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Abstract

Traditionally, animal models of schizophrenia were predominantly pharmacological constructs
focused on phenomena linked to dopamine and glutamate neurotransmitter systems, and were created
by direct perturbations of these systems. A number of developmental models were subsequently
generated that allowed testing of hypotheses about the origin of the disease, mimicked a wider array
of clinical and neurobiological features of schizophrenia, and opened new avenues for developing
novel treatment strategies. The most thoroughly characterized (~100 primary research articles) is the
neonatal ventral hippocampal lesion (NVHL) model, which is the subject of this review. We highlight
its advantages and limitations, and how it may offer clues about the extent to which positive, negative,
cognitive, and other aspects of schizophrenia, including addiction vulnerability, represent inter-
related pathophysiological mechanisms.

1. Introduction

Schizophrenia is a complex psychiatric condition affecting ~1% of the world’s population. It
is characterized by profound disturbances of mental functions and subtle brain abnormalities.
Importantly, this disorder is thought to arise from a combination of genetic, developmental and
environmental factors (Figure 1) [1]. Because of the diversity of symptoms, and heterogeneity
of biological findings, schizophrenia may actually be a cluster of closely-related diseases,
further complicating our understanding of its pathophysiology. Still, common
pathophysiological pathways may exist while various modulatory factors may differentially
alter disease processes within specific brain regions and/or circuits leading to differential
expression patterns of positive, negative and cognitive symptoms [1-4]. This interpretation is
reinforced by a number of studies that implicate a variety of brain structures in the
pathophysiology of schizophrenia [1,3-5], many of which are anatomically and functionally
interconnected, and are crucial in determining appropriate decision making outcomes in
response to external stimuli [3,5].
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Over fifty animal models of schizophrenia have been described during the past 30 years (see
Schizophrenia Research Forum - http://www.schizophreniaforum.org). Each of these models
has their advantages and limitations, and they differ in the degree to which they model certain
focal aspects of schizophrenia. Up until the early 1990’s, animal models of schizophrenia were
predominantly pharmacological constructs focused on phenomena linked to dopamine and
glutamate neurotransmitter systems, achieved by direct perturbations of these systems. A major
heuristic limitation of these approaches was that they left out a number of key features attributed
to schizophrenia such as its developmental pathogenesis, its cognitive deficits, and the impact
on other neurotransmitter systems and neuroanatomy beyond those directly manipulated.
Although the dopaminergic system has been strongly implicated in schizophrenia [1-4], and
dopamine-based models have been important for screening drugs with dopamine blockade-
based anti-psychotic efficacy [6-9], dopamine-linked behaviors are not uniquely prominentin
this psychiatric condition and drugs with anti-dopaminergic efficacy do not always ameliorate
schizophrenia symptoms. Thus, novel heuristic models that encompass a wider array of clinical
and neurobiological features of schizophrenia (Figure 1) were needed to define major
pathophysiological pathways or mechanisms that may be targeted by new treatments.

The most thoroughly characterized (~100 primary research articles) heuristic
neurodevelopmental animal model of schizophrenia available today is the neonatal ventral
hippocampal lesion (NVHL) model [3,4,10]. This model, conceived by Lipska, Weinberger
and colleagues in the early 1990’s, was inspired by an attempt to capture prominent aspects of
schizophrenia unaddressed by pharmacological models. Emerging brain imaging evidence at
the time, pointed to a lateral ventricular enlargement and hippocampal changes in
schizophrenia patients not consistent with acute, adult-age insults. Various studies suggested
that environmental stressors such as obstetrical complications, infectious diseases affecting
pregnant mothers in the second to third trimester of fetal life or malnutrition, carried increased
risk of schizophrenia in the offspring. Putting these elements together parsimoniously, led to
exploration of the impact of experimentally induced ventral hippocampal cell loss. Seven-day
old rat pups (postnatal day -PD- 7) were used as this is a time point comparable to vulnerable
phases of fetal hippocampal development during the second to third trimester of humans
[11]. As a heuristic neurodevelopmental model, the NVHL triggers a number of behavioral,
molecular and physiological changes reminiscent of a variety of aspects of schizophrenia that
emerge at a particular time in development, i.e., around young adulthood/adolescence.

As reviewed next, a host of studies indicate that in NVHL rats, not only are multiple clinical
features of the syndrome manifest, but the development and function of multiple brain systems
are affected, including the frontal and medial temporal lobes, the ventral striatum, and the
mesocorticolimbic dopamine system (Figure 2). Genetic background, environmental factors
and pharmacological interventions can all modulate the behavioral and neurobiological aspects
of the NVHL syndrome [1,12], demonstrating the utility of this model for exploring the
interaction of diverse causative factors in disease pathogenesis. We aim to provide a
comprehensive overview of findings on the NVHL model, highlighting its advantages and
limitations, and how it may offer clues about the extent to which positive, negative, cognitive,
and other syndromal aspects of schizophrenia represent inter-related pathophysiological
mechanisms.

2. Behavioral Syndrome

It is widely accepted that a strong developmental component underlies the pathophysiology of
schizophrenia [1-3]. Developmental models, while targeting different brain structures for
producing diverse behavioral phenotypes, commonly aim to disrupt the normal developmental
process of a given neurocircuitry. Studies focused on neonatal damage of the hippocampus
(NVHL) in rats [3,13-21] and in monkeys [22-25] involve compromise of hippocampal
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regions that directly project to the prefrontal cortex and ventral striatum (Figure 2). The ventral
hippocampus in the rat corresponds to the anterior hippocampus in humans, a region that has
been consistently implicated in human schizophrenia [26-36]. Developmental ventral
hippocampal damage produces abnormalities in a number of dopamine-related behaviors that
typically emerge late in adolescence and early adulthood, resembling the delayed onset of
psychotic symptoms in schizophrenia (Figure 3) [4,37]. Other NVHL-induced behavioral
anomalies also bear close resemblance to those observed in schizophrenia, such as negative-
like symptoms and cognitive deficits [3,18,38-43].

