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Despite evidence for a role of the dopamine system in 
the pathophysiology of schizophrenia, there has not been 
substantial evidence that this disorder originates from a 
pathological change within the dopamine system itself. 
Current data from human imaging studies and preclinical 
investigations instead point to a disruption in afferent  
regulation of the dopamine system, with a focus on the  
hippocampus. We found that the hippocampus in the 
methylazoxymethanol acetate (MAM) rodent developmental 
disruption model of schizophrenia is hyperactive and  
dysrhythmic, possibly due to loss of parvalbumin interneurons, 
leading to a hyperresponsive dopamine system. Whereas 
current therapeutic approaches target dopamine receptor 
blockade, treatment at the site of pathology may be a more 
effective therapeutic avenue. This model also provided 
insights into potential means for prevention of schizophrenia. 
Specifically, given that stress is a risk factor in schizophrenia, 
and that stress can damage hippocampal parvalbumin 
interneurons, we tested whether alleviating stress early in 
life can effectively circumvent transition to schizophrenia-
like states. Administering diazepam prepubertally at an  
antianxiety dose in MAM rats was effective at preventing the  
emergence of the hyperdopaminergic state in the adult. 
Moreover, multiple stressors applied to normal rats at 
the same time point resulted in pathology similar to the 
MAM rat. These data suggest that a genetic predisposition  
leading to stress hyper-responsivity, or exposure to substantial  
stressors, could be a primary factor leading to the emergence of  
schizophrenia later in life, and furthermore treating stress at a 
critical period may be effective in circumventing this transition.
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Introduction

Schizophrenia is a devastating disorder that affects 
1%–1.5% of the population worldwide. Current 

therapeutic approaches focus exclusively on blockade of 
dopamine (DA) D2 receptors.1 However, there is little evi-
dence that the DA system itself is pathologically impacted 
in this disorder. Over the past decade a shift in thinking 
about schizophrenia has occurred, in which the DA system 
is considered normal, but is likely disrupted by pathology 
in afferent systems that control DA system dynamics.2 In 
order to provide insight into the pathophysiology, treat-
ment, and ultimately prevention of schizophrenia, it is 
essential to understand how the DA system is regulated, 
how dysfunction in afferent systems that show altered 
activity in schizophrenia impact DA system activity, and 
the etiological factors that lead to systemwide disrup-
tions that are observed in schizophrenia patients. Due to 
increasing evidence that the risk for schizophrenia is based 
on an interaction between genetic susceptibility and early 
life stressors,3 we examined the system-level interactions in 
a rodent developmental disruption model of schizophre-
nia based on the Research Domain Criteria (RDoC) sys-
tem which addresses psychopathology from a behavioral 
construct representing a phenotype closely related to clin-
ical manifestations on the one hand and to circuit-based 
interactions on the other.4–6 From this model, insights were 
gleaned into how susceptibility can interact with environ-
mental factors to lead to pathophysiology, and how this 
transition could be circumvented with early intervention.

Dopamine Neuron Regulation and its Relevance for 
Psychopathology

DA neurons display several activity states that are differ-
entially regulated by afferent inputs and are proposed to 
impact behavior in unique manners. The dimensions of 
activity that influence DA neuron output are firing pat-
tern, firing rate, and the proportion of neurons that are 
firing spontaneously. With respect to pattern, DA neurons 
fire in 1 of 2 configurations: Slow, irregular single spike fir-
ing and burst firing (figure 1). Burst firing is a brief phasic 
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activation that occurs when an animal is exposed to a 
behaviorally salient event; hence it could be considered the 
rapid, behaviorally relevant phasic signal that is produced 
in response to discrete events. For the DA neurons in the 
ventral tegmental area (VTA), this is driven by glutamate 
originating primarily in the pedunculopontine tegmental 
afferents acting on NMDA receptors.7 However, for a DA 
neuron to burst fire it must be depolarized and sponta-
neously active.7,8 If the DA neuron is hyperpolarized and 
nonfiring, there is a magnesium block of the NMDA chan-
nel and stimulation fails to change its firing pattern.9 In 
the normal animal, approximately 50% of the DA neurons 
are firing spontaneously; the remainder appear to be held 
in a hyperpolarized, nonfiring state primarily by potent 
GABAergic inputs arising from the ventral pallidum (VP).7 
Therefore, the VP controls the number of DA neurons that 
can be driven to burst fire. In essence, the pedunculopon-
tine glutamatergic input drives the rapid, phasic signal, but 
the VP controls the gain of the system by determining how 
many DA neurons are in the responsive state (figure 1).

