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Abstract
Animal models are critical for the study of psychiatric disorders since they allow the use of invasive
methods that cannot be used for ethical reasons in humans. Currently there are three general models
of schizophrenia; (i) those produced with acute pharmacological intervention (i.e. MK-801,
ketamine, PCP and amphetamine), (ii) genetic models (i.e. mutant DISC-1, D2-R over expression)
and (iii) developmental disruption models (i.e. MAM, neonatal ventral hippocampal lesion, isolation
rearing, maternal infection). Here we review evidence for the validity of gestational (day 17) MAM
administration as a developmental disruption rodent model of schizophrenia. Offspring from MAM-
treated dams are reported to display deficits consistent with those observed in schizophrenia patients,
including anatomical changes, behavioral deficits and altered neuronal information processing. Thus
gestational MAM administration has been demonstrated to induce a pathodevelopmental process
leading to neuroanatomical and behavioral phenotypes consistent with that observed in schizophrenia
in humans.
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Animal models are critical for the study of psychiatric disorders since they enable the use of
invasive methods to examine the mechanisms underlying pathophysiology of disease states.
For this reason, there have been numerous attempts to generate valid and reliable animal models
for studying human behavior and disorders. This has led to the discovery of three general
models of schizophrenia; (i) those produced with acute pharmacological intervention (i.e.
MK-801, ketamine, PCP and amphetamine) [1-5], (ii) genetic models (i.e. mutant DISC-1,
D2-R over expression) [6,7] and (iii) developmental disruption models (i.e. MAM, neonatal
ventral hippocampal lesion, isolation rearing, maternal infection) [8-11]. The finding that
multiple and diverse methods can lead to a similar behavioral phenotype is consistent with the
hypothesis that schizophrenia in humans arises from multiple unique etiologies, including both
genetic and environmental factors that results in a similar pathophysiology in the adult
[12-15].
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Schizophrenia as a developmental disruption
Increasing evidence suggests that schizophrenia is a developmental disorder that results in the
emergence of symptoms following adolescence [16-20]. Evidence for a neurodevelopmental
disruption is based largely on follow-back, cohort, and population studies in which the pre-
morbid history of schizophrenia patients indicates a prevalence of subtle prenatal perturbations
such as famine, maternal infection, or hypoxia during the second trimester [21-23] that may
interact with genetic predisposition to result in the schizophrenia phenotype. This finding is
central to the development of animal models of psychosis which utilize perinatal insults to
produce a behavioral phenotype in the adult that corresponds to some of the general features
of schizophrenia in humans [10,11,24-26]. One such model employs the administration of a
mitotoxin, methylazoxymethanol acetate (MAM), during gestation to induce a developmental
disruption. This technique of targeted cellular impairment has been extensively investigated
and it has been demonstrated that MAM administration induces anatomical and behavioral
deficits that are intimately associated with the time during gestation that the mitotoxin is
administered [27-28]. For example, MAM administration on gestational day 15 or earlier
reliably produces a number of gross deficits including a decrease in total cortical mass,
microcephaly, and profound cortical dysplasias [11]. However, such deficits are not routinely
observed in human schizophrenia patients. More recently we have modified this developmental
disruption paradigm to specifically target gestational day 17 [30], a period in development
when neuronal proliferation has peaked in most cortical regions and is essentially completed
or suspended in the majority of subcortical regions [11,29-30]. At this specific stage of
development (GD17), MAM exposure has a more selective effect on developing paralimbic,
frontal, and temporal cortices, regions where deficits are typically observed in schizophrenia
patients [11,24-26,30]. Indeed, MAM GD17 administration has been demonstrated to
recapitulate a pathodevelopmental process leading to schizophrenia-like neuroanatomical and
behavioral phenotypes in rodent offspring [11,24-26,30]. Here we review evidence for the
validity of GD17 MAM administration as a developmental disruption rodent model of
schizophrenia.