Rats with a bilateral NVHL exhibit a post-adolescent onset of hyperresponsivity to
pharmacological or environmental stimuli known to provoke mesolimbic dopamine efflux (e.g.
non-specific mild stress, novelty, amphetamine, apomorphine) [18]. Also, NVHL rats are less
cataleptic to haloperidol and more sensitive to apomorphine compared to sham-operated rats
[43]. These behavioral abnormalities can be reversed by treatment with both classical and
atypical antipsychotic drugs [44]. Antipsychotic drugs given in adulthood (43) or during
adolescence and up to adulthood (PD 35-56) prevent the exaggerated hyperactivity in response
to amphetamine [45]. NVHL rats also show enhanced sensitivity to glutamate antagonists such
as MK-801 and PCP, deficits in prepulse inhibition (PPI) and latent inhibition [12,13,17,18,
38,43,44,46], phenomena showing many parallels with positive symptoms of schizophrenia
(Figure 3).

NVHL animals show deficits in social behaviors i.e., they spend less time engaging in social
interactions and frequently demonstrate aggressive behavior [13]. It is thought that these
deficits could be due to failures of social memory [47]. When tested as juveniles (PD <35),
NVHL rats are less social than controls [48], but behave normally in motor tests involving
exposure to stress and dopamine agonists. Interestingly, the appearances of social interaction
deficits are not of developmental onset like the positive-like symptom traits. Social interaction
deficits occur at both pre- (PD 35) and postpubertal (PD 65) ages and do not respond to
antipsychotic drugs [48]. Deficits in grooming have also been reported in NVHL rats, perhaps
in association with a decrease in social interactions [49] (Lipska, Tseng, Chambers,
unpublished observations). However, neonatal lesion of the prefrontal cortex prevented the
appearance of grooming deficits and novelty-induced hyperactivity in postpubertal NVHL rats
but not deficits in social behaviors [49].

Spatial learning and memory tasks dependent on frontal-cortical/hippocampal cooperation
(i.e., eight arm radial maze task) are profoundly altered in NVHL rats even before puberty and
into adulthood [3]. Interestingly, NVHL rats demonstrate adequate sensorimotor functions and
appropriate motivation to escape when tested in a cued Morris water-maze task [40]. However,
NVHL rats show impairments in place learning and memory of the location of a submerged
platform when compared to controls. These deficits become evident only after puberty.
Similarly, NVHL rats exhibit deficits in both continuous delayed and discrete paired-trial
variable-delay alternation tasks [50]. Importantly, the performance in these tasks remains
unaltered in rats that received adult lesion of the ventral hippocampus [50]. These findings
suggest that the neonatal lesion elicits long-lasting deficits in working memory tasks, in
particular, the capacity to acquire and retain information in tests of spatial and avoidance
learning.

In summary, these behavioral results show that an early developmental insult of the ventral
hippocampus reproduces a broad spectrum of schizophrenia-related phenomena, some of
which, but not all are responsive to treatment with classical and atypical antipsychotic drugs,
despite the fact that the lesion does not target the dopaminergic system directly. Behavioral
anomalies obtained in the NVHL model bear close resemblance to those observed in
schizophrenia and are thought to mimic aspects of positive- and negative-like symptoms as
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well as cognitive deficits [3,18,38-43]. Thus, the NVHL model replicates and combines
different phenomenological aspects of schizophrenia (Figure 1) into one experimental platform
as a comprehensive developmental model (Figure 3).

3. Modifying Factors of the NVHL syndrome

3a. Sex and hormones

There are gender differences in quality of presentation of symptoms in schizophrenia, with
males tending to have earlier onset in some cases [51]. In the NVHL model, the emergence of
behavioral changes in adolescence appears, however, not to be associated with the surge of
gonadal hormones during puberty as a similar temporal pattern of abnormalities is found in
animals depleted of gonadal hormones prior to puberty [52] and no differences in cognitive/
working memory effects of NVHL were observed between male and female rats [3]. However,
differences were reported in the age of onset and intensity of abnormal motor responses, with
male rats showing hyperactivity emerging earlier and being more pronounced than in females
[53]. Thus, although neural circuits underlying NVHL-induced behavioral changes are robust
and insensitive to hormonal modulation, there may be other developmental differences between
the sexes that contribute to the different pattern of abnormal behaviors emerging as a
consequence of the neonatal hippocampal lesion.

3b. Environmental context

It is thought that early life environment may alter adult behavioral phenotypes, and perhaps
interact with developmental insults to produce a unique pattern of changes. One of the powerful
modifiers of behavior is maternal care, shown to influence development of the hippocampus
and cognitive functions in humans and in rodents [54]. Variations in maternal behavior (high
levels of pup licking and grooming and arched-back nursing vs. low levels of these measures)
can alter the robustness of the NVHL lesion phenotype [55,56], possibly by interacting with
the down stream developmental effects of NVHL on prefrontal cortical function.