The interplay of the phasic burst signal with sponta-
neous activity gain plays an important role in regulating 
the responsivity of the DA system. In particular, the num-
ber of neurons firing, which we termed tonic population 
activity, is regulated by a pathway originating in the ven-
tral hippocampus (vHipp). This glutamatergic projection 
activates the ventral striatal GABAergic neurons, which 

in turn inhibit the VP. This releases the DA neurons from 
the inhibitory influence of the VP and thereby increases 
the number of neurons firing (figure 1).2,9 The vHipp plays 
an important role in regulating the response of the organ-
ism to environmental conditions. Specifically, this region 
is proposed to determine context-dependent responses, 
or determining the appropriate response given the con-
text in which the stimulus occurs.10 For example, a loud 
noise experienced from a safe context, such as one’s own 
house, would not engender as much of a response as the 
same noise occurring when walking in an unsafe area. By 
adjusting the number of DA neurons active, the vHipp 
can adjust the gain of the DA signal to appropriately fit 
the context. Therefore, in the dangerous environment, the 
vHipp causes a high level of DA population activity, such 
that a noise will activate a higher proportion of DA neu-
rons, leading to greater phasic DA release that can drive 
a rapid orientation toward the stimulus to decide on an 
appropriate response (figure  2). However, a dysfunction 
in the ability to modulate the DA system in a context-
dependent manner is proposed to underlie the inappro-
priate interpretation of events that occurs with psychosis.2

Developmental Disruption Model of Schizophrenia

Schizophrenia is a uniquely human disorder; as such, 
development of animal models has been problematic. 

Fig. 1.  Dopamine (DA) neurons exist in distinct states of activity: baseline tonic population activity (ie, proportion firing spontaneously) 
and rapid, salience-driven phasic burst firing. In normal rats, approximately one half  are firing spontaneously, with the other half  
in an inhibited, nonfiring state. This inhibition is maintained by a GABAergic inhibitory input from the ventral pallidum (VP). This 
spontaneous tonic firing state is regulated by the ventral hippocampus (vHipp) through excitatory projections to the nucleus accumbens 
(NAc), which, in turn, inhibits the ventral pallidum (VP) and releases silent DA neurons from inhibition. But only active DA neurons can 
be driven to phasic firing by the pedunculopontine tegmentum (PPTg). Therefore, the number of neurons that are active determines the 
amplitude of the phasic DA response.
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Initial models were based on a hyperdopaminergic state, 
and used acute increases in DA transmission such as 
with amphetamine which, if  given at high doses repeat-
edly, can produce a model of psychosis in humans.11 This 
approach was augmented by studies showing that func-
tional antagonism of the NMDA receptor with phency-
clidine (PCP) and ketamine produces a schizophrenia-like 
state in healthy individuals that included the entire symp-
tom spectrum of schizophrenia.12,13 These data pointed 
to an interaction between NMDA and DA as a patho-
physiological basis for schizophrenia. However, such 
acute pharmacological models fell short in mimicking 
the broad array of symptoms, their persistence, and the 
delayed onset of schizophrenia in humans.

A major breakthrough was the introduction of the neo-
natal vHipp lesion model.14 Drawing from imaging studies 

showing smaller hippocampal volume in the afflicted 
monozygotic twin,15 a lesion of the vHipp performed 
during the early postnatal period was found to engender 
a hyperdopaminergic state that was not present until the 
rat reached adulthood.14 This turned attention toward the 
concept of schizophrenia as a developmental disorder. 
We approached this model system using a different meth-
odology. There is substantial evidence from epidemiolog-
ical studies that insults that occur to the pregnant mother 
during the second trimester increase the incidence of 
schizophrenia births.16 Furthermore, we know that there 
is a strong genetic predisposition for schizophrenia, in 
that the concordance of 2 individuals for schizophrenia 
is a function of the proportion of shared genes.17 Using 
this information, we found that administering the DNA 
alkylating agent methylazoxymethanol acetate (MAM) 

