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Abstract

This chapter provides an overview on exposure to methylazoxymethanol (MAM) at embryonic day 17 as a
promising animal model for schizophrenia that mimics behavioral abnormalities and deficits in prefrontal
cortex networks. This early insult produces in adult offspring from E17 MAM-treated dams the follow-
ing: (1) behavioral changes including spontaneous hyperactivity and hypersensitivity to psychotomimetic
drugs that are reminiscent of positive symptoms of schizophrenia and associated with a temporal pattern
of expression; (2) impaired social interaction similar to that observed in schizophrenic patients existing
prior to the onset of disease; (3) cognitive deficits in a variety of domain: working and reference memory,
behavioral flexibility, attentional functioning, object recognition, and reversal learning; (4) behavioral
abnormalities resembling schizophrenia-related endophenotypes like deficient sensorimotor gating and
disrupted latent inhibition; (5) anatomical changes with cortical, thalamic, and hippocampal reductions
in volume that are associated with an enlargement of the lateral ventricles; and (6) abnormalities in func-
tional connectivity between brain areas that involve deficits in dopamine, glutamate, and GABA systems.
The E17 MAM model that incorporates neuropathological and functional manifestations associated with
schizophrenia may help forward early preventive interventions that can successfully reduce the risk of
developing schizophrenia in exposed individuals.

Key words: MAM, animal model, schizophrenia, prefrontal cortex, hippocampus, schizophrenia-
related endophenotypes, behavioral and cognitive deficits, anatomical and functional abnormalities.

1. Introduction

Schizophrenia is one of the most disabling and emotionally dev-
astating illnesses of the brain. It is characterized by a constellation
of distinctive symptoms that can be divided into three groups:
(1) positive symptoms, such as delusions, hallucinations, paranoia,

P. O’Donnell (ed.), Animal Models of Schizophrenia and Related Disorders, Neuromethods 59,
DOI 10.1007/978-1-61779-157-4_2, © Springer Science+Business Media, LLC 2011

25



26

Le Pen et al.

and psychosis, (2) persistent negative symptoms, such as flattened
affect, impaired attention, social withdrawal, and (3) cognitive
impairments (1).

Despite a hundred years’ research, the neuropathology of
schizophrenia remains obscure. To better understand its patho-
genesis, animal models are important tools in experimental med-
ical science. Schizophrenia can be modeled in animals using stan-
dardized procedures that recreate specific pathogenic events and
their behavioral outcomes. Availability of suitable animal models
could further allow analysis of the mechanisms that underlie the
etiology of the disease and may facilitate the development of novel
therapeutic strategies. Nevertheless, an animal model that can per-
fectly replicate all aspects of a human disease such as schizophrenia
does not exist.

Despite the fact that the etiological origin of schizophre-
nia is still unclear, there is increasing evidence suggesting that
early insults during brain development are associated with an
increased risk for schizophrenia (2, 3). In particular, postmortem
studies have revealed reduced volume, decreased neuronal size,
and loss and/or malpositioning of cells in the hippocampus and
prefrontal, entorhinal, and cingulate cortices of schizophrenic
patients (2). Epidemiological studies and the observation of
minor physical (4) and dermatoglyphic abnormalities (5) also sug-
gest that the second trimester of pregnancy could be a “critical
window of vulnerability” during which the fetus may be placed
at a higher risk for schizophrenia (4, 5). This period of time
in the developing human brain coincides with a massive neu-
ronal migration of cells to the cortex (6). In addition, it has
been hypothesized that the interaction between hippocampus and
prefrontal cortex might be particularly disturbed in the disorder
(7, 8). This so-called disconnection hypothesis (9) is also attrac-
tive since the hippocampal formation (HF) is selectively vulner-
able to some obstetrical insults (10), and a disturbed interac-
tion with the dorso-lateral prefrontal cortex would thus offer
an explanation of epidemiological data linking schizophrenia to
early neurodevelopmental disturbances (11). Consistent with this
notion, several neuroimaging studies have reported altered func-
tional integration between prefrontal and hippocampal regions in
schizophrenia (8, 12-15).

Hence, an animal model based on neurodevelopmental
defects in the hippocampus and the cortex has been proposed
as offering some degree of construct validity for schizophrenia.
The use of a mitotoxin administered prenatally and the knowl-
edge of a precise neurogenic timetable (16, 17) has allowed tar-
geting neuronal ablations in specific brain areas of the central
nervous system when administered at different gestational days.
To this end, brain cellular proliferation can be briefly interrupted
with the mitotoxin methylazoxymethanol (MAM), administered
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during late gestation at embryonic day 17 (E17), when neu-
rons that will migrate to the hippocampus and the neocortex are
undergoing major cell division (18). Because of its unique charac-
teristics, MAM has long been used to induce developmental brain
dysfunction in rodents and to study postnatal behavioral effects of
a prenatal administration (17, 19). MAM is an antimitotic agent
(20-23) that, in vivo, is rapidly converted to methyldiazonium,
damaging DNA through the methylation of guanine nucleic acids
at O6 or N7 positions (24). In addition, MAM has specificity for
actively dividing neurons, leaving other cell types and differenti-
ated neurons relatively unaltered (25, 26). Indeed, actively divid-
ing neuroepithelial cells during the S phase are affected by MAM,
whereas post-mitotic neurons or neuroblasts in the GO phase are
spared (27). Furthermore, MAM is able to readily cross the pla-
cental barrier (26, 28). The narrow time window of biological
activity of MAM in fetal tissue remains for a limited period of
2-24 h, after intraperitoneal administration to the pregnant dam,
with a peak activity at 12 h that allows targeting the proliferation
of specific neuronal cell populations (24, 29).

While the hypotheses taken into account to develop the E17
MAM model seem to endow the model with construct validity for
some aspects of schizophrenia, there is now converging evidence
supporting that exposure to MAM at E17 has also reached a cer-
tain degree of face validity. Indeed, E17 MAM-exposed animals
exhibit behavioral changes that mimic some aspects of the posi-
tive, negative, and cognitive symptoms of schizophrenia (30-37).
In addition, the diachronic pattern of the phenotype (i.c., peri-
pubertal pattern of behavioral abnormalities), shown in MAM-
exposed animals, is strikingly similar to that seen in schizophre-
nia (34-36). Finally, concerning the face validity of the model,
E17 MAM-exposed animals also exhibit neurochemical and neu-
rophysiological abnormalities reminiscent of those observed in
schizophrenic patients (32, 37-42).

2. Behavioral
Changes
Observed in E17
MAM-Exposed
Rats

2.1. Behavioral
Abnormalities
Reminiscent of the
Positive Symptoms
of Schizophrenia

In rodents, both locomotor hyperactivity and stereotyped or
perseverative behaviors are thought to reflect hypersensitivity
of the subcortical dopamine system (43, 44). In humans, an
excess of subcortical dopamine has been associated with delu-
sions and hallucinations (45—47). Then, novelty-induced hyper-
activity has been viewed as a preclinical model of positive symp-
toms of schizophrenia and of psychomotor agitation in particular
(48). In the same line, both locomotor hyperactivity and striking
stereotyped or perseverative behaviors induced by dopaminergic
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2.1.1. Spontaneous
Locomotor Activity

receptor agonists and N-methyl-D-aspartate (NMDA) receptor
antagonists, at high doses, were shown to each have various
degrees of face validity for behaviors that are reminiscent of
changes observed in schizophrenia. In addition, these agents were
also shown to exacerbate psychotic symptoms in schizophrenic
patients, suggesting that dopaminergic and glutamatergic neuro-
transmission may be critical in schizophrenia (49-56). Thus, to
investigate if MAM-exposed animals exhibit behaviors that could
be reminiscent of positive symptoms of schizophrenia, hypersen-
sitivity to novelty, to dopaminergic receptor agonists, and to the
locomotor-activating effects of NMDA receptor antagonists as
well as the stereotyped or perseverative induced behaviors have
been evaluated.

Spontaneous locomotor activity measured in MAM-exposed rats
revealed discrepancies that could be related to differences in either
the strain reactivity or the experimental procedure. In Sprague
Dawley rats, MAM (25 mg/kg) induces a robust and persistent
spontaneous hyperactivity from postnatal day 63 to 115 in various
behavioral tests (open field, social interaction, Y maze) (34, 35).
In addition, we showed that the increase in spontaneous locomo-
tion was present only in the adult MAM-exposed rats (Fig. 2.1),
suggesting that this behavioral feature reflects the interaction of
early developmental disturbances with adolescent brain matura-
tion (34, 35).
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Fig. 2.1. Spontaneous locomotor activity in prenatal E17 MAM- vs. saline-exposed rats.
Total distance (SEM) travelled by sham and MAM-exposed rats during a 60-min testing
period in the open field was measured at pre- and post-puberty. ***p < 0.001 vs. sham.
(Adapted from Le Pen et al., 2006)

In contrast to these results, data obtained in Wistar rats with
22 mg/kg E17 MAM exposure are more inconsistent. Indeed,
in a large open field, Flagstad et al. (32) did not observe any
modification of locomotor activity level in MAM-exposed rats in
comparison to sham animals, whereas, in the same arena, MAM-
exposed rats exhibited increased spontaneous locomotor activ-
ity when tested in the social interaction test. These discrepancies
could be due to a different strain of rats or to the experimental
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conditions (lighting during light (Sprague Dawley rats) vs. dark
(Wistar rats) period of the light-dark cycle, MAM dose).