Social-environmental conditions occurring later in pre-adult development may also impact
adult behavior. For instance, peri-adolescent impoverishment of social contacts has long term
behavioral effects in adulthood and has been proposed as a model of some aspects of
schizophrenia in its own right [57]. Post-weaning (i.e., PD> 22) social isolation in normal rats
(singly housed vs. housed in groups of three) produces part of the “positive” component
syndrome (e.g., novelty-induced locomotion) resembling that observed in the NVHL model.
Such early social isolation in NVHL rats further exaggerates neurochemical, morphological
and behavioral consequences of the lesion consistent with complex biological-environmental
stress diathesis theories describing the development of various psychiatric disorders [58,59].
Non-social stressors also have detrimental effects on the NVHL phenotype. For instance, both
tail pinch and restraint exaggerate changes in prefrontal cortical and nucleus accumbens
chemistry [60-62], and acute foot-shock leads to enhanced and prolonged neural and
neuroendocrine responses in NVHL animals [63]. Combining developmental/environmental
contingencies with the NVHL model exaggerates the abnormal outcome and may be perhaps
analogous to the effects of drugs of abuse, such as PCP, which also potentiate the NVHL
syndrome [64]. These findings demonstrate the utility of the NVHL model for exploring
multiple neurobiological/environmental hit hypotheses. In addition, the importance of
developmental critical periods sensitive to environmental learning, and stress as contributors
to the severity of pathophysiology in the NVHL model and in schizophrenia is highlighted.

3c. Developmental pathology: lesion timing, laterality and size

There is not doubt that developmental lesion models represent a rather crude technique to study
the role of particular brain regions, transmitter systems or the connections between
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neurocircuits. They lack construct validity, as the schizophrenic brain does not manifest a
“lesion” analogous to this model. However, the neurodevelopmental damage approach has
generated animal models with great heuristic value, in particular for discovering neural and
behavioral consequences of the initial injury distal to it both anatomically and in terms of
developmental timeline. In this respect, the NVHL model appears to have face validity as it
incorporates many aspects of behavioral, cellular and pharmacological phenomena as well as
the temporal course of clinical onset of the disorder (Figure 3).

The effect of the NVHL is critically dependent on the timing of the lesion. When performed
early, before or on PD 7, the behavioral changes are pronounced and appear with a
developmental delay, whereas lesions performed later (e.g. PD 14, 21 and in adulthood) do not
show a delayed profile of changes, abnormalities are less pronounced and qualitatively
different [65-66]. Unilateral lesions, as compared with bilateral lesions, produce a smaller
magnitude but same quality of effects in some domains (cognitive deficits) [3], but a
qualitatively different pattern of effects in others (e.g. in response to natural and drug
reinforces) [67].

It is not well understood how different phenotypic components of the NVHL syndrome could
be differentially affected by lesion extent or laterality, but sparing of some elements of the
hippocampal formation may be required for robust expression of the NVHL syndrome. The
extent of ibotenic-acid induced NVHL damage that persists into adulthood ranges from local
neuronal loss and cellular disarray to extensive ablation of the ventral hippocampus (Figure
4). While it has been reported that smaller NVHL damage results in weaker “positive”
component phenotypes [12], larger lesions encompassing more of the dorsal hippocampus and
portions of entorhinal cortex, can also weaken the phenotype [68].

Altogether, studies examining timing, laterality and lesion extent provide evidence that the
NVHL syndrome is triggered by a spatially restricted defect during a specific phase of early
cortico-limbic development. Such a triggering process may depend just as much, or more, on
location and developmental timing, as on lesion modality or size. Indeed, developmentally
transient inactivation of the ventral hippocampus, produced without gross anatomical changes,
appears sufficient to generate an NVHL-like syndrome. Delivery of tetrodotoxin (TTX), a
potent and specific blocker of voltage-gated sodium channels to the ventral hippocampus on
PD7, results in behaviors and temporal patterns of symptom onset similar to those produced
with ibotenic acid lesions [50]. As adults, neonatally TTX-infused rats exhibit exaggerated
motor hyperactivity in response to novelty, mild stressors, and pharmacological stimulation
(amphetamine and MK-801). Notably, analogous TTX infusions in adult animals do not alter
these behaviors later in life. These results suggest that even transient loss of ventral
hippocampal function during a critical phase of cortico-limbic maturation permanently changes
the development of downstream neural circuits mediating certain dopamine- and NMDA-
related behaviors. To the extent that neonatally-treated TTX rats do not experience a gross
lesion of the ventral hippocampus, this approach improves the NVHL model in terms of
anatomical construct validity. However, this improvement also comes at some cost in terms of
experimental practicality. Precisely because the TTX manipulation delivers no gross lesion,
confirming the location of the intervention is more difficult. Also, the magnitude of TTX-
induced behavioral disruptions is smaller compared to NVHL animals such that NVHL rats
exhibit about a 50% increase in spontaneous and amphetamine-induced locomotor activity
above controls, whereas TTX increases these measures by about 20% [18,42]. In light of the
TTX model findings, the NVHL model appears to provide a more practical approach—that is
both robust in effect, and easily verifiable by routine histological inspection—for achieving a
developmental model that re-capitulates the complex aspects of schizophrenia.
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3d. Genetics and Strain

