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Abstract
Background—As a test of plausibility for the hypothesis that schizophrenia can result from
abnormal brain, especially cerebral cortical, development, these studies examined whether, in the
rat, disruption of brain development initiated on embryonic day (E) 17, using the methylating
agent methylazoxymethanol acetate (MAM), leads to a schizophrenia-relevant pattern of neural
and behavioral pathology. Specifically, we tested whether this manipulation leads to disruptions of
frontal and limbic corticostriatal circuit function, while producing schizophrenia-like, region-
dependent reductions in gray matter in cortex and thalamus.

Methods—In offspring of rats administered MAM (22 mg/kg) on E17 or earlier (E15), regional
size, neuron number and neuron density were determined in multiple brain regions. Spontaneous
synaptic activity at prefrontal cortical (PFC) and ventral striatal (vSTR) neurons was recorded in
vivio. Finally, cognitive and sensorimotor processes mediated by frontal and limbic corticostriatal
circuits were assessed.

Results—Adult MAM-E17-exposed offspring showed selective histopathology: size reductions
in mediodorsal thalamus, hippocampus, and parahippocampal, prefrontal, and occipital cortices,
but not in sensory midbrain, cerebellum, or sensorimotor cortex. The prefrontal, perirhinal, and
occipital cortices showed increased neuron density with no neuron loss. The histopathology was
accompanied by a disruption of synaptically-driven “bistable membrane states” in PFC and vSTR
neurons, and, at the behavioral level, cognitive inflexibility, orofacial dyskinesias, sensorimotor
gating deficits and a post-pubertal-emerging hyper-responsiveness to amphetamine. Earlier
embryonic MAM exposure led to microcephaly and a motor phenotype.

Conclusions—The “MAM-E17” rodent models key aspects of neuropathology in circuits that
are highly relevant to schizophrenia.
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It remains unresolved whether the diverse yet distinct neuropathological and behavioral
abnormalities observed in schizophrenia patients result from one or multiple etiologies
(Andreasen and Carpenter 1993; Tsuang et al 2000). Reduced size of the medial temporal
lobe (including hippocampus and parahippocampal regions) and histological abnormalities
in this region are reliable features of schizophrenia (Harrison 2004; Shenton et al 2001).
However, decreases in other cortical regions and the medial dorsal thalamus are also often
reported (Harrison 1999; Shenton et al 2001). Although neuron loss is reported in the
thalamus (Thune and Pakkenberg 2000), there appears to be no net loss of neurons in the
cerebral cortex; thus, decreased cortical thickness in schizophrenia is concomitant with
increased neuronal density (Selemon et al 1995; Thune and Pakkenberg 2000). Moreover
this increased neuronal density, interpreted as a decrease in neuropil, is observed in
prefrontal and occipital regions but not in the ventral lateral frontal cortex (Selemon et al
2003).

It is widely postulated that abnormal development of limbic and frontal cortical circuits
leads to a dysregulation of basal ganglia and dopamine systems in schizophrenia (Lewis and
Levitt 2002; Marenco and Weinberger 2000; Moore et al 1999; Waddington et al 1999).
Dysfunction of frontal and limbic corticostriatal systems is evident in a number of
behavioral deficits in schizophrenia. One such abnormality is in sensorimotor gating (Geyer
et al 2001), a process mediated by temporal lobe and dopaminergic inputs to the limbic basal
ganglia (Swerdlow et al 1999). Schizophrenia patients also show neuropsychological and
neurological “signs” of frontal cortical damage, including cognitive inflexibility (Elliott et al
1995) and increases in spontaneous orofacial dyskinesias (Waddington et al 1995).
Moreover, metabolic abnormalities in the prefrontal and/or limbic temporal cortices and
anatomically related thalamus and basal ganglia are often correlated with cognitive and
other behavioral deficits in schizophrenia (Andreasen et al 1997; Bilder et al 1995; Seidman
et al 2003). Psychosis, which emerges in adolescence or adulthood in the majority of
schizophrenia patients, is associated with increased striatal dopamine transmission.
Specifically, schizophrenia patients show an exaggerated increase in striatal dopamine
transmission in response to amphetamine, and this correlates with psychotic symptoms
(Laruelle 2000). Thus, the psychopathology of schizophrenia appears to be driven by
dysfunction of frontal and limbic cortical circuits and the dopaminergic inputs to the
striatum (Grace 1993).

Several rodent models, e.g., the neonatal hippocampal lesion and chronic phencyclidine
models, exhibit frontal lobe abnormalities, sensorimotor gating deficits, and dopamine
system dysregulation relevant to schizophrenia (Bertolino et al 2002; Hanlon and Sutherland
2000; Jentsch et al 2003; Lipska and Weinberger 2000; O’Donnell et al 2002). However, it
is not known whether a disruption of cerebral cortical development can lead to the specific
patterns of histopathology and the neurobehavioral dysfunction observed in schizophrenia.
The present experiments examined whether the methylating agent methylazoxymethanol
acetate (MAM) (Nagata and Matsumoto 1969) would be useful in creating such a model.
Administration of MAM to a pregnant rat dam can potently and selectively disrupt
embryonic brain development (Eriksdotter-Nilsson et al 1986; Haddad et al 1972). Exposure
to MAM on or prior to E15 leads to abnormalities in corticocortical synaptic transmission
(Chevassus-Au-Louis et al 1998), striatal hyperdopaminergia with increased responsiveness
to psychostimulants (Archer et al 1988; Watanabe et al 1995), and cognitive and
sensorimotor gating deficits (Mohammed et al 1986; Talamini et al 2000). While these
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abnormalities are relevant to a number of developmental brain disorders (Cattabeni and Di
Luca 1997; Chevassus-Au-Louis et al 1998; Coyle et al 1984), their validity for modeling
schizophrenia is limited due to the microcephaly produced by MAM exposure on or before
E15 (Dambska et al 1982; Jongen-Relo et al 2004; Kabat et al 1985; Singh 1980). To
address this limitation, we administered MAM on E17 (Grace and Moore 1998; Moore et al
2001). At this stage, proliferation has peaked in many cortical regions and is nearly
completed or paused in most subcortical and cerebellar regions (Bayer and Altman 1995).
Thus, we predicted that MAM-E17 exposure would have a more selective effect on the
cerebral cortex and particularly on the later developing paralimbic frontal and temporal
cortices (Bayer and Altman 1995). Thus, in the present study, we examined the morphology
of these regions in the MAM-E17 model. We also examined the morphology of the medial
dorsal and midline thalamic nuclei due to their reciprocal connections with the paralimbic
frontal cortex (Price 1995) and the pathology in this region in schizophrenia (Thune and
Pakkenberg 2000). In relation to the histopathological profile of schizophrenia, the patterns
of morphological abnormalities across these and other brain regions were characterized in
offspring of rat dams exposed to MAM on E17 or E15. Given that cortical neuronal loss is
not a feature of schizophrenia, cortical neuronal number and density were also quantified in
the MAM-E17 model.