Neuroanatomical pathology in schizophrenia
Schizophrenia is a disease with no gross histopathology that is specific for this disorder.
Nonetheless, post-mortem and human imaging studies have demonstrated subtle structural
abnormalities in schizophrenia patients (for review see: [31]). Such studies reliably report
moderate but consistent reductions in tissue volume or thickness throughout prefrontal cortical
and temporal lobe regions [32,33]. Interestingly, these reductions in cortical volume are not
necessarily correlated with alterations in neocortical neuron number [34]. Given that, in the
rat, cortical neurons are created between GD14 and GD20, with GD15 being the peak of
neurogenesis [29], one may expect that prenatal MAM administration may induce marked
neuronal loss and microcephaly. Indeed, when administered on gestational day 15 or earlier,
total cortical mass is reduced by up to 67% and brain weight is reduced by almost 30% when
compared to controls [11]. In contrast, by GD17, neuronal proliferation has peaked in most
cortical regions and is essentially completed or suspended in the majority of subcortical regions
[29]. Thus MAM GD17 administration induces more subtle pathologies that are similar to
those observed in human patients. More specifically, post-mortem stereological analyses have
demonstrated that MAM-treated rats display regionally selective reductions in cortical
thickness throughout the medial prefrontal cortex, hippocampus and parahippocampal corticies
[11,26,35]. Despite the fact that GD17 MAM treatment induces a significant reduction in
cortical volume, no significant changes were observed in neocortical neuron number [11].
Therefore, similar to that reported post-mortem in human patients, MAM administration results
in an increase in the density of neuronal packing that is prevalent throughout cortical regions,
including mPFC [34].
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In addition to the morphometric alterations in cortical volume and neuronal density,
heterotopias resulting from altered neuronal migration have been reported in the hippocampus
of MAM GD17 rats [11,26,35]. Thus, in the normal hippocampus, pyramidal neurons are
tightly packed and aligned with their apical dendrite oriented towards the stratum radiatum
[36]. In contrast, hippocampal pyramidal neurons in schizophrenia patients are more
disorganized and display a greater variation in neuronal orientation [36]. These findings are
consistent with the heterotopias and sporadic density of pyramidal neurons in the hippocampus
of MAM-treated rats [11,26]. Taken together, the morphological and histological deficits
observed following GD17 MAM administration are subtle, and restricted to the later
developing paralimbic and temporal cortices, a pattern that accurately reflects the
histopathology observed in human patients.

Behavioral correlates of psychosis
A significant hindrance to the development of any animal model is the ability to evaluate the
inherently human psychopathology recognized as schizophrenia. More specifically, it is
impossible to directly measure symptoms such as delusion, hallucination and thought disorder
in rodents. For this reason there is no one simple behavioral validation for animal models of
schizophrenia; however, a number of behavioral paradigms have been considered to be valid
translational models due to similar measures of assessment in rats and humans. Such behavioral
paradigms include prepulse inhibition of startle [37], latent inhibition [38], working memory
tasks [39] and hyper-responsivity to psychomotor stimulants [40]. Deficits in these and similar
paradigms are consistently observed in human schizophrenia patients and animal models of
psychosis.

Prepulse Inhibition of Startle
Prepulse inhibition of startle is a neurological phenomenon whereby a small amplitude sensory
stimulus inhibits the behavioral response to a subsequent stimulus and has been suggested as
a model of sensorimotor gating [37]. Deficits in prepulse inhibition of startle are suggested to
reflect an inability to filter non-relevant sensory information and are present in a number of
disease states including schizophrenia [37]. Studies in rodent models of schizophrenia
consistently utilize the PPI model as a correlate for psychosis; however, deficits in PPI alone
are not sufficient to define an animal model of this disorder. Nevertheless, PPI is a reproducible
index of sensorimotor gating and it has been consistently demonstrated that MAM treated rats
display robust deficits in PPI, which are not due to alterations in sensory processing or startle
amplitude [11,25,26]. Moreover, decreases in PPI are only observed after puberty in MAM-
treated rats, a finding that parallels the adult onset of the disease in humans [11].