Schizophrenia is a highly heritable disorder that probably involves multiple genes with small
effects across large populations. Recently, numerous putative candidate genes have been
recently identified [69]. Genetic mouse models offer great advantages in investigating roles of
particular genes implicated in schizophrenia, and possibly gene-environment interactions.
However, they also have serious limitations, e.g., genetic manipulations, which most often
begin at conception, trigger various adaptive responses that may change or preclude emergence
of behavioral phenotypes. The NVHL model enables testing responses to early insult in the
hippocampus on different genetic backgrounds, rather than in the absence of a particular
candidate risk gene. Indeed, by comparing rat strains receiving NVHL, it was shown that
genetic factors can influence the behavioral anomalies induced by the neonatal disruption of
the ventral hippocampus [12]. Lesions of the same size in Lewis, Fisher 344 and Sprague-
Dawley rats result in different phenotypes and different age of onset of the “positive”
components of the syndrome [12], indicating that genes convey susceptibility to NVHL
phenotype and possibly latent traits observed in schizophrenia [1,12]. Moreover, the results
from the NVHL model suggest that variations in genes involved particularly in hippocampal
development can be risk factors for schizophrenia. For example, variation in the DISC1 gene,
produced via a balanced chromosomal translocation is implicated as a susceptibility factor for
major mental illness. DISCL1 is highly expressed in the hippocampus, especially during prenatal
development. Based on animal studies, risk variants in DISC1 exert their pathological role by
affecting hippocampal neurogenesis and neurite outgrowth [1,70,71]. In this context, the
NVHL model may be viewed as a crude model of a genetic “lesion” in which early maturational
events are severely disrupted.

4. Neurobiology underlying the NVHL syndrome

4a. Dysregulation of the prefrontal cortical network

Prefrontal cortical disruption in the NVHL model has been proposed to model cortical deficits
observed in schizophrenia [72]. As previously discussed, many of the behavioral alterations in
NVHL animals do not emerge until puberty and young adulthood [4,37]. Treatment with
antipsychotic drugs can reverse some of the behavioral impairments and physiological
responses associated with the NVHL [41,44,73], suggesting that the functionality of the
mesocorticolimbic dopamine system is altered in these animals. For example, recent in vivo
experiments have demonstrated that prefrontal cortical neurons in NVHL rats exhibit an
abnormal response to mesocortical inputs [72,74]. These changes were observed in
postpubertal rats with a NVHL. Lesions performed in adulthood failed to elicit the abnormal
mesocortical responses, indicating that the altered prefrontal response is due to
neurodevelopmental dysregulation of the mesocortico-dopamine-prefrontal system [4,72,74].
Removal of prefrontal cortical neurons restored some of the behavioral [37] and
electrophysiological [75] alterations induced by the NVHL, suggesting that aberrant
development of the prefrontal cortex triggered by an early disconnection of the hippocampus
is critical for the NVHL syndrome.

It is important to emphasize that anatomical findings from postmortem studies, and
neuropsychological as well as neuroimaging studies of brain function in patients with
schizophrenia have also implicated prefrontal cortical maldevelopment parallel to a
developmental disconnection of the temporal and prefrontal cortices [76]. Similarly,
anatomical studies in the NVHL model suggest that developmental loss of ventral hippocampal
excitatory drive to the prefrontal cortex could trigger postsynaptic structural and molecular
rearrangements. For instance, a decrease of pyramidal neuron dendritic length and spine density
has been reported in the prefrontal cortex of NVHL animals [58,77]. Importantly, social
isolation and stress, two environmental factors known to exacerbate abnormal behavior
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induced by the NVHL, amplified these structural changes, providing further evidence that
altered synaptic plasticity in the prefrontal cortex may lead to the development of the NVHL
phenotype [58]. NVHL animals also exhibit reduced cortical levels of N-acetylaspartate (NAA)
and BDNF, attenuated cortical expression of a membrane glutamate transporter EAAC1 and
glutamate decarboxylase-67 (GAD67) (an enzyme for y-aminobutyric acid -GABA-
synthesis), altered cortical expression of activity-dependent transcription factors, such as c-fos
and A-fosB, and altered firing pattern of prefrontal cortical pyramidal neurons in response to
ventral tegmental area stimulation [42,78-80]. Altogether, these findings indicate that
prefrontal cortical malfunction may be due to aberrant cortical dopamine/glutamate/GABA
interactions as a result of the NVHL (Figure 5). Interestingly, some of these alterations have
been reported in stress- and psychostimulant-sensitization models [81-83], as well as in
schizophrenia [1,2,76], suggesting that early developmental insult of the ventral hippocampus
may facilitate sensitization of the mesocorticolimbic dopamine system, and thereby account
for the adult onset of a variety of dopamine-related abnormalities. It should be noted again that
unlike psychostimulant sensitization models, the NVHL model does not target the dopamine
system directly. It seems likely that neuroadaptations postsynaptic to the mesocorticolimbic
dopamine system predominantly underlie the subsequent behavioral and molecular phenomena
associated with dopamine sensitization observed in the NVHL model.

4b. Developmental disruption of prefrontal dopamine-glutamate interactions

It becomes clear from recent electrophysiological studies [72,74,84-86] that dopamine control
of prefrontal mechanisms of inhibition and excitation is developmentally compromised in the
NVHL model. Prefrontal cortical pyramidal neurons recorded from NVHL animals are more
responsive to NMDA and D1 receptor activation. This selective postsynaptic-mediated
excitability increase was observed only in the prefrontal cortex of post-pubertal (not pre-
pubertal) NVHL animals, suggesting that an early disruption of the hippocampal input to the
prefrontal cortex alters the normal postnatal development of prefrontal D1 and NMDA
responses. Although the underlying cellular mechanisms accounting for these changes remain
to be determined, it is known that D1 receptor activation increases cyclic adenosine
monophosphate (CAMP) signaling and protein kinase A (PKA) activity [87,88]. Postsynaptic
elevation of CAMP-PKA-dependent signaling can potentiate NMDA-mediated excitation in
the prefrontal cortex through a postsynaptic calcium-dependent mechanism [85,86]. D1
receptor activation also induces NMDA receptor trafficking to the postsynaptic membrane
[89], increasing surface expression of NMDA receptors. This interaction could selectively
enhance prefrontal responses to NMDA, and not to AMPA, as observed in the NVHL rats
[84]. Thus, it is tempting to speculate that an abnormal upregulation of these postsynaptic
signaling cascades could be responsible for the augmented prefrontal response to D1 and
NMDA in the NVHL model (Figure 5). These changes would, in turn, contribute to an altered
balance of excitation and inhibition in the prefrontal cortex [90], triggering local mechanisms
of neuronal adaptation that could lead to the hypofunctional prefrontal state observed in
schizophrenia.