Fig. 2.  The hippocampus regulates DA neuron responsivity based on context. (A) The ventral hippocampus (vHipp) activates the 
nucleus accumbens (NAc) to inhibit the ventral pallidum (VP), driving VTA DA neuron tonic population activity. Pedunculopontine 
tegmentum (PPTg) input acts on tonically active DA neurons to generate phasic bursts of firing: this constitute the behaviorally salient 
rapid DA response. (B) If  an organism is in a benign context where rapid reactions are not necessary, the number of DA neurons firing 
is kept low and the PPTg will only activate phasic bursting in a small population of neurons. As a result, a salient stimulus will trigger 
a calm orienting response. (C) In contrast, if  the organism is in a threatening environment, the vHipp-NAc-VP pathway causes a large 
population of DA neurons to be active, increasing vigilance to the environment. Now the same salient stimulus will cause a larger 
phasic response, driving the organism to rapidly orient to the stimulus to prepare an appropriate response. (D) In schizophrenia, DA 
neuron population activity is in a constant high-activity state. Hence, most of the stimuli the organism encounters will lead to maximal 
dopamine output, resulting in the attribution of strong behavioral importance to stimuli, even to stimuli that should be safely ignored.
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during gestational day 17 (functionally equivalent to the 
human second trimester) produced offspring that dis-
played many of the characteristics associated with schiz-
ophrenia.5,6 This included thinning of the limbic cortical 
structures in regions homologous to those showing thin-
ning in schizophrenia postmortem brains.5 Furthermore, 
as in schizophrenia,18 there was also a selective loss in par-
valbumin-labeled GABAergic interneurons in the vHipp 
and frontal cortex.19,20 These rats also displayed deficits in 
executive or cognitive function typically associated with 
cortical dysfunction, deficits in sensory gating, disrup-
tion of emotional regulation, and enhanced behavioral 
response to PCP and to amphetamine.5,21 Interestingly, 
the hypersensitivity to amphetamine only developed in 
the adult, but was not present prepubertally,5 consistent 
with the late adolescence/early adulthood onset of schiz-
ophrenia in humans.

The increased response to amphetamine in MAM rats 
is consistent with a DA dysfunction in schizophrenia. 
Indeed, there is substantial evidence for an involvement 
of DA in schizophrenia. Thus, all antipsychotic drugs in 
use today act on DA D2 receptors.1 Furthermore, drugs 
that increase DA release will exacerbate schizophrenia 
symptoms and can mimic psychosis in normal.11,22 Finally, 
imaging studies examining raclopride displacement as a 
measure of endogenous DA release showed that schiz-
ophrenia patients exhibit significantly greater amphet-
amine-induced raclopride displacement in the associative 
striatum, with the amplitude of the increase proportional 
to the worsening of psychosis.23 Furthermore, there is 
an increase in fluorodopa uptake in DA terminals in the 
associative striatum, a measure believed to reflect num-
ber of active terminals,2 in schizophrenia patients as 
well as patients showing attenuated psychotic signs.24,25 
Nonetheless, despite decades of research, there is little 
evidence for a dysfunction within the DA system itself; 
instead, current thinking revolves around the concept 
that the DA system is normal, but is being dysregulated 
by other structures.

The Role of the Hippocampus in Schizophrenia

One structure that has attracted attention is the hippo-
campus. This is the area that was found to be smaller in 
afflicted individuals15 and was targeted in the neonatal 
vHipp lesion model.14 Imaging studies have shown that 
the anterior hippocampus of schizophrenia patients is 
hyperactive, with the level of hyperactivity correspond-
ing to the psychotic state.26 Preclinical studies have pro-
vided the link between hippocampal hyperactivity and 
a hyperresponsive DA system. Thus, activation of the 
vHipp of the rat (which is functionally equivalent to the 
human anterior limbic hippocampus)2,27 leads specifi-
cally to an increase in the number of DA neurons firing 
spontaneously, or population activity.8,28 An increase in 
DA population activity would make the DA system more 

responsive to stimuli driving phasic output. In the MAM 
rat, a similar phenomenon is observed—ie, a hyperac-
tivity of the vHipp, along with an increase in VTA DA 
neuron population activity. Furthermore, this increased 
population activity and the behavioral hyper-respon-
sivity to amphetamine is normalized by inactivation of 
the vHipp.28 The increased fluorodopa uptake observed 
in schizophrenia patients, which is believed to reflect an 
increase in the number of active terminals, is consistent 
with an increase in the number of active DA neurons 
driving these terminals.2