Since the initial proposal that MAM-E17 exposure might be a more relevant model for
schizophrenia (Grace and Moore 1998; Moore et al 2001), cognitive deficits, as well as
cortical and striatal dopamine abnormalities, have been reported in this model (Flagstad et al
2004; Gourevitch et al 2004; Moore et al 2001). The present experiments extended these
findings by examining the function of schizophrenia-related corticostriatal circuits in the
MAM-E17 model using neurophysiological and behavioral methods. Behaviorally, we
evaluated the function of neural systems that have anatomical and functional homology with
human temporal and medial prefrontal cortical circuits (Moser and Moser 1998; Remijnse et
al 2005; Robbins 1996). Prepulse inhibition of startle was measured to test sensorimotor
gating (see above) (Geyer et al 2001; Swerdlow et al 1999). Frontal cortical function was
assessed with spontaneous and learned behaviors. Given that orofacial dyskinesias are a
reliable correlate of frontal cortical lesions or dysfunction in rats (Gunne et al 1982) and
humans (Waddington et al 1995), we measured spontaneous and N-methyl-D-aspartate
(NMDA)-antagonist-induced orofacial dyskinesias in MAM-E17 offspring. The orbital and
prelimbic/infralimbic regions of the prefrontal cortex mediate forms of reversal learning in
the rat and human (Chudasama and Robbins 2003; Clark et al 2004; Kim and Ragozzino
2005). We hypothesized that, as with schizophrenia (Elliott et al 1995), functions of these
regions, and thus reversal learning, would be impaired in the MAM-E17-offspring. Finally,
we tested whether MAM-E17 exposure would lead to a developmentally delayed
dysregulation of striatal dopamine function. In the rat, amphetamine-induced locomotion
depends on the associated increase in limbic striatal dopamine release, and both of these
indices are augmented in adult MAM-E17– exposed offspring (Flagstad et al 2004). Given
the relevance of amphetamine-induced increases in striatal dopamine transmission to
psychosis (Laruelle 2000; Weinberger and Lipska 1995), we examined whether the
augmented response to amphetamine would emerge during or after puberty in the MAM-
E17 model.

Methods and Materials
Drugs

Methylazoxymethanol acetate was obtained from Midwest Research Institute (Kansas City,
Missouri, www.mriresearch.org); other drugs were obtained from RBI/Sigma (St. Louis,
Missouri, www.sigma.com). Drugs were dissolved in isotonic saline.
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Subjects
Timed-pregnant Fischer 344 dams were treated with MAM (22 mg/kg, intraperitoneal [IP])
or saline on E15 or E17. Within 4 days after birth, the litters were culled to 10 and then
weaned and double-housed on postnatal day 28 (P28); one quarter of the litters was cross-
fostered. Experiments were conducted on male animals at either P35 to P40 or 4 to 8 months
of age, unless otherwise noted. At least four control and MAM-treated litters were included
in each experiment. All procedures were approved by the University of Pittsburgh
International Animal Care and Use Committee (IACUC) and adhered to the Guide for the
Care and Use of Laboratory Animals (National Academy of Sciences 1996).

Neuroanatomy
Tissue Preparation and Microscopy—Adult rats were perfused with cold heparinized
saline and then phosphate-buffered 4% paraformaldehyde. Brains were postfixed for 24 to
72 hours, cryoprotected in ascending sucrose solutions, and then cryosectioned in serial, 60-
μm coronal sections. Every third section was mounted and stained with a neutral red: cresyl
violet mixture. Brains were processed in yoked sets (control/MAM-E15/MAM-E17 or
control/MAM-E17) to control fixation and tissue processing effects. Shrinkage in the
coronal plane (76% ± 5%) was determined to be equal across control and MAM-treated
groups prior to quantification of brain region size or neuron number. Sections were
examined with a Zeiss Axioscope microscope (Carl Zeiss, Thornwood, New York)
interfaced with a motorized stage (Ludl Electronic Products, Hawthorne, New York), digital
video camera (DVC, Austin, Texas), and PC-based stereology system (MicroBrightfield,
Inc., Williston, Vermont).

Thickness and Area Measurements—Multiple brain regions were assessed to
determine the overall pattern and selectivity of neuroanatomical effects of maternal MAM
exposure. Cross-sectional thickness or area measurements were taken from the prefrontal
cortex (PFC) (an average of anterior cingulate and prelimbic regions), frontoparietal cortex
(PAR), ventral perirhinal (PRH) (perirhinal and lateral dorsal entorhinal region ventral to the
rhinal sulcus) and occipital (OCC) (area OcL2) cortices, as well as the hippocampus (HIPP).
The borders of cortical regions could potentially have been affected by MAM exposure;
thus, for each cortical region, we used a central starting location that on the basis of shape,
cytoarchitechtonics, and position relative to subcortical structures (Paxinos and Watson
1986; Zilles and Wree 1995) was determined to be equivalent across control and MAM-
exposed brains. Each region was then systematically sampled for up to 120 microns anterior
and posterior to the starting point. Sampling regions excluded transitional zones between
cortical regions, allowing greater homology across experimental groups. The anterior
cingulate (Cg1, posterior dorsal Cg3) and prelimbic (Cg3) cortices were sampled between
the level of the olfactory tubercle and rostral nucleus accumbens (Figure 1A). The
frontoparietal cortex (Par1 in Zilles and Wree 1995) was sampled at the level of the anterior
commissure. The perirhinal cortex ventral to the rhinal sulcus and the OcL2 subregion of the
occipital cortex were sampled at the level of the medial geniculate nucleus (Figure 1C).
Cortical thickness was defined as the length of the line perpendicular to the pial surface
extended to the white matter (Figure 1A–C).