4c. Interneuronal dysfunction in the NVHL model: from genes to function

It is widely recognized that cortical inhibitory interneurons play an important role in
determining the timing and spatial selectivity of pyramidal neuron firing [91,92]. GABAergic
interneurons in the prefrontal cortex also receive dopamine innervation from the ventral
tegmental area [93-95], and express both D1 and D2 receptors [96—100]. Perhaps the most
interesting observation is the powerful involvement of both D1 and D2 dopamine receptors in
facilitating local GABAergic function in the adult prefrontal cortex [101] (Figure 5). Although
we know little about how these interactions influence prefrontal function, evidence indicates
that neonatal disconnection of the ventral hippocampus may alter the normal maturation of
prefrontal interneuronal response to dopamine (Tseng et al., 2008 in revision). A deficit in
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prefrontal cortical interneuron has indeed been suggested by the selective downregulation of
GAD-67 mRNA in the prefrontal cortex of NVHL animals [102,103]. Consequently, the
characteristic hyperreactive and hypofunctional prefrontal state observed in NVHL rats [72,
74] could reflect a postnatal disruption of dopamine regulation of prefrontal GABAergic
function that normally matures during adolescence [101]. Although this hypothesis has yet to
be examined, these changes could in part underlie abnormal cognitive performance in NVHL
animals by setting inappropriate coordination between pyramidal neurons and GABAergic
interneurons, which in turn, would alter the spatial selectivity of prefrontal neuronal responses
to excitatory inputs (Figure 5). A similar cortical disruption, involving markers of GABAergic
hypofunction, has been associated with schizophrenia [104]. Thus, acquisition of postpubertal
dopamine control of inhibitory neurotransmission could be critical to fine-tuning prefrontal
output activity responsible for mature cognitive processes, in particular, for engaging
pyramidal neuron activity during working memory and goal-directed behaviors, two
prefrontal-dependent functions that are refined during puberty and adolescence, and appear to
be altered in the NVHL model as well as in schizophrenia.

4d. Dysregulation of subcortical circuits in the NVHL model

Subcortical function in the neonatally lesioned rats is altered in a fashion consistent with at
least some reports on behavioral sensitization [105-108]. Striatal dopamine release is
attenuated in response to stress and amphetamine, midbrain expression of dopamine transporter
mMRNA is reduced, and striatal expression of dynorphin (an opioid peptide co-localized with
D1 receptors) and A-fosB (a transcription factor sensitive to persistent stimulation) are
enhanced [37,79]. It should be noted, however, that enhanced rather than attenuated striatal
dopamine release has been observed under some conditions of behavioral sensitization to
psychostimulants [109] as well as in a subgroup of schizophrenia patients observed in recent
SPECT studies [110-112]. Similarly discrepant are the findings of synaptic morphology —
increased synaptic densities and dendritic length and branching are reported in prefrontal cortex
in sensitization models [113], whereas these parameters are decreased in schizophrenia [114]
and in the NVHL model [77,115]. Nevertheless, an array of behavioral and molecular changes
associated with this model suggests that early developmental insult of the ventral hippocampus
may facilitate some form of sensitization of the dopamine system likely related to alterations
in the way postsynaptic systems respond to dopamine signaling [72,74,84]. Similar
pathophysiological mechanisms have been hypothesized to underlie schizophrenia [116—
118] in parallel to abnormal dopamine-related behaviors of the NVHL syndrome. Unlike
psychostimulant sensitization models, however, the NVHL model does not target the dopamine
system directly and similar sensitization-like phenomena are not seen following an analogous
hippocampal lesion in adult animals. It is of considerable heuristic interest to determine how
the developmental lesion initiates subsequent behavioral and molecular phenomena associated
with dopamine sensitization.

As in the prefrontal cortex, the nucleus accumbens output neurons in NVHL rats respond to
activation of dopamine projections with increased rather than decreased spike firing [73,75].
Although the mechanisms underlying this increase remain to be determined, the effect appears
after puberty. It seems plausible that enhanced mesocortical-evoked prefrontal firing in NVHL
rats triggers abnormal spike firing in the nucleus accumbens as prefrontal cortical lesions in
adult NVHL rats normalize the response [75] and improve abnormal behaviors in these animals
[37]. Abnormalities of dopamine receptor expression resulting from the NVHL [16] could also
mediate the postpubertal emergence of enhanced mesocorticolimbic response as the
mesolimbic dopamine system matures after puberty [119,120]. Given the role of the prefrontal
cortex in the regulation of mesocorticolimbic dopamine activity, it is possible that increased
prefrontal excitability resulting from an early hippocampal disconnection [72,74,84] initiates
a vicious cycle of activation between the ventral tegmental area and the prefrontal cortex that,
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in turn, sustains activity in the nucleus accumbens and other targeted structures (Figure 5).
Thus, cortical and subcortical alterations associated with the NVHL are likely linked [55], and
normal mechanisms of filtering irrelevant information that mesocorticolimbic dopamine
activation exerts [5] are impaired. In this regard, a prefrontal cortical lesion would block this
altered recurrent corticostriatal activation, thereby restoring some functionality to the system
as prefrontal lobotomy was used to alleviate positive symptoms in schizophrenia before the
advent of antipsychotic drugs.

