deficits at
the later developmental time point could reflect the reduced
NR2B levels in adolescent MAM animals, or a malfunctioning of the hippocampus circuit as a whole. While this
learning deficit for MAM animals is consistent with data
from the work by Hazane et al (2009) who found similar
learning deficits in adult female MAM-exposed Sprague–
Dawley animals, it contrasts with Flagstad et al (2005) who
only found reversal learning deficits on the MWM in adult
male MAM-exposed Wistar rats. The reason for these
discrepancies is not clear, but it could be attributable to
gender or strain differences.
Additionally, it is known that performance on the water
maze task involves not only hippocampus but also other
brain regions, including the prefrontal cortex (Cerqueira
et al, 2007; Mogensen et al, 1995). Altered prefrontalhippocampal functioning has been found in both human SZ
patients and animal models (Henseler et al, 2010; Lipska
et al, 2002a; Lipska and Weinberger, 2002b; Sigurdsson
et al, 2010; Tseng et al, 2008), including the MAM model
(Goto and Grace, 2006). It is therefore possible that the
MAM-induced learning deficits in adolescence reflect
altered connectivity between the PFC and hippocampus.
Further, adult MAM animals have a greater responsivity to
stress, which may also contribute to learning deficits in the
MWM (Flagstad et al, 2004; Goto and Grace, 2006; Le Pen
et al, 2006).
Still, it remains to be tested whether and how the
enhanced NMDAR function during the first several postnatal weeks will affect hippocampal maturation and possibly alter connections with other brain regions. Furthermore,
it is unlikely that NMDARs are the only proteins altered
throughout development by prenatal MAM exposure
(Hradetzky et al, 2012), although AMPAR appears to be
unaltered. Future studies are needed to determine how
functional connectivity between brain regions is altered
throughout postnatal development. Understanding when
and how the neurodevelopmental trajectory is altered in the
MAM and other SZ models may provide mechanistic insight
into its cause and progression, as well as generate possible
new avenues for therapeutic intervention.
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