The more clearly definable borders of the hippocampus allowed the use of area as the size
index (Figure 1B, C). The area at dorsal hippocampus at the level of the medial habenula
and dorsal hippocampal commissure was calculated from the maximal dorsoventral and
mediolateral segments (Figure 1B). The area of the caudal hippocampus was measured at
the level of the substantia nigra pars compacta and medial geniculate body and was defined
as the product of the maximal length of a segment along the long axis and the segment
perpendicular to the long axis (Figure 1C).
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In the thalamus, the area of the mediodorsal, paraventricular, intermediodorsal, and central
medial thalamic nuclei combined was measured in sections in which the ventrolateral
nucleus appeared (Paxinos and Watson 1986; Price 1995). The maximum area was
calculated as the product of the length of the segments as shown in Figure 1B. The area of
the medial geniculate nucleus and width of the central tegmentum were determined at the
level of the substantia nigra pars compacta (Figure 1C). The dorsoventral thickness of the
anterior cerebellar vermis was measured along the midline of this structure at levels
containing the central gray area (Figure 1D).

The effect of gestational treatment (groups: control, MAM-E15, MAM-E17) on the size of
each brain region was analyzed with a one-way analysis of variance (ANOVA). Planned,
pairwise comparisons were made using Student t tests. Correlations of across brain regions
or between the size of a brain region and a specific behavior were tested using Pearson one-
tailed analyses.

Stereologic Determination of Neuron Number and Density in Cerebral Cortical
Regions—The histology and microscopy methods used were as described above. To
estimate total cortical neuron number, three anterior-posterior zones of the neocortex were
sampled (nomenclature according to Paxinos and Watson 1986): 1) the prefrontal/cingulate/
retrosplenial zone, consisting of the prelimbic, infralimbic, cingulate, retrosplenial, and
medial occipital regions; 2) the parietal/lateral occipital zone, consisting of the parietal
cortex (S1) continuing laterally to the dorsomedial border of parietal region S2 and
posteriorally through the occipitotemporal region OcL2 to the dorsal border of auditory
association cortex; and 3) the insular/perirhinal zone, including all of the insular cortex and
perirhinal cortex. Although together they comprise the majority of the neocortex, these
cortical zones differ in their developmental time courses (Bayer and Altman 1995) and, as
such, could be differentially affected by MAM-E17 treatment. The total number of neuronal
profiles in each zone was determined by applying an optical fractionator method modified
from that of West et al (1991). The grand sum across all three regions was used as a
representative “total” cortical neuron number.

In addition, neuronal density (cell number/sample volume) was calculated in the three zones,
as well as in the regions used to sample cortical thickness, including the PFC (prelimbic and
anterior cingulate combined), PAR, PRH, and OCC. As for the cortical thickness
measurements, the transitional regions were avoided and a systematic sampling of sections
determined to be unambiguously within the region of interest were used. Neuron number
and volume for each sampling region were determined with a combination of the optical
fractionator and Cavalieri estimation methods. Data were analyzed as a function of MAM
treatment and brain region using two-way ANOVAs. Planned comparisons between
treatment groups for each brain region were made with Student t tests.

Neurophysiology
The intracellular sharp electrode recording methods have been described in previous reports
from our laboratory (West et al, submitted). Briefly, adult rats were anesthetized with
chloral hydrate and mounted in the stereotaxic instrument; then a sharp glass microelectrode
(60–80 MOhm impedance) filled with 2 mol/L potassium acetate was lowered into the
medial PFC (at 2–4 mm anterior to Bregma, .5 mm from the midline) or ventral striatum
(vSTR) (1.8 mm anterior, .9 mm from midline, 4–6 mm deep). After achieving a stable
recording (membrane potential more negative than −55 mV, spike widths less than 1.7
milliseconds, evoked-spike heights greater than 60 mV) for at least 5 minutes, passive
membrane properties and spontaneous shifts in membrane potentials in PFC and vSTRl
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neurons were determined. Data were analyzed with nonparametric binomial and chi-square
tests.

Behavioral Analyses
Motor Control in MAM-E17 and MAM-E15 Offspring—Adult control, MAM-E17, or
MAM-E15 offspring were treated with saline or phencyclidine (PCP) (5.0 mg/kg, IP) and
placed in a Plexiglas chamber (12” length × 10” width × 8” height) in a room illuminated
with dim red light. Behavior was monitored by an observer blind to the condition of the
animals and to the drug administered. Motor activity and ataxia were scored every 5 minutes
using a modification of the scales developed by Sturgeon et al (1979) that capture both
locomotor activity and stereotypy.

Prepulse Inhibition of Startle—Rats were placed in startle chambers (San Diego
Instruments, Inc., San Diego, California) and habituated to a background noise level of 55
dB for 5 minutes, after which their startle threshold was determined with a repeated
ascending, then randomized, series of 40-millisecond noise bursts ranging from 70 to 105
dB. After the startle threshold was determined, prepulse inhibition of startle (PPI) was
quantified with a modification of established methods (Lipska et al 1995; Swerdlow et al
1999) using a 55 dB background (white noise), 100 dB startle tone (white noise burst),
prepulses from 7 to 15 dB above background and 6 or 12 milliseconds duration, and
intertrial intervals of 15 ± 6 seconds. Prepulses were presented on 75% of the startle trials.
Startle threshold (dB) and maximal startle response (arbitrary force units) were compared
across control and MAM-exposed rats with Student independent t tests. Prepulse inhibition
of startle at each prepulse salience level was quantified as a percent change from average
displacement on nonprepulse trials and analyzed with a mixed ANOVA with treatment
group as the between-subjects factor and prepulse salience as the repeated measure.

Orofacial Dyskinesia—Rats were injected with saline or PCP (2.5 or 5.0 mg/kg, IP) and
transferred to a novel clear Plexiglas chamber (12” length × 10” width × 8” height) located
in a red-light illuminated room. Oral behaviors were quantified by direct observation (by an
observer blind to gestational and drug conditions) and were defined as follows: tremor, rapid
oscillation of facial muscles progressing from lower jaw through cheek to extraocular
region; stereotypic mouthing of the tail, repetitive approaches to the tail with the mouth
featuring horizontal and vertical motions of the jaw (follow-through biting rarely occurred).
At every 5 minutes following drug administration, these behaviors were scored as absent (0),
present/intermittent (1), or continuous (2). The effect(s) of gestational treatment and PCP
were analyzed for each behavioral variable with an ANOVA including gestational treatment
and PCP as factors. Main effects and interactions were analyzed using Student-Neuman-
Keuls tests.