4e. Abnormal prefrontal cortical state in the NVHL model

Functional impairment of the prefrontal cortex, termed hypofrontality, is a landmark of
schizophrenia and is characterized by a failure of the prefrontal cortex to support behavior
[121,122]. Although the neural substrates underlying this distinctive deficit are still under
debate, hypofrontality commonly refers to a lack of prefrontal activation during working
memory tasks [122]. However, recent studies also show absence of changes or even increased
activation of the prefrontal cortex in schizophrenia [121,123-126], suggesting that
hypofrontality could be associated with different degrees of cortical hyperactivity as well as
hypoactivity due to the non-linear relationship between prefrontal activation and task demand
[122,127-129]. Using a blood perfusion magnetic resonance imaging approach, Risterucci and
co-workers [130] found that NVHL rats also exhibit an abnormal pattern of cortico-subcortical
circuit activation reminiscent of classical neuroimaging findings described in schizophrenia.
These findings may correlate with post-pubertal emergence of prefrontal cortical glutamatergic
hyperactivity observed in NVHL rats (see sections 4b, 4c & 4d) [72,74,75,84].

Depending on the strength of the stimulus, activation of the mesocortical dopamine system can
elicit different forms of metabolic responses in the prefrontal cortex [74]. In the NVHL model,
mesocortical activation elicits a hyper-metabolic response in the prefrontal cortex. However,
increasing burst stimulation, which leads to increased prefrontal metabolic response in sham
operated rats, results in a hypo-prefrontal metabolic state in the NVHL rats [74]. This inability
to further increase the response may be a reflection of reduced PFC functional capacity in the
lesioned animals. NVHL-induced neural abnormalities underlying such hyperexcitable
prefrontal cortical state (see sections 4b & 4c) and reduced prefrontal functional capacity, could
be a pathophysiological scenario useful in elucidating mechanisms of cognitive dysfunction
in schizophrenia. In light of this conceptual framework (Figure 5), cortical hypofunctionality
in schizophrenia could be compounded by a hyperglutamatergic and hyper-reactive prefrontal
cortical state [72,74,75,84], as two non-mutually exclusive pathophysiological conditions
[122].

A functional attenuation of cortical GABAergic transmission could contribute to the
hyperexcitable prefrontal cortex and higher metabolic activity observed in the NVHL [72,74,
75,84]. Itis possible that an early inactivation of the hippocampal formation alters the postnatal
maturation of inhibitory interneurons in the prefrontal cortex. Consequently, the exaggerated
mesocortical-evoked prefrontal response [72,74] observed in neonatally lesioned animals
could reflect a developmental disruption of prefrontal GABAergic modulation by dopamine.
These changes may result in reduction of a local inhibitory tone (i.e., D2-GABA interaction)
and an abnormal potentiation of D1 and NMDA responses that normally mature during
adolescence [84,86,101,131]. Therefore, the underlying mechanisms mediating hypofrontality
in schizophrenia may be associated with a reduction of cortical GABAergic function concurrent
with a disruption of mesocortical dopamine modulation of prefrontal glutamatergic
transmission (Figure 5).

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



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tseng et al. Page 10

5. Using NVHL model for understanding the neurobiology of schizophrenia

Research on the NVHL model has provided a number of new insights and avenues into
understanding mechanisms of schizophrenia and related illnesses in ways that were not
necessarily intended at the model’s conception. In this section, we will review the data on how
the NVHL model influenced research on schizophrenia, and how it contributed to novel
hypotheses about the pathophysiology of the disorder.

5a. Reinterpreting the dopamine hypothesis through the lens of the NVHL model

The dopamine hypothesis of schizophrenia is arguably the most influential and historically
well-weathered neurochemical hypothesis of schizophrenia. Its foundation, based on
conclusive evidence that antipsychotic efficacy depends on dopamine receptor blockade, and
that simulation of dopamine transmission (e.g. with psychostimulants) can generate psychotic
symptoms, remains firm. However, a literal interpretation of this hypothesis, suggesting that
schizophrenic brains actually release more dopamine into mesolimbic circuits, has been elusive
to define and/or largely unconfirmed over the last decades, even though pursuit of this evidence
has been a golden grail in schizophrenia research. Quite possibly this research has been
hampered by the frequency with which study subjects have current or past exposure to
neuroleptics, which are themselves known to change parameters of dopamine system function
[132]. Also, as suggested by several recent neuroimaging studies [110-112], the phenomena
may require advanced approaches to detect what amounts to quite subtle changes in dopamine
efflux, still untangled from the effects of acute administration of dopamine-active drugs.