An important consideration relates to which DA 
neurons are affected. The DA system is comprised of a 
number of subcomponents that are topographically dis-
tinct with respect to their location, projection site, and 
function. In the rat, the most medial portion of the VTA 
projects to the reward-related nucleus accumbens/ventral 
striatum. At the transition between the lateral VTA and 
the substantia nigra (SN) are the DA neurons that proj-
ect to associative striatum, with the lateral SN project-
ing primarily to the motor- and habit formation-related 
dorsolateral and dorsomedial striatum, respectively.29 In 
primates, the organization is somewhat different, in that 
primates do not have a large VTA; instead, the limbic 
and cortical/associative striatum projecting DA neurons 
are located in the SN with the motor-related neurons; the 
dorsal tier of the SN comprising the limbic and associa-
tive projecting neurons, and the ventral SN tier compris-
ing the more motor-related systems.30,31 The DA neuron 
population that is activated in the MAM rat is primarily 
located in the lateral VTA,32 a region that projects to the 
associative striatum, which is the striatal area found to be 
hyperresponsive in schizophrenia patients.33,34

How could a hippocampally driven hyperresponsive 
DA system contribute to the psychotic symptoms of 
schizophrenia? As outlined above, a major function of 
the vHipp in rats is context-dependency10 that determines 
the state of responsivity of the DA system by adjusting 
the number of DA neurons that are responsive to stimuli. 
This is dependent on environmental contingencies in the 
normal individual. However, in schizophrenia patients, 
this fine-tuning of DA system responsivity appears sub-
verted; with the vHipp being constantly overactive, all of 
the DA neurons would be in a maximally responsive state 
independent of context. Now any stimulus that arrives, 
salient or not, will cause a massive DA response. In these 
conditions, the schizophrenia patient would over-respond 
to all stimuli as if  they were all maximally important, with 
an inability to segregate salient from nonsalient stimuli. 
Furthermore, the high response given to what should be 
neutral stimuli, such as strangers talking to each other 
across the room, could lead to confabulation in order to 
explain the intense emotional/threat response originat-
ing from the DA system. This has been termed “aber-
rant salience.”35,36 This would also be consistent with the 
reported inability of schizophrenia patients to respond in 



152

A. A. Grace & F. V. Gomes

a context-dependent manner37 due to dysfunctions within 
the vHipp salience network.

This raises the question of why the limbic hippocam-
pal region is hyperactive in schizophrenia patients. One 
of the most robust findings in postmortem schizophrenia 
brains is the loss of the calcium-binding protein parval-
bumin (PV) that is contained in a class of GABAergic 
inhibitory local-circuit neurons. This marker is decreased 
in both the prefrontal cortex (PFC) and hippocampus 
of schizophrenia patients.18 Because PV is a high-affinity 
calcium binding protein, PV allows neurons to fire at high 
frequencies by shortening the spike after hyperpolariza-
tion. For this reason, PV neurons are required for the 
generation of high-frequency evoked gamma rhythms.18 
Stimulus-evoked gamma rhythms are found to be dis-
rupted in schizophrenia18 as well as in the PFC and vHipp 
of MAM rats.20 Therefore, it is likely that the decrease in 
inhibitory PV neurons in the vHipp leads to a disruption 
of rhythmic activity and increased responsivity of the DA 
system. Moreover, the vHipp projects to regions beyond 
those that regulate DA neuron activity, such as the PFC 
and the amygdala. Given that the hippocampal inputs to 
the PFC and to the amygdala are important for cognitive 
performance and emotional regulation,38,39 respectively, a 
disruption of vHipp activity and rhythmicity could lead 
to dysregulation in these domains, which may underlie 
the cognitive and negative symptoms of this disorder 
(figure 3).2

From Pathophysiology to Treatment

Given evidence that psychosis may be due to an over-
active limbic hippocampus driving a hyperresponsive 
DA system, what approach could be used to normal-
ize this activity state? Current treatment strategies rely 
on blockade of D2 receptors.1 However, blockade of 
receptors may not represent the therapeutic mechanism 