Latent Inhibition
Most people are able to filter the constant stream of sensory information that inundates our
everyday lives; however, those with schizophrenia cannot [38]. More specifically, it is believed
that one of the more pertinent factors in the appearance of psychosis is a disturbance in attention
process functioning [41,42]. From this perspective, behavioral paradigms that help to evaluate
normal attentional processing are extremely useful tools for understanding the mechanisms
associated with aberrant filtering of sensory information. One such paradigm is the latent
inhibition model, in which exposure to a non-salient stimulus prevents conditioned associations
with that stimulus from being formed [38,43]. Using such a paradigm, there is a significant
literature demonstrating a reduction in latent inhibition in a number of animal models of
schizophrenia including the MAM treated rat [44,45]. More specifically, whereas control rats
pre-exposed to a conditioned cue demonstrate pronounced latent inhibition, rats treated on
GD17 with MAM show none [44,45]. Thus the latent inhibition paradigm accurately models
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deficits in the filtering of sensory information processing suggested to underlie the positive
symptoms of schizophrenia.

Stimulant induced hyperlocomotion
The heightened sensitivity to amphetamine and phencyclidine in human schizophrenia patients
has been suggested to reflect aberrant mesolimbic dopamine transmission thought to underlie
the positive symptoms of the disease [46]. Thus, Abi-Dargham and Laruelle has shown that
amphetamine will induce significantly greater dopamine release (measured by raclopride
displacement) in the striatum of schizophrenia patients, and moreover the amplitude of the
release correlates with the ability to exacerbate psychosis [40,47]. Moreover, dopamine
antagonists are particularly effective in treating psychosis [48], and dopamine agonists will
mimic and/or exacerbate psychosis in humans [49]. The aberrant increase in dopamine
transmission can be readily modeled in rodents by examining the dopamine-dependent
locomotor response in freely moving animals. Thus in control rats, the systemic administration
of amphetamine, MK-801, or phencyclidine (PCP) induces a significant increase in locomotor
activity that is correlated with significant elevations in striatal dopamine levels [50-52].
Interestingly, in most animal models of schizophrenia, a significantly augmented locomotor
response to these drugs above that observed in controls is observed [10,11,26,35,53].
Specifically, MAM treated rats display an enhanced locomotor response to amphetamine,
MK-801 and PCP [11,26,53] that is correlated with an enhanced dopamine efflux in the nucleus
accumbens [35]. This aberrant response to psychomotor stimulants in MAM treated rats is
consistent with an increased sensitivity to dopamine agonists in human patients [40,47]. Thus,
low doses of amphetamine, which do not typically induce a robust response in the general
population, can precipitate psychosis in schizophrenia patients [46]. Given that the prominent
psychotic symptoms of schizophrenia usually are not observed until after puberty, a rodent
model that displays a similar delayed onset is essential. Indeed, prior to puberty, MAM-treated
rats show comparable increases in locomotor activity following amphetamine administration
[11]. Thus an enhanced sensitivity to psychomotor stimulants that only occurs after puberty is
a consistent finding in both human schizophrenia patients as well as the MAM model of
psychosis.