Two different research groups have conducted experiments to
investigate amphetamine-induced hyperactivity in animals pre-
exposed to MAM (22 mg/kg) at E17 (32, 36) during the dark
period of the light-dark cycle. These two studies performed in
two different strains of rats (Wistar and Fisher 344 ) both revealed
that MAM-exposed rats were hypersensitive to the locomotor-
activating effects of D-amphetamine (Wistar: 2 mg/kg s.c. mea-
sured as salt 90 min and Fisher 344: 0.5 mg/kg i.p. 60 min). In
addition, distinct experiments performed before and after puberty
(Fig. 2.2) showed that hypersensitivity to amphetamine emerged
only in adult animals (36).
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Fig. 2.2. Amphetamine-evoked locomotor activity in prenatal E17 MAM- vs. saline-
exposed rats. Total distance (SEM) travelled by sham and MAM-exposed rats during
a 60-min testing period in the open field after amphetamine (0.5 mg/kg, i.p.) was mea-
sured at pre- and post-puberty. *p < 0.05 vs. sham. (Adapted from Moore et al., 2006)

Hypersensitivity to PCP-induced hyperlocomotion in an open
field has been shown at adulthood, in two strains of rats (Wistar
and Fisher 344) pre-exposed to MAM (22 mg/kg) (36, 37)
after administration of an acute s.c. (120 min) (Fig. 2.3) or
i.p. (60 min) dose of 5 mg/kg. In addition, it has been shown
that the increase of PCP-induced ataxia in the open field was
similar in sham and MAM-exposed rats (Fig. 2.4) (36). Oro-
facial dyskinesia and stereotypies (vacuous chewing and biting
stereotypies) induced either spontaneously or by PCP (2.5 and
5 mg/kg i.p.) were also investigated in adult MAM-exposed rats
(36). Oral behaviors were manually scored by direct observation
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Fig. 2.3. Phencyclidine-evoked locomotor activity in prenatal E17 MAM- vs. saline-
exposed rats. Total distance (=SEM) travelled by sham and MAM-exposed rats during
a 120-min testing period in the open field after phencyclidine (5 mg/kg, s.c.) was mea-
sured at adulthood. (Adapted from Penschuck et al., 2006)
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Fig. 2.4. Phencyclidine-evoked ataxia in prenatal E17 MAM- vs. saline-exposed rats.
Ataxia scores were measured in sham and MAM-exposed adult rats during a 60-min
testing period after phencyclidine (5 mg/kg, i.p.) at adulthood. (Adapted from Moore
et al., 2006)

(by an observer blind to gestational and drug conditions) and
defined as follows: tremor, rapid oscillation of facial muscles pro-
gressing from lower jaw through cheek to extra-ocular region,
stereotypic mouthing of the tail, and repetitive approaches to the
tail with the mouth featuring horizontal and vertical motions of
the jaw (follow-through biting rarely occurred). These behav-
iors were scored every 5 min during a 60-min period as absent
[0], present/intermittent [1], or continuous [2]. MAM-exposed
animals displayed a significantly higher frequency of sponta-
neous orofacial dyskinesias and stereotypies; moreover, these
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Fig. 2.5. Phencyclidine-evoked orofacial dyskinesias in prenatal E17 MAM- vs. saline-
exposed rats. Vacuous chewing (/eft panel) and biting stereotypy (right panel) were mea-
sured following injection of saline or phencyclidine (PCP 2.5, 5.0 mg/kg, i.p.) at adult-
hood. *p < 0.05 vs. sham. (Adapted from Moore et al., 2006)

behaviors were significantly more sensitive to exacerbation by
PCP (Fig. 2.5) (30).

The sensitivity to (+)-MK-801 (0.05 and 0.1 mg/kg) has been
investigated in E17 MAM-exposed (25 mg/kg) Sprague Daw-
ley rats at both pre- and post-puberty in different groups of rats
(PD35 and PD115, respectively) to avoid multi-drug exposure
(Fig. 2.6). Before MK-801 testing, animals were subjected to
a 1-h session of habituation in the locomotor activity apparatus
(open field: 40 cm x 40 cm), followed by another 1-h period of
locomotor activity after a saline injection. Whereas both sham and
MAM-exposed rats exhibited a similar response to the locomotor-
activating eftects of MK-801 before puberty, MAM-exposed rats
developed hypersensitivity to the locomotor-activating effect of
MK-801 in adulthood (35).

Social withdrawal is a frequent negative symptom of
schizophrenia (1, 3). It exists prior to the onset of disease
and is predictive of future schizophrenia (57). In rodents, social
behavior can be easily evaluated using a social interaction test.
This test consists in allowing the experimental subject to freely
explore an unfamiliar congener in its home cage or in a neutral
environment. Social exploration is measured in time spent by the
experimental subject around the congener.

The general design of the social interaction test used to evalu-
ate MAM-exposed animals was adapted from the work of Sams-
Dodd (58). The test was performed in an open arena (80 cm x
80 cm, 50 cm high) that was placed in a dimly lit room. Two
unfamiliar rats that had approximately the same weight and had
received identical prenatal treatment were placed simultaneously
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Fig. 2.6. (+) MK-801-evoked locomotor activity in prenatal E17 MAM- vs. saline-

exposed rats. The distance (:=SEM) travelled by sham and MAM-exposed rats was

explored at both (a) pre- and (b) post-puberty in a spontaneous exploration session, after

saline injection and after (+)-MK-801 (0.05 or 0.1 mg/kg s.c.) administration. (Adapted

from Le pen et al., 2006)

in the opposite corners of the arena and the track of each rat was
recorded for a 10-min period with a video tracking system. Social
interactions were measured by the time spent and number of con-
tacts at a distance lower than 20 cm from each other. During the
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10-min period of the test, locomotor activity and time spent in
the central zone were also recorded.

In Wistar and Sprague Dawley rats tested during the dark and
light phase of the light-dark cycle, respectively, evaluation of social
behavior produced similar results. Indeed, deficits in social inter-
action revealed by a decreased amount of time spent in contact
with the congener were first shown in adult Wistar rats exposed to
MAM at E17 (32). We extended these results (Fig. 2.7) by show-
ing that Sprague Dawley MAM-exposed rats display these deficits
at both pre-puberty and adulthood (34, 35). The deficits could
be dissociated from motor performances, given that hyperactivity
emerged only after puberty (34, 35) and were not the result of
anxiogenic-like behaviors since the time spent in the central zone
was similar in both groups (32, 34, 35). In addition, this abnor-
mal behavior appeared to be the consequence of a lower dura-
tion of contacts and not a difference in the number of contacts
(32, 34, 35).
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Fig. 2.7. Social interactions in prenatal E17 MAM- vs. saline-exposed rats. The time
spent (=SEM) in interaction (a) and the number of contacts (b) between two rats from
the same treatment group were explored at pre- and post-puberty. ***p < 0.001 vs.
sham. (Adapted from Le pen et al., 2006)

Cognitive impairments constitute a central feature of
schizophrenia (59) that include deficits in abstraction, exec-
utive function, verbal memory, language function, vigilance, and
attention (60-62). Schizophrenic patients are also commonly
described with abnormalities in information processing (63-65).
For some authors, sensorimotor gating deficits correlate highly
with measures of perceptual and reasoning disturbances. This
relationship may then form an important basis for cognitive
dysfunction observed among schizophrenic patients (66). Thus,
an important future direction of preclinical research relating
to schizophrenia is the design of animal models and novel
treatments that target cognitive dysfunctions associated with this
disorder. It is possible to design behavioral paradigms in rodents
that can evaluate cognitive constructs “comparable” with those
measured in many human experimental paradigms.
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2.3.1. Working Memory

2.3.1.1. Radial Arm
Maze

Procedure

Working memory may be defined as the capacity to hold infor-
mation online over short delays while that information is inte-
grated with other ongoing mental operations. A number of stud-
ies have shown that schizophrenic patients have deficient working
memory (67-69), and imaging studies have confirmed that these
deficits in working memory are associated with abnormal activa-
tion of the prefrontal cortex (70). Although working memory
as measured in rodent might differ from that in human because
it is explored for a longer delay, performance in working mem-
ory has been investigated in MAM-exposed rats using various
paradigms.

In the rat, interactive communication between the hippocampus
and the medial prefrontal cortex is necessary to perform a spatial
working memory task. Thus, a delay-interposed radial maze learn-
ing task, previously shown to be mediated by a distributed neural
network linking the hippocampus and the prefrontal cortex (71),
has been used to investigate working memory in MAM-exposed
rats (33). The radial arm maze task takes advantage of the nat-
ural tendency of food-deprived rodents to learn and remember
different spatial locations for food in an eight-arm radial maze.

The eight-arm radial maze used to test working memory in
MAM-exposed rats consisted of a central arena (30 cm diameter)
connected to eight equally spaced arms (80 cm x 13 cm) that
extended radially. The maze was elevated 60 cm above the floor
and surrounded by extra-maze three-dimensional cues in an illu-
minated room, with music on for background noise. The work-
ing memory task was adapted from Packard et al. (72) and Flo-
resco et al. (73). After a 3-day period of habituation to the maze
environment, adult food-deprived animals were trained. Each trial
consisted of a training and a test phase, separated by a delay. Every
day, a random set of four arms (the same for all animals in a given
day) was blocked. Food pellets were placed in cups at the end
of the remaining four open arms. Each rat was given 5 min to
retrieve the pellets and then was replaced in its home cage for the
delay period. Then, during the test phase, all arms were open,
but food was placed only in the arms previously blocked. Rats
were allowed a maximum of 5 min to retrieve the four pellets
(Fig. 2.8). The initial delay between training and test phases was
5 min. The learning curves (5-min trials) were compared two by
two between groups by means of the log rank test. After achiev-
ing criterion performance (i.e., all four pellets retrieved in four
or five choices during the test phase for 2 consecutive days),
the delay was increased to 30 min. On 30-min delay test days,
we recorded the number and order of arm entries. Entries into
non-baited arms during the test phase were considered as errors.
We distinguished across-phase errors (entries into an arm entered
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Fig. 2.8. Diagram of the radial arm maze task with delay. Food pellets (plain circle) were
placed in a well at the tip of each maze arm. (Adapted from Gourevitch et al., 2004)

previously during the training phase) from within-phase errors
(re-entries into an arm entered earlier during the test phase).

E17 MAM-exposed rats were able to reach the level of perfor-
mance of control rats at the initial stages of training as revealed
by similar number of 5-min trials necessary to learn the rule
in both sham and MAM-exposed animals. Nevertheless, with a
30-min delay, MAM-exposed rats were unable to process and
retrieve spatial information when a 30-min delay was interposed,
indicating a significant impairment in working memory. Indeed,
MAM-exposed rats made more total errors than did sham animals
(Fig. 2.9). These errors were mostly related to working memory
(entries during the test phase to an arm entered previously during
the training phase), while errors related to visual short-term mem-
ory (re-entries into an arm entered earlier during the test phase)
were similar in MAM-exposed rats compared to sham animals.

The Y-maze spontaneous alternation procedure used to assess
spatial working memory in MAM-exposed rats (34) is based
on their natural tendency to explore novel environment. When
placed in the Y maze, normal rats prefer to explore the least
recently visited arm and thus tend to alternate visits between the
three arms. To explore the three arms successively, the rat must
maintain an ongoing record of most recently visited arms and
continuously update such records. A rodent with impaired work-
ing memory cannot remember which arm it just visited and thus
shows decreased spontaneous alternation (74, 75).

The Y maze used for MAM-exposed rats has three identical arms
(40 cm x 9 cm x 15 cm with walls 30 cm high) placed at 120°
from each other. Numerous visual cues (geometrical forms) were
placed on the ceiling and kept constant during the experiments.
Rats were placed at the end of one arm of the Y maze and the
sequence of arm entries was recorded during 10 min. The intro-
duction arm was randomly assigned for each rat. An arm visit was
recorded when a rat moved all four paws into the arm. An alter-
nation was defined as consecutive entries into all three arms (e.g.,
1,2, 3 or 1, 3, 2). The number of maximum alternations was
the total number of arm entries minus 2 and the percentage of
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Fig. 2.9. Working memory performance in a delay-interposed, eight-arm radial maze
task in prenatal E17 MAM- vs. saline-exposed rats. (a) E17 MAM-exposed animals
made more total errors than did controls, and (b) these errors were mostly across-phase
errors, whereas within-phase errors were not significantly different in treated and con-
trol rats (*p < 0.05; **p < 0.01). (Adapted from Gourevitch et al., 2004)

alternations was calculated as the ratio of actual to maximum alter-
nations multiplied by 100: (actual alternations/maximum alterna-
tions) x 100. Persevering behavior was defined as subjects making
significantly fewer alternations than would be expected by chance

(50%).