of action—ie, with receptor blockade the system has a 
number of homeostatic mechanisms to compensate for 
this loss of input, including increased DA neuron popu-
lation activity, increased tyrosine hydroxylase activity, 
increased D2 receptor number, etc.40,41 Furthermore, 
this would not impact the pathologically high DA neu-
ron population activity. Another possibility is antipsy-
chotic drug-induced depolarization block.41 In normal 
rats, administration of first- or second-generation anti-
psychotic drugs for 3 weeks or longer leads to a depo-
larization-induced inactivation of DA neuron activity,42,43 
which would functionally decrease the heightened popu-
lation activity. Moreover, the site of action of the depo-
larization block is consistent with the therapeutic effect, 
with first-generation drugs that have therapeutic efficacy 
but also extrapyramidal side-effects causing block in both 
the VTA and SN DA neurons, whereas second-generation 
drugs, which are unlikely to induce extrapyramidal effects 
at therapeutic doses, only cause block in the VTA DA 
neurons.42,43 One factor that is not consistent with this, 
however, is that antipsychotic drugs have a much more 
rapid onset of action in schizophrenia. However, in con-
trast to the normal rat, in MAM rats only a single dose of 
a first- or second-generation antipsychotic drug is neces-
sary to induce depolarization block in the VTA,44 which 
is consistent with the clinical picture.45 We believe that 
this is due to the already-present hippocampal overdrive 
causing maximal DA population activity, which removes 
a compensatory mechanism for D2 receptor blockade. In 
this excited state, the feedback excitation caused by D2 
blockade would combine with hippocampal overdrive 
leading to a rapid induction of depolarization block. 
Since a more active VTA DA system is more susceptible 
to induction of depolarization block, one would predict 
that a higher degree of psychosis would correspond to a 
faster/better antipsychotic action, which is a consistent 
finding in schizophrenia. Furthermore, if  the DA system 

Fig. 3.  In schizophrenia, the hippocampus is proposed to be hyperactive, leading to an overdrive in the responsivity of midbrain DA 
neurons that project to the associative striatum. This is proposed to underlie the positive symptoms of schizophrenia. Additionally, a 
hyperactive, dysrhythmic limbic hippocampus can also interfere with the function of other circuits. Thus, the hippocampus-prefrontal 
cortex (PFC) projection would lead to disruption of PFC activity and rhythmicity, leading to cognitive disruption. Moreover, the 
hippocampus-basolateral amygdala (BLA) projection would interfere with the BLA-limbic cortical control of emotional responses, 
possibly leading to negative symptoms. Therefore, a hyperactive, dysrhythmic limbic hippocampus potentially disrupts multiple 
interconnected circuits, and could contribute to all 3 symptom classes of schizophrenia.
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is not sufficiently overdriven at the basal state, induc-
tion of depolarization block would be more difficult to 
achieve—this is consistent with studies showing that 
schizophrenia patients with a low f-DOPA uptake (which 
we believe is a correlate of DA population activity) are 
more likely to be treatment non-responders.46

It should be noted that induction of depolarization 
block does not return the DA system to its “normal” state. 
This is likely due to the fact that the drugs are not work-
ing at what we believe is the site of deficit in the schiz-
ophrenia brain (ie, loss of hippocampal PV neurons), 
but instead is working 5 synapses downstream from this 
deficit, in blocking D2 receptors in the associative stri-
atum (figure 4). A more effective approach would be to 
treat at the site of deficit, which would be the decreased 
PV-GABA inhibition of pyramidal neurons in the vHipp. 
One means to increase GABA transmission is with a 
positive allosteric modulator, such as a benzodiazepine. 
However, benzodiazepine receptors are ubiquitous in the 
brain, and strongly potentiating GABA would induce 
sleep. GABAA receptors are pentameric structures, with 
benzodiazepines binding to the alpha subunit. There 
are actually 7 different alpha subunits, with different 

pharmacological properties.47 However, only the alpha 
5 is found in high concentrations in the hippocampus.48 
Therefore, we tested a novel alpha 5 GABAA positive 
allosteric modulator in this system. We found that this 
compound is selective for the vHipp as opposed to other 
cortical areas, and moreover in the MAM rat reversed 
vHipp hyperactivity, amphetamine hyper-locomotion, 
and restored DA neuron population activity to baseline, 
without producing substantial effects in controls.49