Working memory
In addition to the positive symptoms of schizophrenia, patients consistently demonstrate
deficits in cognitive properties such as working memory [41,54-56]. Furthermore, in contrast
to the dopamine-dependent psychosis, dysfunctions in cognition are more consistently
associated with deficits in prefrontal cortical information processing [57-60]. Thus,
schizophrenia patients typically perform poorly on working memory task that are correlated
with an altered activation of the dorsolateral prefrontal cortex [57-60]. In addition to working
memory deficits, frontal dysfunctions may also lead to distortions in planning and execution
as well as to perseveration and rigid behavior [61]. More specifically, schizophrenia patients
typically exhibit an inability to maintain behavioral flexibility in the face of changing schedules
of reinforcement [57]. Working memory performance and perseverative behavior can be
accurately assessed in rodents using traditional set-shifting or radial maze paradigms [3,39,
62-65]. Thus, although MAM treated rats are not impaired in learning a simple discrimination
task, they have been shown to display impairments in learning to reverse a previously acquired
response in an attentional set shifting task (a rodent analog of the Wisconsin Card Sort Test)
[11,24,26,44]. In addition, deficits in reversal learning have been reported in MAM rats
examining behavioral flexibility in a Y-maze paradigm [11]. It is important to note that MAM-
treated rats do not show a deficit in the learning of a novel discrimination suggesting that
forebrain circuits involved in Pavlovian conditioning are not significantly affected by
gestational MAM administration [11]. In contrast, the perseverative behavior observed in
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MAM rats and human schizophrenia patients are likely attributable to frontal lobe, particularly
prefrontal cortical, dysfunction.

Neuronal information processing in schizophrenia
The dopamine hypothesis of psychosis is one of the longest standing theories of schizophrenia
and posits that enhanced mesolimbic dopamine transmission underlies the positive symptoms
of the disease [46,66,67]. This hypothesis is based on several observations, including the ability
of DA agonists to exacerbate psychosis, the efficacy of DA antagonists in treating
schizophrenia, and imaging studies demonstrating increased amphetamine-induced DA release
in schizophrenia [46,66,67]. Interestingly, recent electrophysiological studies in the MAM G17
rodent model of schizophrenia have demonstrated an enhanced baseline activity of the
population of dopamine neurons in the VTA [53]. More specifically, MAM-treated rats display
a significantly greater number of spontaneously active VTA dopamine neurons when compared
to control rats [53]. The number of spontaneously active dopamine neurons (or ‘population
activity’) is highly correlated with tonic levels of extrasynaptic dopamine in the nucleus
accumbens and thus has been suggested to regulate the long-term responsivity of the dopamine
system [68]. In addition to regulating tonic dopamine transmission, population activity also
regulates the gain of the dopamine system by determining the proportion of neurons that can
respond to phasic activation [69]. Thus in control animals there is a submaximal number of
spontaneously active dopamine neurons that can be increased or decreased by afferent input
[68-70]. In contrast, MAM-treated rats display essentially a maximal activation of the
mesolimbic dopamine system [53]. Furthermore, activation of afferent structures known to
enhance dopamine neuron population activity in control animals, has no significant effect in
MAM-treated rats suggesting a loss of a process critical to normal dopamine system
functioning [53]. Because of the increase in number of dopamine neurons active, the dopamine
system is in a state of hyper-responsivity to a behaviorally salient stimulus that activates
dopamine neuron phasic activity. Thus, the enhanced VTA neuron population activity observed
in MAM rats is consistent with the hyper-responsive mesolimbic dopamine transmission
purported to underlie psychosis in human patients. The one major caveat in the dopamine
hypothesis is that there appears to be no primary pathology in the midbrain dopamine system
of schizophrenia patients; rather, the DA system appears to be abnormally regulated [46,71,
72]. Given structural and functional evidence for alterations in afferent inputs to the VTA, we
propose that the alteration in dopamine neuron activity is secondary to aberrant afferent
transmission [53]. Two such inputs are the medial prefrontal cortex (thought to be largely
associated with cognitive deficits [73]) and the hippocampus, a temporal lobe structure
principally associated with learning and memory [74,75]. Alterations in hippocampal structure
and function in schizophrenia are consistently demonstrated in postmortem and neuro-imaging
studies [34,76-79]. More specifically, a postmortem reduction in hippocampal volume is one
of the more consistent structural abnormalities observed in schizophrenia patients [34,76-79].
How this affects hippocampal information processing is not entirely known; however, there is
increasing evidence for baseline hippocampal hyperactivity in human schizophrenia patients.
Specifically, baseline hyperperfusion of the medial temporal lobe was reported almost 10 years
ago using SPECT imaging in human schizophrenia patients [80]. More recently, techniques
with higher spatial resolution have provided evidence for increased regional cerebral blood
flow and volume in the more limbic, anterior hippocampus of unmedicated human
schizophrenia patients [81,82]. Consistent with this, in vivo extracellular recordings throughout
the ventral extent of the hippocampus (the rodent analogue of the human anterior hippocampus)
have demonstrated baseline hyperactivity in MAM-treated rats [53]. More specifically, MAM
rats display a significantly greater average firing rate of presumed glutamatergic, pyramidal
neurons when compared to control rats. [53] Interestingly it seems that this aberrant increase
in hippocampal activity appears to be the driving force behind the dopamine hyperfunction
[53].
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An association between hippocampal function and dopamine neuron activity has been
demonstrated previously [68,69,83]. More specifically, the ventral subiculum of the
hippocampus potently and selectively modulates dopamine neuron population activity which
is correlated with an altered dopamine efflux in the nucleus accumbens [68]. Given that the
positive symptoms of schizophrenia are correlated with dopamine hyperfunction combined
with evidence for hyperactivity within limbic regions of the hippocampus, we suggest that
aberrant hippocampal transmission may underlie the augmented DA transmission. This has
been investigated recently in the MAM model of schizophrenia. Thus, tetrodotoxin (TTX)
inactivation of the ventral hippocampus has been shown to normalize the aberrant increase in
dopamine neuron population activity in MAM-treated rats, without significantly altering
dopamine neuron activity in control rats [53]. Moreover, inactivation of the ventral
hippocampus was also able to reverse the behavioral hyperresponsivity to amphetamine
administration that is consistently demonstrated in rodent models of schizophrenia, including
MAM rats [53]. Thus, we propose that the augmented dopamine transmission observed in
MAM animals is attributable to a pathologically enhanced hippocampal transmission and
further suggest this is consistent with observations of hippocampal hyperperfusion in human
schizophrenia patients (Figure 1).