Deficits in alternation were present at both pre- and post-puberty
in MAM-exposed rats compared to sham animals (Fig. 2.10).
There was an improvement across puberty in both groups.
Low performances before puberty in both sham and MAM-
exposed rats were linked to a low exploratory behavior that could
reflect anxiety-like behaviors in both sham and MAM-exposed
young rats (34). The deficit in alternation indicates a deficit
in flexibility and short-term memory, further supporting that
E17 MAM exposure impairs the hippocampo-prefrontal networks
(76). Nevertheless, spontaneous alternation results also suggest
that the working memory skills used in the spatial alternation test
were acquired during puberty and that maturation of processes
involved in that behavior is not affected by the MAM treatment,
since the deficits in MAM-exposed rats are already seen before

puberty (34).
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Fig. 2.10. Spontaneous alternation in prenatal E17 MAM-exposed vs. saline-exposed
rats. Percentage of alternation (=SEM) at pre- and post-puberty. The dotted line repre-
sents the chance level (50%), # different from the chance level p < 0.001. *p < 0.05 vs.
sham group.

The delayed non-match-to-position task measures the ability of
subjects to learn a rule in which they have to associate the posi-
tion of a stimulus previously presented and an action for getting
a reward. Flagstad and colleagues (31) have investigated working
memory in MAM-exposed rats using this paradigm.

In the procedure used by Flagstad and colleagues (31), in the
first step, rats have to learn to press a lever to initiate the deliv-
ery of water (here rats were water deprived and water was used
as the positive reinforcer). In the second step, the non-match-to-
position (NMTP) training schedule, at the start of each trial, one
of the two retractable levers is presented to the subject into the
operant chamber. The subject has to press the lever for indicating
that the sample has been registered. Then both levers are pre-
sented and the subject has to press the sample lever at the oppo-
site of the one presented before when the rat received the reward.
In the last step, the procedure was as in the NMTP experiment,
except that a delay (0, 5, or 10 s, random) was inserted after the
initial press on the right or left lever before the reward was given.
The animals were initially trained for 25 sessions in this procedure
including the delay and the subsequent three sessions were used
as the test sessions.

The investigation of working memory using the NMTP paradigm
showed no consistent difference between the performances of the
sham and MAM-exposed rats, either in the non-delay condition
or in the delay condition (Fig. 2.11). The sham animals were
superior only in four sessions out of 40 during the learning per-
formance of the NMTP paradigm, and this did not appear to be
a consistent effect (31).
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Fig. 2.11. Working memory performance in a delay non-match-to-position (NMTP) task
in prenatal E17 MAM- vs. saline-exposed rats. (a) The mean percent correct responses
(=SEM) of the groups during the 40 days of acquisition of the NMTP paradigm. *p < 0.05
vs. sham. (b) The mean percent correct responses (=SEM) during three consecutive
days of DNMTP. (Adapted from Flagstad et al., 2004)

In the delayed non-match-to-position procedure, a delay-
dependent decline was apparent, but no differences between
groups were observed. The accuracy of the performance in the
task is believed to be dependent on prefrontal cortical integrity, as
lesions decrease performance in the task, although the published
data suggest that the deficits of the prefrontal cortex-lesioned rats
are apparent only at the beginning of training (77, 78).

In Flagstad’s work (31), the animals were first trained on zero
delay and then after an extensive training switched to the delay
condition. The authors hypothesized that under the present pro-
tocol, the animals use a movement-mediated strategy, that is, the
choice of the rat after the delay is mediated from the body posi-
tion of the animal rather than by information kept online in work-
ing memory. Thus, this could possibly explain the lack of effect
of the MAM treatment. During development, passively holding
information available in working memory as well as recognition
and recall from long-term memory is developed before active use
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and manipulations of information (executive functions), and as
such not as dependent on later maturation of the prefrontal cor-
tex (79). This might suggest that disturbances in prefrontal func-
tions in MAM-exposed rats are related to a later maturation of
this structure, and hence less radical than a dysfunction of all pro-
cesses governed by the prefrontal cortex.

Short-term place memory, or spatial working memory, has been
shown to be impaired in schizophrenia (80, 81). In rodents, a typ-
ical experimental working memory paradigm is the Morris water
maze (MWM) in which rats search for a submerged platform
whose position is changed daily in a circular pool filled with water
(82). The water maze is a particularly useful tool for assessment
of spatial memory ability in rats. Indeed, the motivating stimulus,
escape from water, does not require the food or water deprivation
that is common in appetitive tasks like the radial arm maze or T
maze. Flagstad and colleagues (31) have used the Morris water
maze procedure to evaluate spatial working memory in MAM-
exposed rats.

The water maze consisted of a circular, black pool filled with
water. The test room contained several permanent extra-maze
cues such as the rat housing rack, laboratory table, posters on the
walls, etc. In the working memory task, the platform was placed
in a different quadrant every day (north-south-west-east) for 4
days. Before each trial, the rat was placed on the hidden platform
for 15 s (inter-trial period). The initial placement on the platform
each day served to reveal the new location of the platform. If
the rat did not locate the platform within 60 s, the rat was gen-
tly placed on the platform. Key measures were path length (m),
escape latency (s) to find the hidden platform, percent of path
length near (10 cm) the sidewall (percent sidewall), and num-
ber of animals not finding the platform within 60 s (non-finders).
These measures were recorded using a video tracking system.

Flagstad et al. (31) showed that MAM-exposed rats performed
significantly worse than controls on days 2 and 3 of testing but
only on the basis of the percent sidewall and non-finder param-
eters. On the last day, however, they performed as well as the
controls (Fig. 2.12). They concluded that the MAM treatment
does not interfere with spatial working memory performance.
Nevertheless, this result has to be confirmed since sham animals
strangely performed worse on the last day of the test than on the
penultimate day. The MAM treatment seems, however, to affect
the search strategy of the rats. When the platform is moved, the
rats spend more time swimming along the sidewall, rather than
searching in the central part of the maze where the platform is
positioned.
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Fig. 2.12. Working memory performance in the reversal learning paradigm of the Morris water maze in prenatal E17
MAM- vs. saline-exposed rats. The mean (£=SEM) of latency to reach the hidden platform (a), percent of path length
near (10 cm) the sidewall (b), and number of animals not finding the platform within 60 s (¢) were presented for four
consecutive trials. *p < 0.05 vs. sham. (Adapted from Flagstad et al., 2004)

2.3.2. Attention and
Information Processing

2.3.2.1. Prepulse
Inhibition (PPI) of Startle
Reflex

Deficits in attention and information processing have been con-
sidered a central feature in schizophrenia, which might lead to
stimulus overload, cognitive fragmentation, and thought disor-
der (65, 66, 83-88). Various physiological and neuropsycholog-
ical techniques related to selective attention and pre-attentional
mechanisms have been used to quantify information processing
deficits in schizophrenia such as P50 (89, 90), prepulse inhibi-
tion (PPI) (83), latent inhibition (LI) (91, 92), continuous per-
formance test (93, 94), span of apprehension (95, 96), visual
backward masking (97, 98), and dichotic listening (99, 100).
The advantage of PPI (101) and LI is that they can be used in
both a human and an animal experimental setup. Whereas PPI
assesses carly attentional gating mechanisms, often referred to as
pre-attentional deficits, LI assesses later stages of information pro-
cessing related to attentional filtering. In addition, in rats, the five-
choice serial reaction time task (5-CSRTT) developed by Carli
and colleagues (102) exhibits closed analogies with the contin-
uous performance test and Leonard’s 5-CSRTT used in humans
to assess the processes involved in sustained attention (103, 104).
Finally, attentional set-shifting task is considered as a rodent ana-
log of the Wisconsin card sort task. PPI, LI, 5-CSRTT as well
as attentional set-shifting tasks have been used to clarify atten-
tion and information processing in MAM-exposed rats (30, 31,
34, 36).

A well-established method for evaluating sensory filtering is the
paradigm of PPI which refers to the inhibition of a startle reflex
by presentation of a weak intensity prepulse immediately before
the startle stimulus. The impact of MAM exposure on PPI has
been investigated using two different protocols (34, 36).
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Acoustic startle reactivity and prepulse inhibition of startle reflex
are assessed in a single session using standard startle chambers
(SR-Lab, San Diego Instruments).

(A)

In Sprague Dawley rats (34, 35), after a 5-min acclimati-
zation period (68 dB background noise), 10 startle pulses
(120 dB, 40 ms duration) were presented with an aver-
age inter-trial interval of 15 s. During the next 20 min, no
stimulus (background noise, 68 dB), prepulses alone (72,
76, 80, or 84 dB, 20 ms duration), startle pulses alone, six
times for each condition, were randomly distributed.

In Fischer 344 rats (36), after a 5-min acclimatization
period (55 dB background noise), in a first experiment, the
startle threshold of both sham and MAM-exposed rats was
determined with a repeated ascending, then randomized,
series of 40-ms noise bursts ranging from 70 to 105 dB
and in a second experiment, for PPI evaluation, rats were
exposed to 100 dB startle tone (white noise burst), and 62
and 70 dB prepulses (6 or 12 ms duration). Prepulses were
presented on 75% of the startle trials.

PPI was defined as the percent reduction in startle ampli-
tude in the presence of the prepulse compared with the ampli-
tude in the absence of the prepulse [100 x (startle amplitude on
prepulse—pulse trials/startle amplitude on pulse-alone trials) x
100] (Fig. 2.13).

Startle

120 Pulse I
70 ]—I |—

. —» Normal
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<>
80
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Schizophrenic

Fig. 2.13. Scheme of prepulse inhibition of startle reflex response.

PPI experiments in both Sprague Dawley and Fisher 344 rats
revealed that E17 MAM-exposed animals at adulthood exhibited
sensorimotor gating deficits (34, 36). In addition, we showed that
these deficits emerge only after puberty (Fig. 2.14) (35). Besides,
Moore and colleagues (36) showed that the PPI deficits were nei-
ther due to a decrease in sensory processing, since MAM-exposed
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Fig. 2.14. Effect of prenatal (E17) MAM vs. saline exposure on prepulse inhibition (PPI) of startle reflex. PPI of the
acoustic startle reflex (=SEM) was measured at pre- (a) and post-puberty (b). The insets show acoustic startle amplitude.
**p < 0.01 vs. sham group. (Adapted from Le Pen et al., 2006)

2.3.2.2. Latent Inhibition
(L)

Procedure

rats showed a lower threshold for responding to startle stimuli
than did sham animals, nor due to a change in motor function,
since the maximal startle response of MAM-exposed rats did not
differ from that of sham.