Against this backdrop, investigations on the neurobiological mechanisms underlying the core
positive-like symptom components of the model (e.g. behavioral hyper-responsiveness to
stimuli that evoke dopamine release) are providing a compelling new interpretation of the
dopamine hypothesis. As described in Section 4, the weight of the evidence indicates that
neurobiological changes present in the model corresponding to the positive syndrome, are a
manifestation of developmentally perturbed architecture and functionality of frontal cortical/
ventral striatal neurons and networks that are postsynaptic to, and interpret dopamine signaling.
Moreover, in all four studies published to date that have directly measured dopamine efflux
into the nucleus accumbens of NVHL rats (using microdialysis or voltammetry), net dopamine
efflux into the nucleus accumbens as a whole is either normal or actually decreased at baseline
or in response to stimuli that produce the behavioral hyper-responsivity [15,61,133,134]. These
findings have major implications for where we should look for, and how we should understand
the role of dopamine functionality in schizophrenia. Further, the notion that the dopamine
hypothesis may be mechanistically manifest by abnormal responsivity of brain systems to
dopamine efflux, rather than literally representing changes in dopamine efflux per se, connects
well with emerging findings in research on both addictions and adolescent neurodevelopment,
as described below.

5b. Dual diagnosis

Substance use disorder co-morbidity (i.e. dual diagnosis) in schizophrenia and other mental
disorders is a public health problem of tremendous depth and scope. Schizophrenia patients
suffer from addictions to nicotine, cocaine, alcohol, and cannabis at 2 to 4 fold rates greater
than the general population [135]. This comorbidity is associated with poor outcomes across
virtually all measures that have been examined, including greater rates or severity of treatment
refractoriness and non-compliance, hospitalizations, psychiatric and medical iliness and death,
financial destitution, homelessness, and criminal incarceration [136,137].

Application of the NVHL model in paradigms that examine motivational processes and
addiction-related phenotypes has provided new insights into our understanding of mechanisms
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underlying dual diagnosis and addiction vulnerability. At least three key factors have
contributed to the NVHL model serving as a fruitful investigative platform in this vein. First,
it is a comprehensive and multi-faceted neurobiological and behavioral model of a mental
illness. Similarly, vulnerability to addictions and the addiction process itself, involves events
or traits involving many neural subsystems and behavioral components [138]. Second, and
more specifically as reviewed above, key neurocircuits (e.g. frontal cortical-striatal) and
transmitter systems (e.g. dopamine, glutamate, GABA) involved in motivational control and
adaptation are altered in NVHL model, human schizophrenia, and the in the course of addictive
disease [2]. Third, just as schizophrenia is a disorder of periadolescent vulnerability or onset,
so are addictions [139]. Thus the periadolescent-developmental onset features of the NVHL
model provide a potentially powerful platform for understanding the developmental basis of
addictions and dual diagnosis.

Consistent with these considerations, NVHL rats tested in cocaine self-administration show
signs of enhanced addiction vulnerability through several stages of the addiction process
[67]. They acquire cocaine self-administration more avidly, respond in more impulsive/binging
like patterns during maintenance of cocaine taking, and show enhanced or prolonged drug-
seeking behavior after forced abstinence, or with cocaine-induced reinstatement of drug
seeking. Enhanced installment of the addicted phenotype has also been demonstrated in self-
administration of methamphetamine, a drug that is known to be particularly potent in generating
psychasis, impulsive behavior and addictions in humans [140]. While trait-markers of
behavioral impulsivity are of general interest as pre-morbid endophenotypes or vulnerability
markers for addiction [141], NVHL rats show increased impulsive approach to natural (water)
re-inforcers compared to controls prior to drug exposure that is exclusively exacerbated after
experiencing a cocaine history [142]. Consistent with various descriptions of non-drug related,
(e.g. natural) motivational dysregulation in schizophrenia [143], NVHL rats show various
abnormalities in instrumental responding for food including increased acquisition, particularly
when instrumental contingencies are relatively simple [41,67,144]. Consistent with
enhancement of addiction comorbidity transcending addictive drug classes in schizophrenia,
NVHL rats show increased behavioral activation to early doses of drugs of diverse
psychoactive profiles including cocaine, nicotine, and alcohol [145-147]. Furthermore, a
chronic repeating dosing regimen of all three of these drugs produces a similar, long-lasting
behavioral sensitization profile in NVHL rats that is greater than in controls [145-147]. Given
that behavioral sensitization to addictive drugs involves the same neuro-adaptive processes
and neural substrates as those involved in addiction [148,149], these findings suggest that
NVHL rats, and by extension schizophrenia patients, are endowed with an involuntary,
neurocircuit-based vulnerability to the behavior-sculpting actions of addictive drugs both prior
to, and in the course of drug exposure. By establishing the unitary nature of a developmental
neurocircuit context underlying schizophrenia and addiction vulnerability, this work renders
past and future neurobiological findings in the NVHL model relevant to both schizophrenia
and addictions research.

5c. Adolescent neurodevelopmental genesis of mental disorders

It is well known that synapses in the brain become stronger or weaker depending on how
experience-driven changes impact synaptic connectivity in neurocircuits during postnatal
development [150,151]. Among different postnatal developmental stages, adolescent
neurodevelopment is thought to be particularly sensitive to complex genetic-environmental-
epigenetic phenomena, potentially leading to adult mental illness. While schizophrenia has
long been recognized as a disorder of periadolescent exacerbation or onset, increasing attention
is being paid to the realization that adolescent neurodevelopmental themes apply to a much
larger array of mental disorders including addictions, affective disorders, impulse control
disorders, anxiety disorders and personality disorders (Hulvershorn 2008 in press). Spanning
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these diagnostic contexts, a common theme emerges wherein, childhood psychiatric
syndromes, or even healthy childhood presentations undergo a syndromal transformation
through adolescence in which symptoms components are dropped, augmented, or qualitatively
converted to produce new illness trajectories in adult life. These developmental transformations
are collectively thought to involve an interaction between abnormal neural substrates
underlying the genesis of mental illness and normative events of adolescent brain revision
[152]. Studying both of these processes independently and in combination in animal models
is expected to be a key avenue toward defining new treatment strategies for adult mental
disorders that attempt to prevent or abort detrimental illness trajectories rather than offer
chronic palliative treatment.