Reversal Learning—The Y-maze (HabiTest; Coulbourn Instruments, Allentown,
Pennsylvania) consisted of a central chamber with guillotine doors opening into three 36-
inch runways, each terminating in a food magazine. Adult female control rats and MAM-
E17 rats were habituated to the Y-maze then trained in the conditional discrimination task.
In this task, the rat was placed in an arm and the trial was initiated by the opening of the
door to the central chamber. Three seconds later, the doors to the choice arms opened and
each food magazine was illuminated with a constant or flashing (120 Hz) light (the spatial
position of the two cues were randomized across trials). A head poke into the CS+ magazine
resulted in the termination of the light and delivery of two 45-mg sweetened food pellets
(BioServ, San Diego, California). A poke into the CS− magazine resulted in termination of
the light and a 15-second time-out. The next trial was initiated from the choice arm of the
previous trial; sessions were 30 trials long. After the rat achieved 67% accuracy for 3
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consecutive days, the reward contingency was reversed (i.e., the CS+ became the CS− and
visa versa). The number of trials to criterion for acquisition and reversal phases were
compared between MAM-E17 rats and control rats with Student t tests.

Locomotor Response to Amphetamine at Prepubertal and Postpubertal Ages
—Within litters, half of the pups were tested at P35–P40, the other half at 4 months. Before
testing, rats were habituated to handling and to the testing room. On the test day, during their
dark cycle, animals were placed in an activity monitor with two 17 × 17 grids of infrared
beams with 1-inch spacing located 1.5 and 7.5 inches above the floor (Truscan, Coulbourn
Instruments, Allentown, Pennsylvania). Ambulation (continuous movement across at least
two squares) was recorded for 30 minutes prior to and 60 minutes after injection of saline or
amphetamine (.5 mg/kg, IP). Postinjection ambulation was analyzed with a three-way
(gestational condition × testing age × drug) ANOVA.

Results
Brain and Body Weight

Methylazoxymethanol acetate treatment did not affect gestational period or litter size. At 6
to 8 months, body weights of MAM-E17 offspring (400.0 ± 4.5 g) and saline-treated
offspring (411 ± 5.2 g) were not significantly different. The weight of MAM-E17 brains
(1.79 ± .01 g) was decreased by about 7.0% compared with matched control brains [1.92 ± .
02 g; t (32) = 5, p < .001]. Although the body weights of MAM-E15 were not markedly
decreased, their brains were significantly smaller compared with either control rats or
MAM-E17 rats [1.39 ± .02, t(24) = 11.2, p < .001, relative to MAM-E17].

Histopathology in Limbic and Paralimbic Cortical and Thalamic Regions
Gross Morphology and Positions of Cortical and Subcortical Regions—
Methylazoxymethanol acetate-E15 brains (Figure 2C; Figure 3C, F) showed a marked,
nonselective reduction in the size of all cortical and subcortical regions. By contrast, in
MAM-E17 brains (Figure 2B; Figure 3B, E), subcortical regions appeared normal; however,
the cerebral cortex, especially the hippocampus, appeared to be slightly reduced in size,
resulting in an anterior “shift” or constriction of the posterior border.

Methylazoxymethanol acetate treatment significantly affected the sizes of all brain regions
[all F’s (df = 2, 28–36) > 4.0, p < .05] except the cerebellar vermis (p > .2). Moreover, these
effects depended on the embryonic timing of the exposure. Independent t tests (equal
variances not assumed) revealed that MAM-E15 rats exhibited significant decreases in all
brain regions, except the cerebellar vermis, when compared with either control or MAM-
E17 brains [all t’s (7–22) > 3.0, p’s < .05) (Figure 4A–D). On the other hand, the MAM-E17
model showed a more selective and schizophrenia-relevant pattern of reductions in gray
matter. Methylazoxymethanol acetate-E17 rats exhibited significant decreases in thickness
of the PFC [t(9.2) = 4.3, p < .05], PRH [t(14) = 3.0, p < .01], OCC [t(8) = 3.1, p < .05], and
HIPP [t(9.5) = 2.7, p < .05], with no difference in the PAR [t(8) < 1.4, p > .1] (Figure 4A,
B). Subcortically, MAM-E17 rats showed a significant decrease in the area of the
mediodorsal (MD) [t(8) = 2.9, p < .05], a trend toward a smaller medial geniculate body
(MG) [t(6) = .061), with no differences in the sizes of the tegmentum (TEG) (p > .3) or
cerebellum (CBL) (p’s = .2) (Figure 4C, D).

Stereological analyses revealed that MAM-E17 and control offspring did not differ in the
total number of neurons in the prefrontal/cingulate, insular/perirhinal, and parietal/lateral
occipital cortical zones [“grand total” analysis: control, 5.75 (± .86) × 106; MAM-E17, 4.60
(± .69) × 106; F(1,10) = .93, p > .3]. However, a significant interaction between gestational
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condition and cortical zone [F(2,20) = 14.8, p < .05] was found. When each cortical zone
was analyzed separately, although total neuron number was not different between MAM-
E17 and control offspring in each zone, there was a significant increase in density in the
prefrontal/cingulate [t(10) = 2.3, p = .05] and insular/perirhinal [t(10) = 1.97, p = .07] zones,
with no difference in neuronal density in the parietal/lateral occipital zone [t(10) = 1.3, p > .
2].

In an additional set of brains, we determined whether MAM-E17 treatment produced an
increase in neuronal density specifically in the medial prefrontal and occipital cortices but
not in a lateral frontal region (frontoparietal cortex) (Selemon et al 1995, 2003). The
perirhinal cortex was also examined. Figure 5A illustrates cell distribution and density in a
section of the prelimbic cortex in age-matched control rats and MAM-E17 rats. As shown in
Figure 5B, in MAM-E17 rats, neuronal density was increased in the PFC [t(8) = 2.4, p < .
05], PRH [t(8) = 2.9, p < .05], and OCC [t(6) = 2.8, p < .05] but not in the PAR (p > .2). The
thickness measurements of cortical regions of these brains, conducted as described above,
were within the ranges reported above for control (CON) rats and MAM-E17 rats (data not
shown).