The LI paradigm is based on the phenomenon of reduced condi-
tioning after stimulus pre-exposure. It is used to measure a form
of selective attention, namely the ability to ignore irrelevant stim-
uli.

The experiment performed in MAM-exposed rats by Flagstad and
colleagues (32) was conducted using an automated shuttle box
(42 cm x 16 cm x 20 cm) divided into two compartments by
a partition with one opening. On the first day, the animals were
left undisturbed in the shuttle box for 50 min with the house-
lights turned on. On the second day, the animals were divided
into groups of pre-exposed (PE) and non-pre-exposed (NPE).
The PE rats were subjected to 50 presentations (10-60 s random-
ized inter-trial interval) of the to-be-conditioned stimulus (cue
light on for 10 s). The NPE rats were left undisturbed in the test
box with only the houselights on for a corresponding duration.
On the third day (test session), the animals were subjected to
100 trials of avoidance learning (10-60 s randomized inter-trial
interval). Upon presentation of a light signal, the rat had 10 s
to avoid a 0.5-mA scrambled foot shock by moving to the other
compartment (avoidance). If the rat did not move to the other
compartment within 10 s, a foot shock of a maximum duration of
10 s was delivered. The shock was terminated if the rat moved to
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the other compartment. The position of the animal and crossings
from one compartment to the other were detected by two pho-
tocells placed on ecither side of the dividing wall. The outcome
measure was the number of avoidances (i.e., rats moving to the
other compartment of the shuttle box after the presentation of
the light but before the shock was delivered).

In these experiments (Fig. 2.15), sham animals exhibited a
greater number of avoidances in the NPE conditions than in the
PE conditions that revealed good latent inhibition processes in
those animals. In contrast, MAM-exposed animals exhibited the
same number of avoidances in the two conditions, indicating the
absence of latent inhibition in those rats (32). The latent inhi-
bition experiment, however, also revealed that under the present
experimental setup, MAM-exposed rats had a slower acquisition
of the conditioned avoidance.
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Fig. 2.15. Latent inhibition (LI) performances in prenatal E17 MAM- vs. saline-exposed
rats. (@) Number of avoidance responses (=SEM) during a 100-trial learning session
in a two-way avoidance shuttle box in pre-exposed (PE) and non-pre-exposed (NPE)
conditions. *p < 0.05, ***p < 0.001 vs. sham group in NPE conditions. The number of
avoidances made during the conditioning in 10 trial bins for sham (b) and MAM-exposed
(c) animals. (Adapted from Flagstad et al., 2004)
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2.3.2.3. Attentional Set
Shifting

Procedure

In the set-shifting task, rats are required to solve a series of dis-
criminations by attending a particular perceptual dimension of a
multidimensional stimulus. A critical discrimination occurs when
rats are required to shift to an alternate perceptual dimension after
having acquired an attentional set to the previous dimension. The
extradimensional shift (EDS) required to solve this discrimina-
tion is analogous to what is required to solve the Wisconsin Card
Sorting Task, a test that has repeatedly shown impaired prefrontal
cortex-mediated executive function in schizophrenia (105). The
rodent set-shifting task also requires the prefrontal cortex (106,
107) and, thus, has been used for assessing attentional processes

in MAM-exposed rats (30).

For this test, Featherstone and colleagues (30) used a black two-
compartment chamber (60 cm x 42 cm x 30 cm). Animals had
access to either compartment where a small ceramic bowl (7 cm in
diameter and 4 cm in depth) was placed. Each bowl was covered
with a texture and filled with bedding material that was scented
with an odor. Animals were initially trained to reliably dig and
retrieve food from two bowls containing a small amount of bed-
ding and a food reward (Fruit loop cereal). Animals were then
trained on a simple discrimination (SD), in which food was paired
with one stimulus dimension (either odor or texture) but not
the other. Training continued until the animals chose correctly
over six consecutive trials. The next phase of training involved the
full set of discriminations with only one of the two bowls baited.
The location of the correct bowl was randomly determined on
every trial. The bowls differed according to odor and texture,
with food being consistently associated with a particular odor
or texture depending on the current discrimination. Discrimi-
nation training began with an SD. For this discrimination, only
one stimulus dimension was present. In the second discrimina-
tion (CD), another stimulus dimension was added, although food
remained paired with the original stimulus. The third discrimina-
tion involved a reversal of the second discrimination, in which an
alternate exemplar of the relevant stimulus dimension was now
paired with food. The fourth discrimination required animals to
choose between a new series of stimuli, with the previously rele-
vant stimulus dimension still paired with food (intradimensional
shift (IDS)). This discrimination was followed by a reversal in
which the alternate exemplar of the relevant stimulus dimension
was now paired with food. In the sixth discrimination (EDS) the
relevant stimulus dimension was changed such that the animal
had to learn to attend to the previously irrelevant dimension. The
final discrimination involved a reversal of the EDS discrimination
in which the animal had to choose the previously irrelevant exem-
plar of the new stimulus dimension. In a first part, saline- and
MAM-exposed animals received initial training (SD, CD, Rev 1,
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and IDS) with odor as the relevant dimension and were required
to make an EDS to texture. In a second part, saline- and MAM-
exposed animals received initial training with texture as the rel-
evant dimension, followed by a shift to odor during the EDS.
A correct trial was considered to have occurred when the ani-
mal successfully retrieved food from the bowl. If the animal dug
in the incorrect bowl, the trial was scored as an error. Animals
were moved onto the next discrimination once they had made six
correct responses in a row. The individual who carried out the
set-shifting task was unaware of the group identity of any given
animal.

On the attentional set-shifting task (Fig. 2.16), compared to con-
trols, MAM-exposed animals required a greater number of trials
to learn the EDS component of the task, indicative of a deficit
in shifting attentional set (30). MAM-exposed rats were able to
solve an SD and perform an IDS, suggesting that the deficit in
EDS ability was not due to a generalized performance or cog-
nitive impairment (30). Since deficits in performing an EDS are
found in animals with a compromised prefrontal cortex, as has
been shown on the attentional set-shifting task (106, 107), results
obtained in MAM-exposed rats are in good accordance with pre-
frontal morphology and function abnormalities shown in those
animals (30, 33, 35, 36, 39).

Nevertheless, it is unclear whether difficulties in shifting
attentional set are due to a failure to ignore a previously reinforced
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Fig. 2.16. Mean (=SEM) number of trials to reach criterion on the attentional set-
shifting task in prenatal E17 MAM- vs. saline-exposed rats. *p < 0.05 vs. sham.
(Adapted from Featherstone et al., 2007)
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2.3.2.4. Five-Choice
Serial Reaction Time
(5-CSRT) Task

Procedure

dimension or to attend to a previously irrelevant dimension.
Lesions of the prefrontal cortex have been shown to selectively
increase perseveration to a previously learned dimension in
non-human primates (108) and humans (109, 110). Since MAM
injection at E17 disrupts prefrontal cortex structure and func-
tion, Featherstone and colleagues (30) hypothesized that MAM-
exposed animals would likewise show increases in perseveration
and that this might serve as the basis for the deficit observed in
the present study.

In addition to impairment in EDS learning, MAM-exposed
animals were impaired when required to make a simple reversal of
a previously acquired discrimination (for two out of three rever-
sals). These results are in good agreement with previous findings.
Indeed, difficulties in reversal learning have been reported in E17
MAM-exposed animals within a water maze paradigm (31), as
well as in a Y-maze task (36).

Visual attentional processes in E17 MAM-exposed rats have been
evaluated by Featherstone and colleagues (30) using five-choice
serial reaction time task (5-CSRTT). The 5-CSRTT provides
the possibility to test the effects of E17 MAM exposure on
discrete and somewhat independent measures of behavioral con-
trol, including accuracy of discrimination, impulsivity, persever-
ative responses, and response latencies. Several aspects of the
animal performance are assessed (accuracy = % correct), antici-
patory responses (premature nose pokes which are thought to be
analogous to impulsivity in humans) and perseverative responses
(additional nose pokes following a correct response before a new
trial is initiated, which are thought to be analogous to compulsive
behaviors in humans).

In their version of the task, the rats are required to attend and
respond to visual stimuli displayed at different positions in an
array of five niches placed along the wall of an operant chamber to
receive a reward (here, 0.06 ml of a 10% sucrose /water solution)
distributed in a magazine /liquid dipper located on the opposite
wall. The magazine and light apertures contained photodetectors
to detect nose poke entries. First, rats were initially trained to
respond to signaled presentations of the dipper. Then, they were
trained for 40 daily sessions during which they gradually learn to
respond in the appropriate aperture within a certain amount of
time. If they failed to respond, or respond in the wrong hole or
at an inappropriate time, a short period of darkness (time-out) is
presented as a punishment and no reward is delivered (Fig. 2.17).

Task acquisition: For all subjects, the stimulus duration (SD) was
progressively reduced from 30 s until a criterion duration of 1 s
was achieved (all other parameters unchanged: ITI 5 s, limited
hold 5 s, 100 trials per sessions). At 30 and 20 s, animals were
required to perform at least 30 (out of 100) correct responses.
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Fig. 2.17. Schematic illustration of the five-hole box operant chamber. (a) General plan
of the 5-choice serial reaction time test apparatus. (b) Flow diagram to illustrate the
general task requirements.
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At 10 s, the level was increased to 50 correct trials. For 5, 2.5,
1.25, and 1 s, animals were required to make 50 or more correct
responses, have greater than 80% accuracy, and less than 20%
omitted trials. Animals were trained for a total of 41 sessions in
order to reach criterion at the lowest stimulus duration of 1 s.

Behavioral challenges: Once stable performance had been achieved
at the 1-s SD, a series of manipulations of the stimulus parameters
were employed. First, animals were challenged with different SDs
(0.125, 0.25, 0.5, and 1 s). This was performed using a within-
subject design, with each test day separated by a maintenance ses-
sion using 1 s as SD. The purpose of this manipulation was to
increase demand on attentional resources. Second, animals were
given an additional session using a prolonged ITI (9 s instead
of 5 s). This manipulation typically increases premature respond-
ing, since animals must delay responding across a longer duration.
Finally, animals were given a session of training with variable I'TIs
(3.5,5.5,7.5,and 9.5 s) occurring within the same session.