How specific genes-environment interactions impact and change the normal
neurodevelopmental trajectory of a given neurocircuit remains elusive. One approach to make
this problem more tractable is to identify and compare specific structural-functional trajectories
of brain development over time as a phenotypic association between genes and behavior.
Research on the NVHL model has been, and likely will continue to be both pioneering and
exemplary in this vein. Initial publications of the NVVHL model were among the first to describe
delayed developmental effects of a brain lesion of any kind, as opposed to the slow, stable
resolution of effects typical of adult lesions. The ability of the NVHL model to be examined
and modified under a great diversity of tightly-controlled environmental conditions or
pharmacological exposures, occurring throughout adolescent development offers a powerful
approach to understanding neurocircuit-based interactions with the environment in the
developmental genesis of mental disorders. The wealth of findings indicating the presence of
neural alterations in the prefrontal cortex of NVHL rats, together with the predominance of the
prefrontal cortex as a key region of interest in understanding normative neurodevelopmental
revision, suggests that the NVHL model may have broad applicability to understanding the
developmental transformational themes that transcend many psychiatric disorders beyond
schizophrenia.

6. Summary and Conclusions

NVHL-based research has firmly established that early disruption of limbic inputs to frontal
cortical-striatal circuits alters the normal development of mesocortical dopamine control of
excitatory and inhibitory neurotransmission, which is critical for the acquisition of mature brain
function emerging during late adolescence. In this respect, the clear capacity of early
developmental insult of the ventral hippocampus to change gene expression, neural function
and morphology in multiple brain regions (even though the genome itself is not changed) must
be interpreted as a cautionary tale that cross-sectional genetic manipulations alone may have
difficulty capturing the full picture of disease process and mechanism in mental disorders.
Neuronal maturation in the prefrontal cortex occurs at late stages of postnatal development,
typically during late adolescence, corresponding to a host of structural and functional
refinements [153,154] including the final maturation of dopamine innervation [85,86,101,
131]. Studies conducted in the NVHL model show that early developmental disruption of brain
areas extrinsic to the prefrontal cortex (e.g. ventral hippocampus), however non-specific they
may be, can produce what might be a quite general pathway of improper peri-adolescent
assembly of prefrontal circuits. Because prefrontal networks and their responsiveness to
dopamine are not normally fully developed until young adulthood, these early disruptions
produce a delayed onset of impaired prefrontal functioning, most robustly emergent as a
developmental derailment in peri-adolescence [74,84,86,101,131]. Together with the primary
hippocampal failure in NVHL rats, this secondary, developmentally emergent form of frontal
cortical-striatal dysfunction, is expressed as a complex syndrome encompassing positive,
negative, and cognitive-like symptom components, and addiction vulnerability, resembling
that observed in schizophrenia. By establishing a developmental and neurocircuit-based
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pathway of disease process, the NVHL model provides an important platform for continued
investigations into the complex genetic, environmental, developmental, and neuronal based
underpinnings of adult mental disorders as multilevel phenomena. Further investigations
defining the details of this pathway in NVHL rats and conducted in parallel with research on

SCl

hizophrenia patients, may lead to more effective and definitively preventative treatments for

this devastating disorder.
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Figure 1.

Different methods used in schizophrenia research may lead to different conclusions dependent
on one’s perspective. This notion is illustrated by a cartoon based on the tale, in which a group
of blind men examining different parts of an elephant try to learn what it is like, and draw
different conclusions. By generating multiple neurobiological and behavioral “parts” of
schizophrenia, the NVHL comprehensively models the “elephant” as a developmental,
neurocircuit-based pathophysiological pathway, through which converging genetic and
environmental factors produce schizophrenia-spectrum clinical syndromes.
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Figure 2.

A diagram illustrating major brain circuits thought to be involved in the pathophysiology of
schizophrenia [1,3-5]. They are anatomically and functionally interconnected, and are crucial
in determining appropriate decision making outcomes in response to external stimuli [3,5].
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Figure 3.

Atimeline of the emergence of behavioral changes following the neonatal ventral hippocampal
lesion in the rat and a comparison with the emergence of symptoms in schizophrenia in humans.
Developmental ventral hippocampal damage produces a number of dopamine-related
behavioral abnormalities that emerge late in adolescence and early adulthood, resembling the
delayed onset of psychotic symptoms in schizophrenia. Other NVHL-induced behavioral
anomalies, such as negative-like symptoms and cognitive deficits [3,18,38-43], occur at both
pre- (PD 35) and postpubertal (PD 65) ages, similar to subtle developmental anomalies in
humans who later develop schizophrenia, and do not respond to antipsychotic drugs [48].
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Figure 4.
Photomicrographs depicting the extent of a typical neonatal ventral hippocampal lesion.

Coronal Nissl stained sections show the ventral hippocampus of a sham-operated rat (top,
SHAM) and a characteristic neonatal ventral hippocampal lesion (bottom, NVHL),
characterized by cell loss (arrows), and enlarged ventricles (asterisks).
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The development and function of multiple brain systems are affected in the NVHL model,
including the frontal and medial temporal lobes, the ventral striatum, and the mesocorticolimbic
dopamine system. Early developmental insult of the ventral hippocampus has the unique
capacity to change function of a multitude of brain regions and may thus capture the complexity

of the disease process of schizophrenia.
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