A third set of brains (from different litters) was used to determine if the effects of MAM on
neuronal density in the PFC, PRH, and PAR were robust, as well as to test the hypothesis
that there was a significant difference in MAM-E17 treated brains on neuronal density in the
PFC when compared with the PAR. In this analysis, a mixed ANOVA using gestational
condition as a factor and brain region (PFC, PRH, and PAR) as the repeated measure
revealed a significant interaction between gestational treatment and brain area [F(2,20) =
7.3, p < .01]. A similar ANOVA including only the PFC and PAR revealed a significantly
different effect of MAM-E17 treatment on PFC relative to PAR. T tests replicated the results
of the first cohort of brains with both PFC [t(10) = −2.4, one-tailed p < .02] and PRH [t(10)
= −2.0, one-tailed p < .05] but not PAR [t(10) = +1.3, p > .2]. Thus, stereological analyses
conducted on two independent sets of MAM brains showed increases in neuronal density in
the PFC, PRH, and OCC, areas in which thickness was significantly decreased. On the other
hand, neuronal density in the frontoparietal cortex was significantly less affected than in the
PFC. This loss of intercellular matrix and reduction in cortical thickness occurred in the
absence of a significant difference in total neuron number across large cerebral cortical
zones.

Neurophysiological Properties of PFC and Ventral Striatal Neurons
Because of the more selective and schizophrenia-relevant pattern of histopathology in the
MAM-E17 rats, neurophysiology experiments were conducted only in this model. In vivo
sharp-electrode intracellular recordings of PFC and vSTR neurons revealed abnormalities in
the membrane properties and sub-threshold transitions of the membrane potential. Analysis
of the membrane properties of PFC neurons revealed that MAM-E17 PFC neurons showed a
significantly more depolarized resting membrane potential [Table 1; t(32) = −2.9, p < .01];
however, the spike threshold was also more depolarized than in control rats [Table 1; t(25) =
−2.27, p < .05]. Thus, the amplitude depolarization from the average resting state necessary
to generate a spike (spike threshold Δ) was comparable between CON rats and MAM-E17
rats (Table 1; p > .5). Methylazoxymethanol acetate-E17 PFC neurons also showed
significantly higher input resistances relative to CON rats [Table 1; t(24) = −2.2, p < .05].

Prefrontal cortex and vSTR neurons were classified as exhibiting a bistable membrane
potential if the time amplitude histogram of the membrane potential sampled across 1
minute (.5 second bins) exhibited two distinct modes: a resting (down) state at about −74
mV or −80 mV in PFC and vSTR neurons, respectively, and a second distinct mode at least
8 mV more depolarized with respect to the resting state (Figure 6, inserts). Consistent with
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previous reports, the depolarized or “up” states occurred at an average frequency of .8 Hz
and exhibited durations of 200 to 800 milliseconds. Compared with the PFC and vSTR
neuron population in CON rats (16/21, expected value of .76), the proportion of bistable
neurons in MAM-E17 rats was significantly decreased [5/16; χ2 (df, 1) = 21.0, p < .01].
Thus, MAM-E17 rats exhibited a lack of up and down states in vSTR and PFC neurons.
Rather, these neurons rested at membrane potentials significantly more depolarized than the
down state of CON neurons (Table 1) and intermediate of the average down and up states of
the CON neurons. Furthermore, the spike threshold was more depolarized in the MAM-E17
rats (Table 1). In CON rats, only bistable neurons were spontaneously active, and in these
neurons, spikes were generated only from the up state. In contrast, although the average
spike threshold was more depolarized in MAM-E17 rats, spikes appeared to be generated
from the relatively depolarized, monostable resting potential (Figure 6), suggesting a loss of
state-dependent spike firing.

Behavioral Abnormalities Consistent with Temporal and Frontal Corticostriatal Circuit
Dysfunction

Gross Motor Abnormalities—The analysis of ataxia showed a significant effect of
gestational treatment [F(2,28) = 7.7, p < .01; Figure 7] and a near-significant interaction
between gestational treatment and PCP treatment [F(2,28) = 3.2, p = .057]. While MAM-
E17 did not differ from CON rats, MAM-E15 rats showed a greater level of ataxia [t(8)’s >
2, p < .05] and a more marked ataxic effect of PCP [t(8)’s > 2, p < .05] than both other
groups. On the other hand, the motor activity/stereotypy induced by PCP was increased in
MAM-E15 and MAM-E17 offspring (relative to control rats) to similar degrees [main effect
of gestational treatment, F(2,28) = 3.9, p < .05; t tests for MAM E17 and E15 vs. CON,
t(11)’s > 2, p < .05]. Thus, in the MAM-E15 but not MAM-E17 model, motor stimulation
was accompanied by an abnormal level of ataxia. Thus, further behavioral testing focused on
the MAM-E17 model.

Prepulse Inhibition of Startle in the MAM-E17 Model—The prepulse conditions
produced 40% to 85% prepulse inhibition in control rats, and MAM-E17 rats showed a
deficit in prepulse inhibition [Figure 8; main effect of gestational condition, F(1,36) = 4.72,
p < .05]. The prepulse inhibition deficit was not due to a decrease in sensory processing,
since the MAM-E17 rats showed a lower threshold for responding to startle stimuli [control
rats, 88 ± 1.2 dB; MAM-E17, 80 ± 3.2 dB, t(15) = 2.7, p < .05] nor was it due to a change in
motor function, since the maximal startle responses of MAM-E17 rats did not differ from
control rats [arbitrary units, control rats: @100 dB, 25.7 ± 3.5, @120 dB, 43.0 ± 6.3; MAM-
E17: @100 dB 25.1 ± 2.4, @120 dB 40.9 ± 3.6; t’s (44) < .2, p’s < .8]. In the same
experiment, prepulse inhibition was measured in six MAM-E15 offspring. These animals
showed a decrease in startle amplitude compared with matched control rats [@120 dB, 29 ±
6.8, t(12) = 3.1, p < .05]. There was no decrease in PPI; however, the low statistical power
of the experiment prevents interpretation of this as a negative effect.

Prefrontal Cortical Circuit Function—Methylazoxymethanol acetate treated rats
displayed a significantly higher frequency of spontaneous orofacial dyskinesias and
stereotypies; moreover, these behaviors were significantly more sensitive to exacerbation by
PCP (Figure 9A). The level of orofacial dyskinesias was correlated with size of the caudal
hippocampus (Pearson correlation = −.43, p < .02) (total orofacial dyskinesia) and the
anterior cingulate subregion of the PFC (Pearson correlation = −.39, p < .05) but not with
any other brain region examined.