MAM-exposed rats were able to acquire the task similarly to sham
animals since they needed the same amount of time as sham
to reach the criterion at each training stage. In addition, at the
end of the training, no obvious group differences were observed
when comparing sham and MAM-exposed rats in any of the fol-
lowing performances: percent accuracy, percentage of omitted
trials, number of perseverative responses, latency (in seconds)
to perform the correct response, latency (in seconds) to collect
reinforcement, and number of premature responses (30). MAM
treatment did not disrupt accurate performance during any of
the post-acquisition manipulations (shortened stimulus durations,
variable ITI, and lengthened ITI), suggesting that performance
in this task is not compromised by MAM treatment. Additionally,
the lack of change in omitted trials and response latency suggests
that attentional function was spared and, incidentally, indicates
that motor and/or motivational functions were unaffected by
MAM treatment. Given the effects of MAM treatment on atten-
tional set shifting and reversal learning, as well as on prefrontal
morphology, it is surprising that MAM treatment had little effect
on the five-choice performance. Indeed, previous work has shown
that the prefrontal cortex plays a major role in several aspects
of performance in the five-choice task. Hence, prefrontal lesions
alter accuracy (111, 112) and can induce changes in persevera-
tive and premature responding (111, 113). MAM-exposed ani-
mals did show a trend toward an increase in premature respond-
ing during acquisition, suggesting a difficulty in behavioral
inhibition (30). However, this change was nowhere near as sig-
nificant as changes seen in premature responding following other
prefrontal manipulations (113). It has to be noticed that rats eval-
uated in 5-CSRT task by Featherstone and colleagues (30) had
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been previously evaluated in the attentional set-shifting paradigm.
Thus, it cannot be excluded that a facilitation of five-choice per-
formance in MAM-exposed rats could result from their atten-
tional set-shifting experience. Therefore the absence of impact
of E17 MAM exposure on sustained visual attention should be
confirmed in an independent set of experiment.

Impairment in different forms of behavioral flexibility such as
set shifting and reversal learning has been frequently observed
in schizophrenic patients. Indeed, they display great difficulty
in shifting between different rules or strategies on tests such
as the Wisconsin Card Sorting task (114-117). These impair-
ments appear to be due in part to an inability to shift attentional
set from one stimulus dimension to another, as similar impair-
ments have been observed in patients tested on an intradimen-
sional /extradimensional shifting (IDS/EDS) task (118, 119).
Furthermore, a subset of these patients also display impairments
in reversal learning, a simpler form of behavioral flexibility entail-
ing shifts between different stimulus-reward associations within a
particular dimension (120, 121). In both rats and humans, multi-
ple prefrontal cortex regions and subcortical regions connected to
the prefrontal cortex contribute to different component processes
of behavioral flexibility.

The orbital and prelimbic/infralimbic regions of the pre-
frontal cortex mediate some forms of reversal learning in the rat
and human (109, 122-126). Then, it is likely that abnormalities
in multiple prefrontal regions contribute to the cognitive inflex-
ibility in the E17 MAM model. Thus, behavioral flexibility have
been investigated in MAM-exposed rats through a reversal learn-
ing procedure that was tested in a Y maze (36) and a water maze
procedure that we previously described (31).

The test was performed in a Y maze that consisted of a central
chamber with guillotine doors opening into three 36-in. run-
ways, each terminating in a food magazine. Adult control rats
and MAM-exposed rats were habituated to the Y maze and then
trained in E17 the conditional discrimination task. At the begin-
ning of the task, the rat was placed in an arm and the trial initiated
by opening the door to the central chamber. Three seconds later,
the doors to the choice arms opened and each food magazine
was illuminated. A head poke into the CS+ magazine resulted
in the termination of the light and delivery of food pellets. A
poke into the CS— magazine resulted in the termination of the
light and a 15-s 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 consecutive days, the reward
contingency was reversed (i.e., the CS+ became the CS— and
vice versa). The number of trials to criterion for acquisition and
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2.3.3.2. Reversal
Learning in the Morris
Water Maze

reversal phases was compared between E17 MAM-exposed rats
and control rats.

First, relative to sham animals, MAM-exposed rats did not show
a deficit in learning the novel discrimination. Indeed, these rats
learned the discrimination significantly faster than did control
rats, indicating that forebrain circuits involved in basic discrimi-
nated approach learning were not affected. However, under rever-
sal conditions, MAM-exposed rats required significantly more tri-
als to reach criterion than did sham animals (Fig. 2.18). Thus,
MAM-exposed rats exhibited a significant deficit in reversal learn-
ing. Regarding the selective deficit in reversal learning, they
observed in E17 MAM-exposed rats, Moore and colleagues (36)
suggested that (1) cortical circuits involved in sensory and motor
processes and association learning are intact; (2) the faster learn-
ing may be indicative of a perseverative response, in which the
rats fail to test the non-rewarded arm once the association in the
rewarded arm has been experienced; and (3) the perseveration is
further revealed when the contingencies are reversed. Their learn-
ing phenotype is also consistent with the E17 MAM-exposed rats
being more sensitive to the negative consequences associated with
the original CS—. Each of these abnormalities implicates frontal
cortical function.
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Fig. 2.18. Reversal learning performances in a Y maze in prenatal E17 MAM- vs. saline-
exposed rats. Acquisition of the initial discrimination was significantly faster in MAM-
exposed rats. +p < 0.05 vs. sham group in acquisition conditions. However, MAM-
exposed rats required significantly more trials to learn the reversal of the discrimination.
*p < 0.05 vs. sham group in reversal conditions. (Adapted from Moore et al., 2006)

As previously mentioned, one asset of the water maze tests is that
many aspects of performance can be examined, providing sev-
eral measures of spatial memory. Another asset is its capacity to
examine reversal learning as a component of behavioral flexibility
processes where rat has to switch from an established strategy to
develop a new one.
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As previously described (see Section 2.3.1), the water maze con-
sisted of a circular, black pool filled with water. The test room
contained several permanent extra-maze cues such as the rat hous-
ing rack, laboratory table, and posters on the walls. In the experi-
ment performed by Flagstad and colleagues (32), behavioral flex-
ibility can be evaluated between the first and second days of the
working memory version of the task. Indeed, the working mem-
ory task takes place after the reference memory version of the
task (see below) that involves the acquisition of rules about spa-
tial location of the platform that are constant (north quadrant
of the pool) across all trials of the task. On the first day of the
working memory task, the platform was located in the same posi-
tion as for the reference memory task but on the second day the
platform was positioned in the opposite quadrant. The rationale
underlying this task is that animals displaying behavioral flexi-
bility will rapidly learn to search the platform in its new loca-
tion, while rats impaired in behavioral flexibility will spend more
time around the old location. Key measures were path length
(m), escape latency (s) to find the hidden platform, percent of
path length near (10 cm) the sidewall (percent sidewall), and
number of animals not finding the platform within 60 s (non-
finders). These measures were recorded using a video tracking
system.

On the first day of the working memory task, sham and
MAM-exposed animals performed similarly to locate the hidden
platform. On the second day, when the platform moved to the
opposite quadrant, Flagstad and colleagues (32) showed that
MAM-exposed rats performed significantly worse than the con-
trols but only on the basis of the percent sidewall and non-finder
parameters (Fig. 2.12). These results suggest that MAM-exposed
rats exhibit abnormal behavioral flexibility in a reversal learning
version of the Morris water maze task.

Human episodic memory refers to the recollection of a unique
past experience in terms of its details, its locale, and temporal
occurrence (127). Episodic memory deficits among individuals
with schizophrenia are well established (128-131). Interestingly,
studies suggest that non-human mammals have the ability to build
higher-order memory for unique events that incorporate informa-
tion about what, where, and when, lending strong support to the
idea that animals are endowed with episodic-like memory (132—
135). Thus, object and spatial recognition tasks as well as spatial
reference memory paradigm have been used to evaluate episodic
memory in MAM-exposed rats.

Previous studies in schizophrenic patients have demonstrated
episodic memory deficits reflected by impaired recognition of
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visually presented objects (128, 136, 137). In parallel, neu-
roimaging studies have provided evidence that schizophrenia is
associated with abnormal brain activation within the hippocam-
pus, the thalamus, and /or the prefrontal cortex during the recog-
nition of previously seen or new objects (13, 138, 139). Ennaceur
and Delacour (135) presented evidence that rodents are able to
form an integrated memory for “what,” “where,” and “when”
aspects of single experiences by combining different versions of
the novelty-preference paradigm, i.e., object recognition mem-
ory, the memory for locations in which objects were explored,
and the temporal order memory for objects presented at distinct
time points. The novel object recognition task (NORT) was used
to assess if MAM-exposed animals are able to form an integrated
episodic memory for “what.” This test is based on the natural
tendency of rodents to explore a novel object by comparison to a
familiar one (135). Naive animals will spend more time exploring
a novel object rather than a familiar one.

The test was performed in an open field (45 cm x 65 cm x
29 cm). On the day before the test, rats were habituated to the
test box for 10 min. On the test day, rats were put in the test box,
and after 3-min habituation, two similar objects were introduced
in the two corners. The time spent investigating the two objects
was scored in the next 3-min period (denoted pretest). The rats
were then removed and put back in the housing cage. After a
delay period of 20 min, the rats were reintroduced to the test box
and 3 min later the objects [one similar to that used in the pretest
(known) and one the rat had never encountered before (new)]
were introduced. The objects were placed in the same position
as in the pretest. In the next 3 min, the time spent investigating
each of the objects was scored. All scoring was performed using a
video tracking system.

The MAM-exposed rats spent significantly less time exploring the
objects on the pretest. There was also a main effect of the group
in the test session, indicating that the MAM-exposed rats spent
less time exploring the objects (Fig. 2.19). There was no main
effect of the known/new object factor; however, there was an
interaction between the group and the known/new factor. This
interaction was caused by a significant difference between the
known,/new objects in controls, but not in the MAM-exposed
rats. Furthermore, there was no difference between the amount of
time the animals in each group spent exploring the known object,
whereas the controls spent a longer time exploring the new
object than the MAM-exposed did. Overall, these results revealed
that MAM-exposed rats exhibited object recognition deficits
that could be reminiscent of those observed in schizophrenic
patients.
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Fig. 2.19. Object recognition in prenatal E17 MAM- vs. saline-exposed rats. (a) Mean
investigation time (+SEM) during the pretest of the object recognition paradigm.
*p < 0.05 vs. sham. (b) Mean investigation time (SEM) of the known and the new
object during the object recognition test. **p < 0.01 known vs. knew. (Adapted from
Flagstad et al., 2004)

Memory for spatial context has been shown to be impaired in
schizophrenic patients (140-145). Recently, Da Silva and col-
leagues (132) proposed that spatial recognition memory in the
rodent can be likened to human episodic memory. In rodents,
various brain areas, including the cerebral cortex and the hip-
pocampus, are known to be pivotal in spatial recognition memory
(146-148). A simple two-trial recognition test in a Y maze was
performed to investigate spatial recognition memory in MAM-
exposed rats. This test is based on the innate tendency of rodents
to explore novel environments (149-151). The paradigm avoids
the effects of punishment (such as electric shock) or reward (such
as food) that is commonly used in other paradigms and that may
have non-specific effects on the results. In addition, it does not
require learning of a rule and is independent of locomotor activ-
ity; thus, it is useful for studying memory in rodents (150-153).
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This two-trial memory task is based on exploration of novelty
(151). Experiments were carried out in a Y maze which consisted
of three identical alleys (40 cm long and 15 cm large with walls
30 cm high), diverging at a 120° angle from the central point.
The experiments were performed in a dimly illuminated room.
Numerous visual cues were placed on the walls and were kept
constant during the experiments. The test consisted of two trials,
separated by a 2-h time interval. During the first trial (acquisi-
tion phase), one arm of the Y maze was closed, allowing the rats
to explore the remaining two arms for 3 min. The position of the
closed arm and the introduction arm was randomized. During the
second trial (retrieval phase), the rats had access to the three arms
for a 3-min period. During this period, for each rat, the time spent
in each arm and the total locomotor activity was measured by a
video tracking system. The ability of the animals to remember the
two arms already visited during the first phase and to explore pret-
erentially the novel arm opened during the second phase. Then,
after a 2-h time interval, the control rats are expected to spend
more time in the “novel” arm, which remained closed during the
first trial, compared with the two “familiar” ones that were already
open during the first phase (151).

