1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Neuroscience. Author manuscript; available in PMC 2017 May 03.

-, HHS Public Access
«

Published in final edited form as:
Neuroscience. 2016 May 3; 321: 77-98. doi:10.1016/j.neuroscience.2015.05.055.

Using human brain imaging studies as a guide towards animal
models of schizophrenia

Scott S. BOLKAN?, Fernanda D. DE CARVALHO1, and Christoph KELLENDONK?!

1Department of Pharmacology, Columbia University, New York, NY 10032, USA; Department of
Psychiatry, Columbia University, New York, NY 10032, USA; Division of Molecular Therapeutics,
New York State Psychiatric Institute, New York, NY 10032, USA.

Abstract

Schizophrenia is a heterogeneous and poorly understood mental disorder that is presently defined
solely by its behavioral symptoms. Advances in genetic, epidemiological and brain imaging
techniques in the past half century, however, have significantly advanced our understanding of the
underlying biology of the disorder. In spite of these advances clinical research remains limited in
its power to establish the causal relationships that link etiology with pathophysiology and
symptoms. In this context, animal models provide an important tool for causally testing
hypotheses about biological processes postulated to be disrupted in the disorder. While animal
models can exploit a variety of entry points towards the study of schizophrenia, here we describe
an approach that seeks to closely approximate functional alterations observed with brain imaging
techniques in patients. By modeling these intermediate pathophysiological alterations in animals,
this approach offers an opportunity to (1) tightly link a single functional brain abnormality with its
behavioral consequences, and (2) to determine whether a single pathophysiology can causally
produce alterations in other brain areas that have been described in patients. In this review we first
summarize a selection of well-replicated biological abnormalities described in the schizophrenia
literature. We then provide examples of animal models that were studied in the context of patient
imaging findings describing enhanced striatal dopamine D2 receptor function, alterations in
thalamo-prefrontal circuit function, and metabolic hyperfunction of the hippocampus. Lastly, we
discuss the implications of findings from these animal models for our present understanding of
schizophrenia, and consider key unanswered questions for future research in animal models and
human patients.
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1. Schizophrenia is a mental disorder defined wholly by its symptoms

Schizophrenia is a highly heterogeneous disorder that is characterized by so-called positive,
negative and cognitive symptoms. The positive symptoms — also known as psychotic
symptoms — include hallucinations, delusions and disordered thought processes. The
presence of positive symptoms is a prerequisite for diagnosis and as such positive symptoms
are most often the dominant characteristic generally associated with schizophrenia.
However, most patients also exhibit impairments in a number of social, emotional and
cognitive behaviors (Tandon et al., 2009). Such deficits are categorized as either negative
symptoms (e.g. social withdrawal, anhedonia and deficits in incentive motivation), or
cognitive symptoms (e.g. impairments in working memory, behavioral flexibility, verbal
memory, reference memory and cognitive processing speed). Although negative and
cognitive symptoms are not required elements of the diagnostic criteria, they are present in a
high proportion of patients and can be particularly insidious for patient outcomes (Fenton
and McGlashan, 1991, Green et al., 2000). While many patients respond to dopamine D2
receptor (D2R) blockers as a treatment for positive symptoms — albeit with the risk of
profound side effects — negative and cognitive symptoms remain largely untreatable
(Miyamoto et al., 2012). Moreover, normal social, emotional and cognitive processing are
essential requirements for everyday functioning and success in society. These two realities
largely explain the finding that the severity of cognitive and negative symptoms is more
predictive of the long-term prognosis of patients than the severity of positive symptoms
(Green, 1996, Green et al., 2000).

At present, the symptom-based diagnosis of schizophrenia lacks biological meaning due to
limited knowledge of the underlying disease pathology. Yet understanding how
schizophrenia pathology manifests itself in the symptoms of patients is essential for the
development of both novel biomarkers for aiding diagnosis and for new or improved
therapeutics that limit side effects. In the last 30 years, technical developments in human
genetics, epidemiology, and brain imaging have provided significant advances in our
knowledge of the biological processes that are affected in the disorder. In the following, we
summarize the biological findings from schizophrenia patients that we found to be most
reliable; propose a role for and discuss findings from translational animal models based on
intermediate pathophysiological phenotypes observed in schizophrenia; and discuss the
utility and future directions of such translational animal modeling approaches in illuminating
the biological basis of schizophrenia.