Methylazoxymethanol acetate-E17 rats also showed a significant deficit in reversal learning.
The mixed ANOVA revealed a significant interaction between gestational condition and
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learning phase (acquisition vs. reversal) [F(1,15) > 4, p < .05]. Relative to control rats,
MAM-E17 rats did not show a deficit in learning the novel discrimination; indeed, these rats
learned the discrimination significantly faster than control rats (Figure 9B, left; p < .01),
indicating that forebrain circuits involved in basic discriminated approach learning were not
affected. However, under reversal conditions, MAM-E17 rats required significantly more
trials to reach criterion than control rats (Figure 9B, right; p < .01).

Postpubertal Increase in the Responsiveness to Amphetamine—The ANOVA
showed a significant three-way interaction among gestational treatment, testing age, and
dose [F(1,40) = 4.6, p < .05]. Planned two-way ANOVAs revealed that prior to puberty
(P35), control and MAM-E17 rats showed comparable increases in ambulation following
amphetamine compared with saline [F(1,15) = .15, p > .1]. However, as adults, MAM E17
rats showed significantly greater response to amphetamine [Figure 10; F(1,25) = 6.7, p < .
05].

Discussion
MAM, Gestational Timing, and Epigenetic Factors in the Etiology of Schizophrenia

The present experiments are novel in showing that in addition to exhibiting key behavioral
abnormalities, such as sensorimotor gating deficits and cognitive inflexibility, the MAM-
E17 model exhibits a schizophrenialike pattern of neuro(histo)pathology. The earlier MAM
exposure on E15 led to marked microcephaly and gross motor impairments, including ataxia
and a blunted startle reflex. The present data resolve a recent controversy in the evaluation
of MAM exposure as a model of schizophrenia. Recently, Jongen-Relo et al (2004) reported
that MAM at E15 and earlier, despite producing marked dysmorphology of the cortex, did
not produce deficits in prepulse inhibition and thus concluded that prenatal MAM treatment
does not produce a model of schizophrenia. Our behavioral and anatomical data limit this
conclusion to MAM-E15 and perhaps earlier exposures. However, the present data and
previous studies (Flagstad et al 2004; Gourevitch et al 2004) show that MAM-E17 exposure
leads to deficits in prepulse inhibition as well as other behavioral and neuroanatomical
characteristics that are highly relevant to schizophrenia.

Similar to most methyl donors, MAM methylates DNA and other nucleic acids (Nagata and
Matsumoto 1969). It is not known, however, whether nucleic acid methylation underlies
MAM’s preferential effects on neurons, especially cortical neurons (Cattabeni and Di Luca
1997; Chevassus-Au-Louis et al 1998; Haddad et al 1972; Singh 1980). The DNA
methylation may regulate the expression of reelin and GAD67, genes that are downregulated
in the cortex in schizophrenia (Dong et al 2005; Tremolizzo et al 2002). Perhaps MAM-
induced methylation downregulates the expression of genes that are critical for cortical
neuron development and plasticity (Fiore et al 1999), including genes involved in cortical
gamma-aminobutyric acid (GABA) transmission (Ben-Ari et al 2004; Dong et al 2005;
Penschuck et al 2005). In the context of these possibilities, it is important that the
methylation patterns produced by MAM-E17 exposure, and the genes most affected by these
patterns, are characterized.

Pattern of Histopathology in the MAM-E17 Model: Insights into Potential Developmental
Pathways to the Neuropathology of Schizophrenia

Methylazoxymethanol acetate-E17 rats exhibit a number of neuroanatomical alterations that
are consistent with that observed in the schizophrenia patient (see Table 2). Moreover,
similar to what has been reported in schizophrenia (Bilder et al 1995; Wible et al 1995), the
severity of the apparent tissue loss in the temporal lobe correlates frontal lobe dysfunction
(orofacial dyskinesia) in this model. The pattern of neuropathology includes the medial
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dorsal thalamic-prefrontal cortical circuit and a hippocampal entorhinal-perirhinal medial
frontal circuit. The thalamic pathology likely involves reduced neuron number (Moore HM,
unpublished observations, 2006) and may be secondary to a failure of the prefrontal
corticothalamic pathway to develop properly. Previous studies have shown that MAM-
induced disruption of cortical development causes a subsequent loss of neurons in the
thalamus (Ashwell 1987). With regard the apparent sparing of the lateral frontal cortex, both
the PFC-MD thalamus circuit and the occipitotemporal prefrontal circuits largely bypass the
dorsolateral frontoparietal cortex in the rat. On the other hand, the ventral visual stream is
interconnected with the limbic temporal cortex, medial frontal cortex, amygdala and limbic
thalamus (Burwell and Amaral 1998; Insausti et al 1997; McDonald and Mascagni 1996),
and lateral frontal regions (e.g., Brodmann area 45/Broca’s area). Given that the
development of a region depends on the synaptic connections made by both the afferents
and efferents, the temporal limbic cortex and the lateral frontoparietal cortex may be the
most and least vulnerable, respectively, to the “compounding” developmental effect of
MAM exposure on E17. Such a model would predict, however, that thalamic regions
receiving inputs from the hippocampus and perirhinal cortex should be affected similarly to
the MD.

Sensorimotor Gating, the Augmented Response to Amphetamine and Dysregulation of
Limbic and Dopamine Afferents to the Striatum

Methylazoxymethanol acetate-GD17 rats showed alterations in sensorimotor gating, with
the magnitude of the deficit being similar to that reported in schizophrenia patients (Braff et
al 1992). This is consistent with the effects of neonatal lesions of the ventral hippocampus
(Lipska et al 1995). Moreover, both the increased responsiveness to amphetamine and the
PPI deficit in the MAM-E17 model are consistent with abnormal limbic corticostriatal or
mesolimbic dopamine transmission in this model (Caine et al 2001; Swerdlow et al 1999).
Indeed, the histopathology of the hippocampus (this study) and associated abnormal
synaptic transmission in the hippocampal-striatal pathway in the MAM-E17 model may
underlie the PPI deficit. The developmental specificity of the abnormal response to
amphetamine, specifically that this phenotype emerges during or after puberty, provides
additional construct validity to the model (Geyer et al 2001; Moore et al 1999; Weinberger
and Lipska 1995).