Before puberty, both MAM-exposed and sham rats showed poor
spatial performances revealed by the absence of clear preference
for the novel arm (Fig. 2.20). This is consistent with the lit-
erature which suggests that rats younger than 40 days exhibit
spatial navigation deficits in relation to the immature hippocam-
pus (154, 155). At adulthood, the same MAM-exposed animals
spent approximately the same amount of time in the three arms
of the maze, in contrast to sham animals that exhibited a clear
preference for the novel arm. The data reflect the physiological
brain maturation occurring during puberty in control animals. In
contrast, in either pre- or post-puberty, the MAM-exposed rats

E=l Introduction arm [l Novel arm Third arm

Pre-Puberty Post-Puberty

70 4 b
60
50 1
40
30 A
20
10 1

Time spent (s)

Sham

0 -

MAM

Fig. 2.20. Spatial recognition memory (Y-maze paradigm) in prenatal E17 MAM- vs. saline-exposed rats. Time spent
(&=SEM) in the novel arm was compared with the time spent in the introduction and third arms at pre-puberty (a) and
post-puberty (b). # p < 0.05 vs. novel arm. (Adapted from Le Pen et al., 2006)
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did not exhibit a preference for the novel arm and remained
approximately the same amount of time in the three arms of
the maze, suggesting that the normal spatial recognition memory
skills were not acquired during puberty in the MAM-exposed ani-
mals. In addition, MAM-exposed rats spent less time than sham
animals in the central zone of the Y maze at both pre-puberty
and adulthood, suggesting that memory deficits are unlikely a
consequence of anxiety-like behavior. Conversely, when tested in
the social interaction test, MAM-exposed rats were not differ-
ent from controls in the time spent in the central area. So the
results in the Y maze could reflect impulsive-like behavior in the
MAM-exposed rats. In conclusion, spatial recognition memory,
as explored by the Y maze, is thus relevant to follow the late mat-
uration of the hippocampo-prefrontal networks occurring during
the rat’s puberty and the related acquisitions of cognitive skills. Y
maze results also present interesting similarities with observations
of visuo-spatial memory deficits seen in schizophrenic patients
(140-145).

Reference memory is regarded as a long-term memory for infor-
mation that remains constant over repeated trials (156). The
retrieval of information, based on spatiotemporal context, from
long-term memory is affected in schizophrenia. Morris water
maze paradigm is frequently used in rodents to assess reference
memory in a spatial context (82, 157). In this paradigm, animals
have to navigate to a goal (hidden platform) in an allocentric spa-
tial environment and must build a representation of the goal in
relation to distal cues (constellations of cues) to form a cogni-
tive map. Then, they must be able to use this information flex-
ibly regardless of where in the environment the subject begins
navigating.

In animals (158) and humans (159), the hippocampus is
involved in this kind of spatial learning, because encoding is based
on a flexible knowledge of relationships between environmental
cues. Hippocampus-dependent spatial memory in animals is thus
phylogenetically viewed as a homologue of human episodic mem-
ory (160, 161). Thus, in order to evaluate spatial reference mem-
ory in MAM-exposed rats, the reference memory version of the
Morris water maze has been used by Hazane and colleagues (34)
and Flagstad and colleagues (31).

The water maze consisted of a circular, black pool filled with
water. The test room contained several permanent extra-maze
cues such as the rat housing rack, laboratory table, and posters
on the walls. In the reference memory task, the rats were trained
to locate a hidden platform positioned 1 cm below the surface
of the water. The platform remained in a fixed position through-
out the test, although the animal’s starting position varied. Key
measures were path length (m), escape latency (s) to find the
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hidden platform, percent of path length near (10 cm) the side-
wall (percent sidewall), and number of animals not finding the
platform within 60 s (non-finders). These measures were recorded
using a video tracking system.

Reference memory capacities measured in MAM-exposed rats
revealed various results that could result from differences in either
the strain reactivity or the experimental procedure. Thus, in the
reference memory paradigm of the water maze task, Flagstad and
colleagues (31) showed that MAM-exposed rats performed sig-
nificantly worse than the controls on days 2 and 3 of testing but
only on the basis of the percent sidewall and non-finder parame-
ters. On the last day, however, they performed as well as the con-
trols. Thus, it does not appear that the MAM treatment interferes
with spatial working memory, as this should also result in a deficit
on the last day of testing. The MAM treatment seems, however,
to affect the search strategy of the rats. When the platform is
moved, rats spend more time swimming along the sidewall, rather
than searching in the central part of the maze where the plat-
form is positioned. On the other hand, in Sprague Dawley rats,
Hazane and colleagues (34) observed that MAM-exposed rats
were significantly impaired in learning to locate the hidden plat-
form compared to control animals (latency to reach the platform)
(Fig. 2.21). Analysis of performance in each group revealed that,
in contrast to sham rats, MAM-exposed rats did not improve
their latency to locate the platform across trials. This contrasts
with previous reports showing no effect of prenatal MAM expo-
sure in Wistar rats using a similar spatial reference memory ver-
sion of the Morris water maze task and a MAM exposure at E17
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Fig. 2.21. Reference memory in the Morris water maze in prenatal E17 MAM- vs. saline-
exposed rats. Time (sec) to reach the platform in (=SEM) E17 MAM-exposed vs. sham
female rats in Morris water maze. ***p < 0.001 vs. sham group. (Adapted from Hazane
etal., 2009)
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(22 mg/kg) (31). This impaired reference memory is of particular
interest since patients with schizophrenia were similarly impaired
on the hippocampal-dependent hidden-platform version of a vir-
tual Morris water maze task. Indeed, patients were slower and had
longer search paths than did controls to find the hidden platform
(162, 163).

3. Neurochemical
Changes
Observed in E17
MAM-Exposed
Rats

3.1. Neurochemical
Abnormalities
Associated with
Hypersensitivity to
D-Amphetamine-
Induced
Hyperlocomotion in
MAM-EXPOSED Rats

If the behavioral phenotype of E17 MAM-exposed rats is now
pretty well characterized, fewer studies have characterized the
neurochemical alterations associated with this neurodevelopmen-
tal animal model for schizophrenia and its behavioral abnormali-
ties. Structural and /or functional alterations, presumed to reflect
abnormal brain development, have consistently been found in
schizophrenic patients in several interconnected brain regions
such as the prefrontal cortex (164-166), the hippocampus (139,
167-169) and the striatum (170-172). In particular, dysfunc-
tions of glutamatergic and/or dopaminergic neurotransmission
have been demonstrated within these structures (164, 169-172)
and are thought to play a central role in the pathophysiology of
schizophrenia (173, 174). In addition, abnormalities in mark-
ers for GABAergic neurons in prefrontal cortex and hippocam-
pus are also well documented in schizophrenia (175-181) with
more recent studies suggesting a central role of impairment in the
glutamate-GABA interactions, both in the hippocampus and in
the prefrontal cortex. In line with these findings, neurochemical
abnormalities associated with hypersensitivity to D-amphetamine-
and MK-801-induced hyperlocomotion in MAM-exposed rats
have been investigated using in vivo microdialysis techniques. In
addition, possible abnormalities in GABAergic markers have also
been explored in MAM-exposed rats using immunohistochem-
istry.

The prefrontal cortex and nucleus accumbens shell regions
play a crucial role in mediating the behavioral effects of
increased dopaminergic activity in schizophrenia (51, 182-185).
In rodents, the nucleus accumbens and prefrontal cortex are
strongly implicated in psychostimulant action. Dopamine release
in the nucleus accumbens is believed to be the main medi-
ator of the reinforcing and locomotor-activating properties of
psychostimulants (186). The prefrontal cortex modulates the
nucleus accumbens activity through direct and indirect connec-
tions and there is evidence that dopamine release in the pre-
frontal cortex may be related to the inhibition of reward and
locomotor activity (187). Thus, in order to further assess possible
corticolimbic dysfunctions associated with D-amphetamine-
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Associated with
Hypersensitivity to
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induced hyperlocomotion in MAM-exposed rats, Flagstad and
colleagues (32) investigated changes in dopamine release in the
nucleus accumbens and the medial prefrontal cortex after stim-
ulation with D-amphetamine in sham and MAM-exposed Wistar
rats.

At adulthood, intracerebral guide cannulae were stereotaxically
implanted in anesthetized Wistar rats. The guide cannula for the
nucleus accumbens was implanted in the right hemisphere at AP
+1.7 mm, L 0.8 mm, and V-6 mm from the brain surface (188).
The guide cannula for the medial prefrontal cortex was implanted
in the right hemisphere at an angle of 20 degrees, at AP +3.8 mm,
L0.7 mm, ¥V —0.35 mm. After a 2-day period of recovery, rats
were then placed in a hemispheric bowl and the microdialysis
probes were inserted in the guide cannulae (0.5 mm diameter,
2 mm probe length for nucleus accumbens, and 4 mm probe
length for the medial prefrontal cortex). The probe was con-
nected to a microinfusion pump via a dual-channel liquid swivel,
which allows the animals to move freely in the cage during the
experiment. The rats had free access to food and water in the test
bowls. The dialysis probe was perfused with Ringer solution at
a constant flow rate of 1 ml/min. The perfusate was discarded
during the initial 100 min and then collected in 20-min intervals.
The first four fractions represented the baseline level. Rats were
then given D-amphetamine (2 mg/kg, s.c.) and fractions were
collected for 160 min. The samples were stored at —80°C until
analysis. Dopamine was analyzed by HPLC with electrochemical
detection. The levels of dopamine in the dialysates were not cor-
rected for probe recovery. Dopamine was separated by reverse-
phase liquid chromatography. Electrochemical detection used a
colorimetric detector.

Basal levels of dopamine in the nucleus accumbens and the
prefrontal cortex of MAM-exposed rats and sham animals were
similar. Flagstad and colleagues (32) demonstrated that acute
systemic injection of D-amphetamine induced an exaggerated
increase of dopamine release in the nucleus accumbens of MAM-
exposed rats in line with the striatal dopaminergic hyper-reactivity
observed in schizophrenic patients (170-172). In contrast, D-
amphetamine-induced increase in dopamine concentration in the
dialysate from the prefrontal cortex was similar in both sham and

MAM-exposed rats.