2. Beyond Symptoms: The Biology of Schizophrenia

2.1. Genetic studies have revealed a significant genetic component in schizophrenia

Twin studies had long been pointing to the importance of genetic factors in schizophrenia
(Kallmann, 1946, Slater, 1953, Fischer et al., 1969), with findings suggesting a heritability
of about 70% (Kendler and Diehl, 1993, Gottesman and Erlenmeyer-Kimling, 2001). Early
behavioral genetic studies were followed up by gene association studies, which identified a
variety of common allelic variants that associated with the disorder, although with very low
penetrance (Rees et al., 2015). However, many of these associations could not be replicated
due to low sample sizes (Tosato et al., 2005). The advent of whole genome studies using
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significantly larger sample sizes changed the picture by adding statistical power to some of
the common variants and, in addition, by isolating rare variants with high penetrance
(Stefansson et al., 2008, Schizophrenia Working Group of the Psychiatric Genomics, 2014).
One well-replicated example of a rare mutation with high penetrance is the 22g11 deletion,
which increases the risk for schizophrenia by about 30-fold (Karayiorgou et al., 1995).
However, it is important to note that many high penetrance rare variants are not specific to
schizophrenia and are also associated with phenotypes that go beyond the diagnostic
symptoms of the disorder (Watson et al., 2014). The recent identification of de novo
mutations that were isolated by studying family triads adds another level of complexity since
they are genetic in origin but not inherited — although there may be a predisposition affecting
the rates of de novo mutations (Xu et al., 2011, Xu et al., 2012). Nevertheless, these studies
have clearly confirmed the existence of a strong genetic component to schizophrenia, and
ongoing work aimed at uncovering novel gene associations and understanding the biological
consequences of highly penetrant genetic mutations is an important and powerful avenue for
future research.

2.2. Epidemiological studies have revealed that environmental factors also contribute to
schizophrenia

Epidemiological studies have identified a number of environmental risk factors for
schizophrenia, including prenatal infection, malnutrition, hypoxia, and exposure to stress or
cannabis during early adolescence (Dean and Murray, 2005). Interestingly, many of these
risk factors occur during development years before schizophrenia is diagnosed. These
observations support the hypothesis that schizophrenia has a neurodevelopmental origin
(Weinberger, 1987). One well-replicated example of a developmental risk factor is prenatal
infection. Because a variety of pathogens — including influenza virus, toxoplasmosis, herpes
simplex virus-2 and rubella — are capable of conferring risk, it is thought that the core risk
factor is an activation of the maternal immune system (Brown, 2012, Canetta and Brown,
2012). Like other risk factors, however, prenatal infection is not specific for schizophrenia
but increases risk for several other disorders, including autism, bipolar disorder and
depression (Machon et al., 1997, Brown et al., 2014). In addition — as is the case with
common genetic alleles — environmental risk factors only moderately increase the risk for
developing schizophrenia. It is therefore thought that a combination of environmental and
genetic factors is required for developing the disorder. Exploring the biological
consequences of prenatal infection and other identified environmental risk factors, and how
they may interact with genetic susceptibility, are promising and important avenues for future
research (Meyer, 2014).

2.3. Structural brain imaging findings have revealed abnormalities that converge on key

brain areas

An understanding that etiological risk factors produce the symptoms of schizophrenia by
causing brain pathology dates back nearly 100 years to the pioneering work of Emil
Kraepelin (Kraepelin, 1919). However, very few reliable pathological discoveries emerged
until the advent of superior stereological post-mortem analyses, computer tomography (CT)
and magnetic resonance imaging (MRI). The imaging techniques in particular allowed for
the first assessment of the brains of patients with schizophrenia during life, thus providing
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the opportunity to measure structural abnormalities at various clinical stages — including in
at-risk individuals, first-episode patients, and patients with chronic schizophrenia. As such,
structural imaging studies have been important for bringing attention to the brain areas most
robustly observed to be abnormal in patients and in revealing the progression of pathology
through prodromal, early-onset and chronic phases of the disorder.