Dysfunction of the Frontal Corticostriatal Circuits
Both spontaneous and learned behaviors suggest a frontal cortical dysfunction in the MAM-
E17 rat that is relevant to schizophrenia. Disruption of the frontal cortex in both rats and
humans increases the susceptibility to orofacial dyskinesias (Gunne et al 1982; Waddington
et al 1995). The present results are consistent with findings that MAM-E15 exposed
offspring show higher susceptibility for chronic haloperidol-induced orofacial dyskinesias
(Johansson 1990). Given that the striatal retogions innervated by the frontal cortex (i.e.,
medial and ventral striatum) mediate oral dyskinesias (Cools et al 1995; Hamid et al 1998;
Prinssen et al 1996), the more potent effect of PCP on oral movements in the MAM-E17
animals is consistent with a hypo-function of the glutamatergic frontal corticostriatal
pathway (Tamminga 1998).

The selective deficit in reversal learning in MAM-E17 rats suggests that: 1) cortical circuits
involved in sensory and motor processes and association learning are intact; 2) the faster
learning may be indicative of a perseverative response, in which the rats fail to test the
nonrewarded arm once the association in the rewarded arm has been experienced; and 3) the
perseveration is further revealed when the contingencies are reversed. Their learning
phenotype is also consistent with the MAM-E17 rats being more sensitive to the negative
consequences associated with the original CS−. Each of these abnormalities implicates
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frontal cortical function. Acquisition of a novel discrimination is not sensitive to frontal
lesions, whereas reversal learning is significantly impaired in frontal lobe-lesioned and
schizophrenia patients (Elliott et al 1995), as well as in rats with lesions or inactivation of
the ventromedial and lateral orbital cortex (Chudasama and Robbins 2003). Orbitofrontal
lesions impair reversal learning by causing a perseveration of responding to the previous CS
+. On the other hand, lesions of the prelimbic/infralimbic regions impair the learning of a
new contingency during a reversal, even in the absence of perseverative responding to a
previous CS+ (Chudasama and Robbins 2003). This may be related to the importance of the
medial PFC in extinction of aversive associations, e.g., the absence of reward associated
with the CS−. Impaired extinction of the aversive association with the former CS− would
reduce the probability of approaching the stimulus and retard learning of the new, appetitive
association during the reversal. While orbital cortex was not examined specifically in the
anatomical experiments, it was included in the insular/perirhinal zone, which showed
increased neuronal density in the MAM-E17 model. The prelimbic/infralimbic region
showed reduced size, increased neuronal density, and impaired synaptic activity. Thus, as
with schizophrenia (Elliott et al 1995; Seidman et al 1994; Szeszko et al 2000), it is likely
that abnormalities in multiple prefrontal regions contribute to the cognitive inflexibility in
the MAM-E17 model.

The neurophysiological properties of PFC neurons and their striatal targets in the MAM-E17
model may provide insight into the significance of the cortical pathology for PFC regulation
of behavior. In the normal brain in vivo, the neurons of the cerebral cortex and striatum
regularly shift to depolarized states from which action potentials are selectively generated
(Cowan and Wilson 1994; O’Donnell and Grace 1995; West et al, submitted). These “up”
states are dependent on convergent activity of excitatory synaptic inputs to the neuron
(Steriade 2001; West et al, submitted). The “bistable” property of cortical and striatal spiny
neurons has been proposed to underlie the ability of these neurons to function as coincidence
detectors (Konig et al 1996) and, as such, may subserve processes such as response
selection. Indeed, the firing of the MAM-E17 neurons from the monostable state showed
cortical and striatal “output” is no longer constrained by the convergence of cortical (and
thalamic) signals to these neurons. The modulation of response selection by internal drives
or environmental contingencies involves cortical, amygdalar, and dopaminergic inputs to the
PFC and striatum (Jentsch et al 2000; Seamans et al 1998). Pathology in these circuits the
loss of bistable membrane states in PFC and striatum neurons would reduce the probability
that the PFC (e.g., representing a new response-outcome contingency) could “direct” output
of the striatum (Moore et al 1999).