In rodents, NMDA antagonists appear to exert their disruptive
effects on behavior through the activation of glutamatergic (at
non-NMDA receptors), dopaminergic, and noradrenergic trans-
mission (189-195). Thus, acute systemic injection of MK-801,
another non-competitive NMDA antagonist, to MAM-exposed
rats could exacerbate the neurochemical dysfunctions induced
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during brain development by prenatal exposure to MAM. To test
this hypothesis, Lena and colleagues (40), using in vivo micro-
dialysis, examined the effects induced by MK-801 (0.1 mg/kg
s.c.) on the extracellular levels of glutamate, dopamine, and nora-
drenaline in the medial prefrontal cortex and the nucleus accum-
bens of adult Sprague Dawley rats prenatally exposed to MAM
at E17.

At adulthood, rats were anaesthetized and mounted on a sterco-
taxic frame. Two guide cannulae were implanted bilaterally, one in
the left medial prefrontal cortex (AP from bregma, +3.0 mm; L,
1.6 mm angled 10° toward midline; V, —2.8 mm) and the other
in the right nucleus accumbens (AP, +1.4 mm; L, 0.8 mm; V,
—6.2 mm) according to the atlas of Paxinos and Watson (188).
The two guide cannulae were secured to the skull using dental
cement and two stainless steel screws. After 5 days of recovery, rats
were placed in a rectangular Plexiglas cage (35 mm x 35 mm X
38 mm), and two concentric microdialysis probes (CMA /12, 500
pm diameter, 20 kDa cut-off) with a membrane length of 3 mm
for medial prefrontal cortex or 2 mm for nucleus accumbens were
inserted into the guide cannulae. Artificial cerebrospinal fluid was
perfused through the probes at a constant rate of 1 l/min. The
probes were connected to the microperfusion syringes via FEP
tubing using a dual-channel liquid swivel, allowing free move-
ment of the animal in the experimental cage. After a 4-h sta-
bilization period, dialysates were collected every 10 min over a
period of 180 min and immediately stored at —80°C before anal-
ysis by capillary electrophoresis. Three samples were collected
before injection of MK-801 (0.1 mg/kg) or saline to rats pre-
natally exposed to MAM or saline and were used to determine
the basal levels of neurotransmitters. The time delay due to the
dead volume of the microdialysis system (probe and output tub-
ing) was taken into account to synchronize the measurement
of locomotor activity with sample collection. Catecholamines
and glutamate analysis were analyzed by capillary electrophore-
sis. The concentrations of catecholamines (dopamine and nora-
drenaline) and glutamate in the dialysate samples were deter-
mined using an automatic P/ACE™ MDQ system equipped
with an external laser-induced fluorescence and ZETALIF
detector. Separations were performed using a fused-silica
capillary.

The study demonstrates that the neurodevelopmental insults
induced by prenatal MAM exposure lead, in adult rats, to dys-
functions of the neurotransmission in the medial prefrontal cor-
tex but not in the nucleus accumbens, in response to a non-
competitive NMDA antagonist. The MK-801-induced increase
in cortical glutamate levels was reduced, whereas the cortical



60 Le Pen et al.

3.3. Reelin Level in
Organotypic
Hippocampal
Cultures of
MAM-EXPOSED Rats

noradrenaline release was potentiated. These neurochemical alter-
ations were associated with an exaggerated locomotor hyperactiv-
ity. Given the implication of the medial prefrontal cortex and the
noradrenergic system in the locomotor effects of non-competitive
NMDA antagonists, it is conceivable that the potentiation of cor-
tical noradrenaline release might underlie the enhanced locomo-
tor response in MAM-exposed rats. Future studies examining the
interactions between the noradrenergic and the glutamatergic sys-
tems in the medial prefrontal cortex will be of particular interest
in elucidating the mechanisms underlying this abnormal behav-
ioral response.

In addition, “postnatal” synthesis of reelin in the hippocampus
was investigated in vitro with cultures of hippocampal slices,
which allow conservation of cytoarchitectural properties. Hip-
pocampal slices done at 1 week postnatal (P8) and maintained
in culture for 3 weeks reach the development of “post-pubertal”
hippocampus as it would have in vivo. This method is thus inter-
esting for studying postnatal modifications at the cellular level.
Briefly at the age of postnatal day 8 (P8), rats were anesthetized by
hypothermia and their brain was aseptically removed. Hippocam-
pal organotypic slice cultures were prepared using the Stoppini
method. The hippocampus was dissected out under microscopic
control. Tissue pieces were cut perpendicular to the septotempo-
ral axis of the hippocampus with a McIllwain tissue chopper. Hip-
pocampal slices were then transferred into the culture medium,
separated, and put onto Millicell-CM membranes. A total of 12
organotypic cultures of adjacent hippocampal slices were obtained
per brain. The Millicell membranes were kept in six-well plates
above 900 pl of defined medium (neurobasal medium with 20%
B27 serum-free supplement and 0.5 mM L-glutamine). Slices
were incubated at 36°C in 5% CO,. Cultures were stopped after
1 and 3 weeks and fixed in 4% paraformaldehyde for 1 h. For
reelin labeling, the tissue was stained using the diaminobenzidine
immunoperoxidase method with anti-reelin G10 monoclonal
antibody (Chemicon). Neuronal density was evaluated using the
neuronal marker NeuN (neuronal nuclei; Chemicon) coupled to
rhodamine fluorophore. Double fluorescence immunohistochem-
istry to detect expression of both reelin and Calretinin was also
performed with anti-calretinin polyclonal antibody (Chemicon)
as primary antibody and the secondary antibodies were fluores-
cent dyes: confocal microscopy and image analysis software were
used to analyze the results.

Finally, reelin’s expression and methylation levels as well
as the number of reelin-positive cells have been investigated in
the hippocampal formation of MAM-exposed animals (214).
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Coronal slices from MAM-exposed and control animals were
stained with anti-reelin antibody (G10 Chemicon) and 3,39-
diaminobenzidine used as chromogen. For methylation, hip-
pocampal deoxyribonucleic acid (DNA) was treated with sodium
bisulfite using the EpiTect Kit H (Epigenomics; Qiagen, BBBB).
Modified DNA was purified by EpiTect H spin columns and used
immediately or stored at —20°C. Bisulfite-modified genomic
DNA was amplified with primers specific for the reelin promoter
[59-CGTTTTTTTATTTTGGTTTGGT-39 (forward) and
59-TCATATCATACATAACCACTATCCCTA-39  (reverse)].
The polymerase chain reaction (PCR) conditions were 95°C
for 15 min, 5 cycles of 95°C for 30 s, 56°C for 90 s, 72°C
for 120 s, 25 cycles of 95°C for 30 s, 56°C for 90 s, 72°C for
90 s, and finally 7 min at 72°C. The PCR mixture contained
12.5 ml of HotStarTaq Mix (Qiagen), 0.5 ml of each primer at a
20 mM concentration, and 2 ml bisulfite-modified DNA. These
first-round PCR products were then used as template (1 ml) and
reamplified by tagged primers (59-CCACTCACTCACCCACCC
+ forward primer-39 and 59-GGGTGGGAGGTGGGAGGG
+ reverse primer-39). The second-round PCR conditions were
95°C for 15 min, 35 cycles of 95°C for 30 s, 55°C for 90 s,
65°C for 120 s, and finally 7 min at 65°C. PCR products were
then purified with a gel extraction kit (Qiagen) and subjected
to direct cycle sequencing on an ABI3100Avant automated
DNA sequencer (Applied Biosystems, Foster City, CA, USA),
using the primers from the second round of PCR. Sequence
chromatographs were analyzed by the software ESMEH (Epige-
nomics), which performs quality control, normalizes signals,
corrects for incomplete bisulfite conversion, and maps positions.

Abnormal GABAergic transmission has also been found in sev-
eral brain regions, including the hippocampus (196, 197) and the
prefrontal cortex (198, 199). Decreases in glutamic acid decar-
boxylase (GAD)-1 mRNA and GAD-67 protein are observed
postmortem throughout the cortex of schizophrenic patients
(200-202). An increasing number of studies are focusing on
GABAergic interneurons. Postmortem studies have consistently
reported a significant reduction of GABA interneurons (small,
non-pyramidal) in layer 2 of the anterior cingulate and prefrontal
cortices (176, 198) and hippocampus (203) of schizophrenia
brains. GABAergic interneurons comprise a variety of different
subpopulations that can be identified by their neurochemical pro-
file (204). The relative density of subpopulations of GABAergic
interneurons is compared using antibodies directed against the
calcium-binding proteins, calretinin (CR), parvalbumin (PV), and
calbindin (CB). CR-containing neurons have been consistently
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reported to be unchanged in any regions of schizophrenia brains
(175, 178-181). CB-containing neurons have been found to be
significantly increased in layers 3 and 5/6 of prefrontal cortex
(areas 9 and 46) (205) or decreased in these same prefrontal
regions (areas 9 and 46) (179). Others have found no signifi-
cant difference in anterior cingulate (206), prefrontal (area 46),
entorhinal (207), or posterior cingulate cortices (areas 30 and
23) (208). Concerning PV-containing neurons, if reduced densi-
ties were observed in the hippocampus of schizophrenic patients
(181, 209), conflicting results were obtained in the prefrontal cor-
tex. Indeed, most investigators reported lower PV* cell counts
(175, 178, 179, 210), in particular in layers 3 and 4 of the cor-
tex, although others found no change (180, 206, 211). Another
marker found in GABAergic neurons is reelin. A marked decrease
in reelin in the superficial layer of the cortex has been consis-
tently found in postmortem studies in schizophrenia (reviewed in
(2)). In order to investigate the possible GABA neurotransmis-
sion abnormalities in MAM-exposed rats, possible changes in the
expression of PV, CR, CB, reelin, and GAD-67 have been exam-
ined in the prefrontal cortex and/or the hippocampus of MAM-
exposed rats using immunochemistry (37, 41).