The mechanisms underlying the pathological enhancement of hippocampal output are not
currently known; however, we propose that a reduction in local inhibitory transmission may
underlie the augmented hippocampal output. Evidence for an alteration in cortical and
hippocampal inhibitory transmission is abundant based largely on post-mortem studies in
human schizophrenia patients [84-89]. Thus a significant reduction in cortical glutamic acid
decarboxylase, an enzyme critical for GABA biosynthesis, is consistently reported in post
mortem studies [90-92]. Such a decrease in inhibitory transmission in the cortex and
hippocampus would likely result in a decrease in intrinsic inhibition. Consistent with this
suggestion, there is significant evidence for an upregulation of post-synaptic GABA-A
receptors and decrease in GABA uptake sites in patients which may reflect compensatory
changes that are acting to increase the diminished intrinsic GABAergic functioning [93-97].
More recent work by Lewis and colleagues have provided significant evidence that the GABA
deficits in schizophrenia may be largely restricted to a specific class of GABAergic
interneurons; specifically those containing the calcium binding protein parvalbumin [85].
Interestingly, a decrease in parvalbumin-containing interneurons is also a consistent
observation in a diverse variety of animal models of schizophrenia, including the MAM model
[45,98-101]. The strong perisomatic innervations of these neurons suggest that parvalbumin
interneurons are capable of potently regulating pyramidal cell output, and thus a decreased
functionality of these neurons would likely result in both an increase in tonic pyramidal cell
activity as well as a decrease in interneuron-generated co-ordinated activity. Indeed, recent
data from the MAM G17 model have demonstrated deficits in the activation of cortical and
hippocampal assemblies during a latent inhibition paradigm [45]. More specifically, the
presentation of a conditioned tone did not significantly alter high-frequency oscillatory activity
in MAM-treated rats and was therefore significantly diminished compared to responses
observed in saline-treated rats. Furthermore, the deficit in coordinated activity in the MAM-
treated rats was task-independent and observed in both the mPFC and vHipp; regions that
exhibited significant reductions in PV neuron density [45]. Taken together we suggest that that
the deficits in parvalbumin interneuron functionality throughout the ventral hippocampus may
be the cause of the baseline hyperactivity and corresponding increase in mesolimbic dopamine
transmission.