Summary and Conclusions
Methylazoxymethanol acetate-E17 exposure leads to the pattern of histopathology observed
in schizophrenia. The model also shows homology at the level of behavioral evidence for
dysfunction of the frontal cortex and limbic and dopaminergic inputs to striatum. The
relevance to schizophrenia is further underscored by the evidence for a hyperresponsive
mesostriatal dopamine system that develops during or after puberty. The neurophysiological
abnormalities in the PFC and ventral striatum may represent mechanisms linking the subtle
histopathology of schizophrenia with the psychopathology. Given these characteristics, this
model may be useful in discovering drugs that would not be identified with traditional
screens for antipsychotics, e.g., treatments aimed at normalizing frontal or temporal cortical
function in schizophrenia. As a developmental model, it can also be used to identify genes
that, via a disruption of the developmental regulation of their expression, contribute to the
abnormal functional development of cortical circuits. Finally, perhaps the most innovative
use of such a model may be to identify early behavioral and physiological abnormalities that
may serve as biomarkers for preventative treatments.
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Figure 1.
Coronal sections of a control brain showing how cortical thicknesses and subcortical
regional areas were measured. Size measurements were averaged from a set of five to seven
coronal sections centered at the position shown. (A) Prefrontal cortex at the level of the
rostral nucleus accumbens, where thicknesses of the anterior cingulate, prelimbic, and
infralimbic cortices were measured. (B) The level of the rostral hippocampus and habenula
where the areas of combined mediodorsal and anterior midline thalamic nuclei and the
dorsal hippocampus were measured. The parietal cortex was measured more anteriorly, at
the level of the anterior commissure, but at the dorsolateral position shown. (C) The level at
which the tegmentum, medial geniculate body, caudal hippocampus, and perirhinal cortex
were measured. (D) The level at which the thickness of the anterior vermis of the cerebellum
was measured. AC, anterior cingulate; PL, prelimbic; IL, infralimbic; MD, mediodorsal and
anterior midline thalamic nuclei; DH, dorsal hippocampus; PAR, parietal cortex; TEG,
tegmentum; MG, medial geniculate body; CH, caudal hippocampus; PRH, perirhinal cortex;
CBL, cerebellum.
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Figure 2.
Coronal sections of the prefrontal cortex at the level of the rostral nucleus accumbens in
adult offspring of dams that were injected with (A) saline on E17 or E15, (B) MAM (22 mg/
kg) on E17, or (C) MAM on E15. rNAc, rostral nucleus accumbens; MAM,
methylazoxymethanol acetate; CC, corpus callosum; LV, lateral ventricle, anterior horn.
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Figure 3.
Coronal sections at the level of the dorsal/rostral hippocampus and medial dorsal thalamus
(A–C) and the caudal hippocampus and medial geniculate nucleus (D–F) in control (A, D),
MAM-E17 (B, E), and MAM-E15 (C, F) rats. ic, internal capsule; MD, medial dorsal
nucleus of the thalamus; RF, rhinal fissure; MG, medial geniculate body; MAM,
methylazoxymethanol acetate.
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Figure 4.
Cerebral cortical thickness or area of cortical and subcortical regions of the adult offspring
of CON (black bars), MAM-E17 (dark red bars), or MAM-E15 (orange bars) offspring.
Locations of measurements are shown in Figure 1. (A) Thickness measurements of the
prefrontal (the average of anterior cingulate and prelimbic; see Figure 1), frontoparietal,
ventral perirhinal, and occipital area Oc2L. (B) The summed area of the rostral and caudal
hippocampus. (C) Area of the medial dorsal and medial geniculate thalamic nuclei. (D) The
width of the central tegmentum at the coronal level of the medial geniculate and the dorsal/
ventral thickness of the anterior vermis of the cerebellum. Locations of measurements are
shown in Figure 1. ANOVAs revealed a significant effect of MAM treatment for all areas
(see text). *p < .05 compared with control rats, #p < .05 compared with control rats or
MAM-E17 rats, Student t test. CON, control; MAM, methylazoxymethanol acetate; PFC,
prefrontal cortex; PAR, frontoparietal cortex; PRH, perirhinal cortex; OCC, occipital; HIPP,
hippocampus; MD, medial dorsal nucleus of the thalamus; MG, medial geniculate body;
TEG, tegmentum; CBL, cerebellum; ANOVA, analysis of variance.
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Figure 5.
Neuronal density in the prefrontal and other cortical region in control and MAM-E17 rats.
(A) Photomicrograph of a cross-section of the prelimbic cortex of a control rat and a MAM-
E17 rat. The orientation is rotated 90° with the corpus callosum at the bottom and the pial
surface at the top. (B) Neuronal density was significantly increased in prefrontal cortex
(PFC = AC + PL + IL), PRH, and OCC, but not in PAR in MAM-E17 rats. *MAM-E17
versus control rats, t(10) > 3.8, p < .05; %greater relative increase in density compared with
PAR, p < .05. MAM, methylazoxymethanol acetate; PFC, prefrontal cortex; AC, anterior
cingulate; PL, prelimbic; IL, infralimbic; PRH, perirhinal cortex; OCC, occipital; PAR,
frontopariental cortex.
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Figure 6.
Examples of spontaneous membrane activity in PFC (A, B) and vSTR (C, D) projection
neurons in anesthetized control (A, C) and MAM-E17 (B, D) rats. Control neurons in the
PFC (A) and vSTR (C) displayed spontaneous shifts from a hyperpolarized resting
membrane potential (horizontal blue line) without spike firing to a depolarized state
characterized by increased synaptic activity and spike firing. In MAM-E17 rats, PFC (B)
and vSTR (D) neurons exhibited a monostable potential with spikes generated from this
state. Panel insets. The bistable membrane potential is characterized by a bimodal
distribution of the proportion of time spent at a given membrane potential within a range
from the most hyperpolarized membrane potential to the spike threshold. The proportion of
bistable PFC and vSTR neurons in MAM-E17 rats was significantly less than in control rats
(chi-square analysis, p < .01). PFC, prefrontal cortex; vSTR, ventral striatum; MAM,
methylazoxymethanol acetate.
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Figure 7.
(A) Ataxia in adult control or MAM-E17 offspring. Rats were placed in a clean standard rat
cage in a dimly lit room following injection of saline or PCP (5.0 mg/kg) and ataxia was
measured for 60 minutes. Average ataxia scores were significantly higher in MAM-E15
relative to both MAM-E17 and CON rats. There were no differences between MAM-E17
and CON in baseline or PCP-induced ataxia. (B) Motor activation (progressive score from
movement to locomotion to stereotypy) displayed during the same testing period described
for panel A. #p < .05 relative to MAM-E17 and CON; *MAM-E15, MAM-E17 > CON, p < .
05; %main effect of PCP, p < .05. CON, control; MAM, methylazoxymethanol acetate;
PCP, phencyclidine.
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Figure 8.
Prepulse inhibition of the acoustic startle reflex. Startle tones and prepulse tones consisted of
white noise bursts delivered above a background of 55 dB. Startle tones were 100 dB/40
milliseconds. The intertrial interval was 15 ± 6 seconds. *p < .05, @p < .1 relative to control
rats.
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Figure 9.
Spontaneous and learned behaviors mediated by the frontal cortex in the adult offspring of
dams injected on E17 with saline (CON; black bars) or MAM (MAM-E17, red bars). (A)
Orofacial dyskinesias. Vacuous chewing (left panel) and biting stereotypy (right panel)
following injection of vehicle (dose = 0) or phencyclidine (PCP 2.5, 5.0 mg/kg, IP).
*increased baseline expression and greater effect of PCP in MAM-E17 rats (p < .05,
gestational treatment × PCP interaction). (B) Reversal learning. Acquisition of the initial
discrimination (acquisition, solid bars) was significantly faster in MAM-E17 rats. However,
MAM-E17 rats required significantly more trials to learn the reversal of the discrimination
(stippled bars). +p < .05 compared with acquisition in control rats; *p < .05 compared with
reversal in control rats. CON, control; MAM, methylazoxymethanol acetate; PCP,
phencyclidine; IP, intraperitoneal.
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Figure 10.
Ambulation following administration of saline or amphetamine (.5 mg/kg, IP) in prepubertal
(tested between P35–P40; left panel) and adult (right panel) offspring. There were no
differences in ambulation between control offspring (black bars) and MAM-E17 offspring
(dark red bars) tested prepubertally. However, as adults, MAM-E17 rats show a significantly
increased response to amphetamine. *amphetamine-saline difference, p < .05 relative to
control rats tested as adults. IP, intraperitoneal; MAM, methylazoxymethanol acetate.
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