These data suggest that this novel alpha 5 GABAA 
positive allosteric modulator could be an effective anti-
psychotic drug. However, similar drugs designed to work 
on this system, while showing promise preclinically, have 
failed in the clinic; this includes Roche’s glycine transport 
inhibitor, Lilly’s mGluR2,3 agonist, and Pfizer’s PDE-10 
inhibitor.50–52 Why are these drugs that appear to be effec-
tive preclinically by selectively targeting the deficit in the 
schizophrenia patient’s brain found to be ineffective in 
the clinic? One likely problem relates to the patient pop-
ulation tested. Whereas the MAM rats treated with the 
GABAergic drug had no prior exposure to antipsychot-
ics, in clinical trials the novel compounds are tested on 
patients that have been treated with D2 antagonist anti-
psychotic drugs for many years or even decades, and then 
are withdrawn from the drug for only 1–2 weeks. While 
such a washout period may be adequate to decrease blood 
levels of the antipsychotic drug, it is clear that there are 
many other actions of the drug that will not reverse in so 
short of a time; in particular, DA supersensitivity from 
increased D2 receptor number.41 Indeed, we found that 
if  we pretreated MAM rats with haloperidol for just 3 
weeks (sufficient to induce depolarization block) and 
then withdrew the drug for 1 week, the alpha 5 GABAA 
positive allosteric modulator was now completely ineffec-
tive at reversing amphetamine hyperresponsivity or DA 
population activity; in fact, even vHipp inactivation did 
not restore the basal state.53 This would be due to the trial 
design—with such a short washout and the presence of 
DA supersensitivity, the only approach that could effec-
tively treat the supersensitive hyperdopaminergic state 
would be another D2 antagonist. Therefore, it is likely 
that many of these compounds that failed in the clinic 
may have done so due to issues with respect to prior drug 
exposure.

Early Intervention as a Means of Prevention

While novel therapeutic targets may be more effective in 
treating schizophrenia, a more effective approach would 
be to prevent the transition to psychosis earlier in life. 
It is known that the duration of untreated psychosis 
leads to a worse prognosis. One risk factor that has been 
associated with worsening of psychosis in schizophrenia 
is stress.54 Indeed, stress may play a role in the etiology 
of this disorder. Thus, in studies of children at risk for 
schizophrenia, the individuals that showed the greatest 

Fig. 4.  Data from preclinical models and schizophrenia imaging/
postmortem findings suggest that the site of deficit in the 
schizophrenia brain likely involves a decreased PV interneuron 
inhibition of pyramidal neurons in the limbic hippocampus. 
Current therapeutic approaches to schizophrenia rely on blocking 
DA receptors in the associative striatum to attenuate the impact 
of DA system overdrive. However, blocking D2 receptors is acting 
5 synapses downstream from where we believe the deficit driving 
schizophrenia is located. As a result, it is not surprising that D2 
antagonist antipsychotic drugs are not as efficacious as one that 
targets diminished inhibition in the limbic hippocampus.
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stress response tended to convert to schizophrenia later 
in life.55 Furthermore, epidemiological studies have 
shown that childhood stress or trauma is positively asso-
ciated with schizophrenia onset in late adolescence/early 
adulthood.54 When examining MAM rats, studies have 
shown that prepubertally there is little in the way of the 
pathology observed in the adult rat with respect to DA 
dysfunction.5 However, during the late prepubertaly per-
iod MAM rats exhibit several indices of increased stress, 
including increased vocalization to footshock indicative 
of increased response to stressors, anxiety-like behavior, 
and increased baseline basolateral amygdala neuron fir-
ing.56–58 Furthermore, studies have shown that stress59 as 
well as induced seizures in the amygdala60 can lead to PV 
neuron loss in the hippocampus. If  stress plays a role in 
the etiology of schizophrenia, then decreasing stress dur-
ing the vulnerable prepubertal period could circumvent 
the damage that leads to the emergence of schizophrenia 
later in life. Indeed, we found that administering the anti-
anxiety agent diazepam at a dose sufficient to attenuate 
anxiety and reverse amygdala hyperactivity58 decreased 
PV neuron loss and prevented the emergence of DA 
hyper-responsivity in the adult MAM rat.57,61