Conclusions
There is substantial support for gestational MAM administration as a developmental disruption
model of schizophrenia. This is based on anatomical, behavioral and neurophysiological

Lodge and Grace Page 6

Behav Brain Res. Author manuscript; available in PMC 2010 December 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



deficits that are consistent with those observed in human patients. More specifically, the
morphological and histological deficits observed following GD17 MAM administration are
subtle, and restricted to the later developing paralimbic and temporal cortices, a pattern that
accurately reflects the histopathology observed in human patients. Furthermore, using a
number of distinct behavioral paradigms, it has been demonstrated that the MAM-treated rat
displays behavioral deficits that are consistent with the positive, negative and cognitive
symptoms of schizophrenia in humans. Finally, there is increasing evidence that the
neurophysiological deficits underlying these aberrant behaviors are associated with aberrant
hippocampal and prefrontal cortical functioning. Thus, the MAM-G17 model recapitulates a
pathodevelopmental process leading to a pattern of changes consistent with schizophrenia in
rodent offspring. It should be mentioned that gestational MAM administration does not
necessarily reflect the etiology of schizophrenia in humans. Nonetheless, the MAM model
provides a valid disruption in key neuronal systems that, when placed in the context of complex
human brain and behavioral patterns, results in the complex psychopathology that is
schizophrenia. The ability to examine the functional interactions among these systems and how
disruption within these circuits affects information processing is central to gaining a better
understanding of disease and the generation of more effective pharmacotherapies.
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Figure 1.
Enhanced activity within the ventral hippocampus results in an increased activation of the
nucleus accumbens (NAc). The subsequent increase in NAc output inhibits the ventral pallidum
(VP) resulting in the disinhibition of VTA dopamine neurons. This enhanced mesolimbic
dopamine neuron population activity is suggested to underlie the augmented response to
amphetamine in MAM-treated rats and psychosis in human schizophrenia patients.
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Table 1
Comparison of reported deficits in MAM GD17 rats with human schizophrenia patients.

Human Schizophrenia Refs MAM Rodent Model Refs

Decrease in medial temporal lobe volume [34,76,78,79] Reduced hippocampal volume [11,26,35,102]

Increased neuronal density in prefrontal areas 9 and 46 [34] Selective increase in neuronal density in mPFC [11]

Hippocampal neuronal disarray [36] Heterotopias and sporadic neuronal packing in hippocampus [11,26,35]

Sensorimotor gating deficits [37,103-105] Deficit in prepulse inhibition of startle [11,26]

Perseveration [57,61]. Impaired reversal learning [11,44]

Impaired attentional processing [38,41,42]. Deficits in latent inhibition [44,45]

Hypersensitivity to drugs that exacerbate positive symptoms [40,47] Enhanced locomotor response to phencyclidine &
amphetamine

[11,35,53,99]

Dopamine hyperfunction [40,47] Increased dopamine neuron population activity [53]

Decreased PV expression in dlPFC and hippocampus [85] Decreased PV interneuron number in mPFC and vHipp [45,99]

Hypofunctionality of dlPFC and hippocampus by functional
imaging studies

[57] Inability to activate mPFC and vHipp assemblies during a
latent inhibition paradigm

[45]

Hippocampal hyperperfusion at rest [80,82] Increased average firing rate of vHipp neurons [53]

Increased sensitivity to stress [106] Stress-induced disruption in mPFC neuronal plasticity [107]

Working memory deficits [41,54-56] Impaired performance on radial and Y- maze tasks [11,26,44]

Social withdrawal [108-110] Decreased social interaction [26,35]

Symptoms appear after puberty [16-20] Most behavioral deficits emerge post puberty [11,26]
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