Adult male rats were deeply anesthetized and perfused tran-
scardially with PBS or saline followed by paraformaldehyde
[4% (w/v) PFA in 0.1 M PBS]. Rats were decapitated and
their brains removed, postfixed, and stored in 0.1 M PBS or
in 30% sucrose solution until sectioning. In their study, Pen-
schuck and colleagues (37) used 40 pm sections with AP
from bregma, 3.7-2.7 mm for the prefrontal cortex and —2.8
to —3.3 mm for the hippocampus The tissue was stained
using the diaminobenzidine immunoperoxidase method and
primary antibodies for either PV (1:5000), CR (1:2000), or
CB (1:10000), according to the manufacturer’s instructions
(Swant, Bellinzona, Switzerland). The semi-quantitative anal-
ysis was performed blind using stereology software. Lodge
and colleagues (41) used a different sampling procedure with
sequential sections (50 pm) comprising the prefrontal region
(bregma —5.0 mm to —2.0 mm), dorsal (bregma —1.5 mm
to —4.5 mm), and ventral (bregma —4.5 mm to —7.5 mm)
hippocampus (six slices per region), and double fluorescence
immunohistochemistry to detect expression of both GAD67
and PV as described previously (212). Primary antibodies were
used for GAD67 (monoclonal 1:2000; Millipore; MAB54006)
and PV (1:3000; Swant; PV28) and the secondary antibodies
were fluorescent dyes: Alexa Fluor-conjugated goat anti-rabbit
(568) or goat anti-mouse (488). Mounted slices were evaluated
for fluorescence using confocal microscopy and image analysis

software.
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Some of the results remain controversial. Penschuck and col-
leagues (37) showed that the number of PV-immunoreactive
cells/mm? was significantly decreased in the dorsal part of the
hippocampus of MAM-exposed rats in comparison to controls
and unchanged in the prefrontal cortex. No changes in the
numbers of CR- or CB-immunoreactive cells were found in
either structure. In contrast, Lodge and colleagues (41) showed
that MAM-exposed rats exhibited a regionally selective reduc-
tion in the density of PV-positive neurons throughout the
medial prefrontal cortex and in the ventral subiculum of the
hippocampus with no significant differences in the number of
GAD-67-positive /PV-negative neurons in either the medial pre-
frontal cortex or the ventral subiculum. These differences in
PV cell density were not observed in the dorsal subiculum of
the hippocampus, while a small decrease in PV cell density was
observed throughout the anterior cingulate cortex. No signifi-
cant differences in fluorescence intensity for either GAD-67 or
PV were found between MAM-exposed and control rats.

The negative results concerning GAD-67 obtained by Lodge
and colleagues (41) are not in light with those obtained in
schizophrenic patients where a decrease was generally observed.
Concerning the data on the subset of interneurons that contain
the calcium buffer PV, the conflicting findings reported in the two
studies (37,41) could be explained in part by methodological dis-
crepancies. Indeed, the two groups have performed their exper-
iments in two different rat strains (Wistar and Sprague Dawley
rats) that have been exposed at E17 to two different MAM doses
(22 and 20 mg/kg). In addition, the method of slice sampling
could also explain such a difference since the two groups used dif-
ferent brain coordinates to anatomically define the regions being
investigated. Thus, results for PV in the E17 MAM model are as
much conflicting as those observed in schizophrenic patients for
this marker of GABAergic interneurons.

Regarding the expression of reelin, the picture is not so
clear. In organotypic slices, the number of cells was decreased
in the number of neurons that express reelin was increased
in the stratum oriens, concomitantly with a decreased num-
ber of neurons in the stratum oriens, while no change was
seen in the dentate gyrus (a region where neurogenesis is still
active in adulthood). In postmortem whole brain studies, the
number of reelin-positive cells was not changed in the hip-
pocampus of MAM-exposed rats compared to controls, nor was
the methylation or the expression (214). The effect of E17
MAM exposure is thus not so clear and will require further
exploration.
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4. Anatomical
and Functional
Anomalies in E17
MAM-Exposed
Rats

4.1. Anatomical
Anomalies

4.1.1. Prefrontal Cortex
and Other Cortices

4.1.2. Hippocampus and
Subcortical Regions

Neuroimaging studies in schizophrenic patients have identified
morphological and functional anomalies which can be explained
by early neurodevelopmental factors. Main findings include
enlargement of the lateral ventricles, reduced size of temporal
lobe structures, decreased thalamic volume, and enlarged basal
ganglia (213). The loss of cortical volume without loss of neu-
rons in frontal and temporal association cortex is associated with
the greatest reduction in spine number in schizophrenia. Mor-
phometric data from other brain regions like the hippocampal
formation, the entorhinal cortex, and the mediodorsal thalamus
coming from brain of patients with schizophrenia is reviewed in
Matricon et al. (214).

Brain abnormalities identified postmortem in adult rats
prenatally exposed to MAM at El7 point to a size
reduction and a distortion in superficial layers of the pre-
frontal cortex (32, 33, 35-37) (Fig. 2.22). The decrease in
cortical thickness appears significant in the prefrontal, occipi-
tal, and entorhinal cortices, whereas no significant differences
between MAM-exposed rats and controls are noted in the pari-
etal and perirhinal cortices (36, 214). Using complementary
staining methods (Bodian-Luxol for myelin and neuronal soma
and NeuN;, a protein specific for neuron and restricted to the
axon hillock), Matricon et al. (214) also evidenced a disruption
in columnar organization in the entorhinal cortex (Fig. 2.23).
A reduction in the soma size could be observed in both the
perirhinal and entorhinal cortices, while this decrease in the
entorhinal cortex was associated with a laminar disorganiza-
tion and the presence of aberrantly clustered neurons in lay-
ers 2 and 3. However, no significant difference was observed
in the number of neurons in the prefrontal, entorhinal, and
perirhinal cortices between MAM-exposed animals and control
(36, 214). Conversely, stereological analyses showed increases
in neuronal density in the prefrontal, perirhinal, and occipital
cortices (306).

In the MAM-exposed rats, hippocampal and mediodorsal thala-
mus size reductions have been reported (35, 36, 214). No signifi-
cant difference between MAM-exposed and control animals could
be detected in the size of the ventral tegmental area, the sub-
stantia nigra, and the amygdala (214). Within the hippocampal
formation, changes in neuronal density appear quite difficult to
assess due to the heterogeneity in the different subfields and the



Gestational MAM (Methylazoxymethanol) 65

Fig. 2.22. Representative sections of the hippocampus and adjacent cortices (a—d),
the prefrontal cortex (e and f) from embryonic day 17 (E17) methylazoxymethanol
(MAM)-exposed rats (a, ¢, e) as compared to controls (b, d, f). Dorsal hippocampus
sections show heterotopias (white squares) in CA1 in E17 MAM-exposed rats (a). Ven-
tral hippocampus sections illustrate abnormalities in the distribution of CA1/subicular
cells (white squares and arrowheads) extended to some cells in E17 MAM-exposed rats
(c, CA1/sub). Note alterations in the entorhinal (black square, ent) and retrosplenial cor-
tices (black square, rsp), with dispersed cell and gaps in E17 rats (c). In the same
sections, the rhinal fissure (black arrowhead) points to a deformation of the perirhinal
cortex when compared to E17 (c) and control rats (d). Medial prefrontal cortex sections
(mpfc, higher magnification) show a distortion in layers Il and lll, with a decrease in cell
density in E17 MAM-exposed rats (e). (Adapted from Gourevich et al., 2004)

structural changes in MAM-exposed rats. Neuronal soma size
reductions were mostly present in hippocampal subfields CA3
and CA4 (214). Neuronal density did not differ between MAM-
exposed and control rats in the mediodorsal thalamus.
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Fig. 2.23. Entorhinal cortex in control and MAM-exposed rats. Coronal sections stained with Bodian-Luxol (a, d) and
NeuN immunostaining (b, e and ¢, f). In controls (a) a well-defined columnar organization and myelin with parallel direc-
tions can be observed. Arrows point to myelin pathways. (b) Anti-NeuN immunostaining shows axon hillocks with a
parallel orientation and neuronal bodies regularly organized. (c) Neuronal somas and axon hillocks are clearly distin-
guished in this picture magnified 400x. Arrows point to axon hillock direction. In MAM-exposed animals (d), a less
obvious columnar organization is observed, while myelin direction appears random. (e) Neuronal disorganization with
clusters of neurons is evident mainly in layers Il and lIl. Circles highlight neuronal clusters. (f) Neuronal disorganization,
neuronal size variability, and axon hillocks with random directions can be observed in this picture magnified 400x.
Arrows point to axon hillock direction. (Adapted from Matricon et al., 2010)

Brain volume reductions could originate from a variety of
causes. Neuronal soma size reduction could be at the origin of
the volume reduction reported in some brain regions in both
MAM-exposed rats and patients with schizophrenia (198-214).
On the other hand, changes in cortical neuropil architecture as
revealed by a loss of dendritic spines could explain the loss of
cortical volume. Indeed, measurements of spine density and den-
drite morphology of pyramidal neurons in schizophrenic patients
showed the greatest reduction in spine number in frontal and
temporal association cortex where a significant volume loss is
reported (215). More detailed investigations on dendrite mor-
phology are necessary to answer this question in MAM-exposed
rats. Altogether, these anatomical changes found in E17 MAM-
exposed animals on top of a significant enlargement of the lateral
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ventricles indicate significant similarities to neuropathological
deficiencies encountered in patients with schizophrenia.

Although the use of neuroimaging techniques has implicated a
variety of brain regions in schizophrenia, the emphasis in func-
tional imaging studies has been and continues to be on the
frontal lobes. The finding of hypofrontality has been supported
by meta-analysis both at rest and under neuropsychological acti-
vation (216). Schizophrenic patients perform poorly on work-
ing memory tests and these deficits are consistently associated
with prefrontal cortex dysfunction, although the basis of this
abnormality is unknown. The convergent findings of neuroimag-
ing and pathological studies give strong support to a functional
limbic prefrontal network dysfunction in the pathophysiology
of schizophrenia, with probably a volumetric alteration of lim-
bic structures more specific to the anterior hippocampus, which
would correspond to the ventral hippocampus in animals (8,
139, 217-220). The medial prefrontal cortex in rats is com-
parable to the ventromedial and subgenual prefrontal cortex in
humans, regions which are particularly at risk in schizophrenia.
Tamminga and Medoftf (219) have shown that regional cerebral
blood flow is abnormal in the hippocampal-anterior cingulate cir-
cuit in schizophrenic patients who cannot fully activate this circuit
with cognitive tasks.

Prefrontal cortical activity has been investigated in E17
MAM-exposed animals through in vivo field potential and single-
unit recordings in adult anaesthetized rats. The absence of slow
and fast oscillations added to an abnormal regular spike firing pat-
tern in the medial prefrontal cortex (38) suggests an alteration in
the inputs to the prefrontal cortex. Indeed an increased spike fir-
ing in response to ventral tegmental stimulation was observed in
the prefrontal cortex of MAM-exposed rats when compared to
controls. Using microinjection of either tetrodotoxin (TTX) to
inactivate the ventral hippocampus or NMDA in the ventral hip-
pocampus to activate dopamine transmission in the prefrontal cor-
tex, Lodge and Grace have shown an aberrant dopamine response
that could result from hippocampal dysfunction (42). Later on,
they showed that the deficit in intrinsic GABAergic interneu-
rons within the ventral subiculum may be at the origin of this
dopamine dysfunction (41). Knowing the critical control of the
mesocortical system on prefrontal circuits by simultaneously acti-
vating pyramidal neurons and fast spiking interneurons (221), it
remains to be determined which prefrontal neuronal subpopu-
lation is at the origin of the dopamine dysfunction observed in
MAM-exposed animals.
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5. Conclusions
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