Stress and the Critical Period

The fact that stress-induced changes consistent with the 
transition to psychosis can be prevented in the MAM rat 
raises an interesting concept; ie, if  MAM can be circum-
vented by relieving stress, then MAM does not “cause” 
schizophrenia, but instead MAM causes the animal to be 
hypersensitive to the deleterious effects of environmental 
stressors.62 Indeed, such a concept may be extended to the 
schizophrenia patient—ie, it is known that genetics alone 
does not determine schizophrenia, since identical twins 
have only a 50% concordance despite identical genetic 
makeup,17 it is know that environmental stressors can 
increase the probability of psychosis in susceptible indi-
viduals,3,63 and finally as much as 1/3 of schizophrenia is 
not familial.17 If  this were the case, one might expect that 
stressing a normal rat to a sufficient extent could lead to 
a pathology similar to that observed in the MAM rat. To 
test this, normal rats were given stressors during the same 
prepubertal period used in the diazepam experiment in 
MAM rats. We found that only normal rats exposed to 
combined footshock and restraint stress during postnatal 
day (PD) 31–40 showed increased amphetamine-induced 
locomotion and increased VTA DA neuron population 
activity as adults that was similar to that observed in 
MAM rats.64 Interestingly, the primary DA neuron pop-
ulation that was affected by prepubertal combined stress-
ors was the lateralmost VTA, which is the DA neuron 
population that projects to the associative striatal regions; 
the same regions showing hyper-DA states in schizophre-
nia patients.33,34 In contrast, administering the combined 
stressor in adulthood had a very different effect—there 

was a short-term decrease in VTA population activity,65 
a condition that is more consistent with depression than 
with schizophrenia.66–68

What would make an individual hyperresponsive to 
environmental stressors? One brain region that has been 
shown to potently attenuate stress responses in the amyg-
dala is the medial PFC.69,70 Thus, stimulation of the pre-
limbic PFC region will attenuate basolateral amygdala 
neuronal responses to stressors.69 This would suggest 
that loss of activity in this region may disrupt stress reg-
ulation. Indeed, we found that lesions of the prelimbic 
PFC conducted at PD25 caused normal rats to exhibit 
increased anxiety. Furthermore, exposure to footshock 
alone during this prepubertal period, which was insuffi-
cient to change VTA DA neuron population activity in 
intact rats, resulted in increased DA neuron population 
activity and increased amphetamine-induced locomotion 
in the adult rats that had received the early prelimbic pre-
frontal lesions.64 Therefore, a combination of predisposi-
tion in terms of effectively dealing with stress, combined 
with prepubertal stress exposure, may determine whether 
an individual transitions to psychosis later in life.

Why is the prepubertal period unique in its suscepti-
bility to stress-induced PV interneuron damage? Studies 
have shown that the PV interneurons play a unique role 
in neuronal systems development. Early in life, PV neu-
rons exhibit a substantial amount of plasticity, with glu-
tamatergic synapses forming and being removed as the 
organism learns to deal with environmental contingen-
cies. However, this plasticity comes at a price, in that the 
PV neurons are highly vulnerable to stressors at this time 
point. Thus, oxidative stress, glutamate drive, high-fre-
quency firing, could all contribute to pathology and cell 
death. However, after puberty the PV neurons develop a 
perineuronal net that protects them from damage.71 For 
this reason, the timing of the stressor is critical in deter-
mining the pathology produced.

Summary

In this review, we provide an overview of schizophrenia 
pathophysiology and etiology, and how animal models 
can inform us about the circuitry that may underlie tran-
sition to psychosis. While this admittedly advances one of 
many possible circuits underlying schizophrenia etiology, 
validation is critically dependent on parallel experiments 
conducted in schizophrenia patients to both provide 
insight into circuits that are involved in schizophrenia. 
This also provides information regarding the impact 
of stress on psychiatric disorders, and particularly with 
respect to the timing of these stressors—stressors that 
impact an individual before puberty can lead to PV neu-
ron loss and the emergence of schizophrenia in the adult; 
however, stressors experienced as an adult are more likely 
to lead to depression. Indeed, this common factor of 
stress vulnerability may be why both schizophrenia and 
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depression run together in families. This points to a deli-
cate balance between genetic predisposition to the impact 
of stressors, the balance between plasticity and stress-
induced damage to circuits, and the resilience to stress-
ors experienced by an individual. It may also point to a 
mechanism to prevent schizophrenia—ie, by identifying 
individuals at high risk for schizophrenia based on fam-
ily history and early hyper-responsivity to stressors. One 
approach that can be used in humans would be psycho-
social interventions, either via cognitive behavioral ther-
apy or family intervention, to treat the vulnerable person 
how to best circumvent stress. In this way, translating ani-
mal models to the human condition and back again can 
provide us with the unique insights necessary to under-
stand the etiology and pathophysiology of schizophrenia, 
develop novel treatments that move beyond serendipity 
to target the site of pathology, and interventions early in 
life that may decrease the emergence of psychosis.
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