The first and most striking structural finding to emerge was the presence of ventricular
enlargement in chronic schizophrenia compared to healthy controls (Johnstone et al., 1976).
Well over a hundred subsequent studies of gross brain structure in a variety of patient
populations have reliably established the existence of ventricular enlargement in
schizophrenia and that this effect is not an artifact of chronicity or treatment (Reveley et al.,
1982, Suddath et al., 1990). The observation of ventricular enlargement, however, provides
little insight into the brain areas that contribute to the pathological or behavioral
manifestations of schizophrenia. Yet at the same time, researchers quickly intuited that
enlarged ventricles imply a reduction in brain tissue volume. Subsequent studies both
confirmed the hypothesis of globally reduced brain volume (Andreasen et al., 1994,
Zipursky et al., 1994, Noga et al., 1996) and began to uncover a differential involvement of
particular brain structures. Whole brain meta-analyses of over a decade of structural MRI
research in schizophrenia have revealed that volumetric brain reductions in patients are most
frequently reported in a network of frontal, temporal, limbic and subcortical regions
(Ellison-Wright et al., 2008, Glahn et al., 2008, Fornito et al., 2009).

One of the earliest individual observations to emerge was a reduction in tissue volume in
temporal limbic structures (Bogerts et al., 1990, Shenton et al., 1992), including the
hippocampal formation (Nelson et al., 1998, McCarley et al., 1999). A subsequent whole
brain meta-analysis reported that reduced brain volume in patients is most frequently
observed (>50% of the studies assessed) in the medial temporal lobe, which in this analysis
included the hippocampus, amygdala and entorhinal cortex (Honea et al., 2005). A more
recent meta-analysis focusing exclusively on the hippocampus corroborates the presence of
reduced hippocampal volume in both first-episode and chronic patients, an indication that
this pathology may occur early on in the disease process (Adriano et al., 2012). However, it
is important to note that structural imaging studies based on a prioriregions of interest can be
subject to bias in the manual outlining or stereological procedures used to obtain volumetric
measurements and may therefore overlook differences in unspecified brain regions. Indeed,
two more recent whole brain meta-analyses suggest that, while frequently present,
hippocampal grey matter reductions may be less robust compared to other brain areas
(Ellison-Wright et al., 2008, Fornito et al., 2009). For a more in depth discussion of
hippocampal pathology in schizophrenia we refer readers to the reviews of Harrison (2004)
and Heckers and Konradi (2010).

Another notable and frequently reported structural observation in patients has been a
reduction in gray matter in the cortex, or cortical thinning. This has been observed in the
frontal (Andreasen et al., 1994), parietal (Schlaepfer et al., 1994), and temporal (Kuperberg
et al., 2003) cortices of patients, although it is perhaps not exclusive to these cortical areas.
Cortical thinning has been observed in childhood-onset cases (White et al., 2003), first-
episode cases (Narr et al., 2005b) and chronic cases (Kuperberg et al., 2003). These results
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suggest that thinning of the cortex potentially occurs early in the disease process, an idea
supported by observations of cortical thinning in individuals at high risk for developing
schizophrenia (Job et al., 2003, Pantelis et al., 2003). However, other studies have suggested
a link to disease progression, with more pronounced thinning in elderly patients (Narr et al.,
2005a) that is independent of antipsychotic treatment (Nesvag et al., 2008). While not
mutually exclusive ideas — thinning may occur early in development and progressively
worsen after onset (Pantelis et al., 2005) — such conflicting reports and interpretations reflect
the difficulty of disentangling disease pathology from clinical hetereogenity, patient
lifestyle, outcome and treatment history in human patient studies.

Reduced cortical volume in patients is intriguing to consider in the context of observations
of reduced thalamic volume in patients (Andreasen et al., 1990, Konick and Friedman, 2001,
Honea et al., 2005), a structure that shares dense, reciprocal connections with the cortex.
While negative findings exist (Portas et al., 1998, Arciniegas et al., 1999), approximately
half of structural MRI studies report significant decreases in thalamic volume in patients
(Byne et al., 2009), with observations also emerging from analyses of post-mortem brain
tissue (Byne et al., 2002). Interestingly, decreases in the volume of the thalamus do not
appear to be distributed uniformly, but rather affect particular regions, including the anterior,
pulvinar, centromedial and mediodorsal subnuclei (Kemether et al., 2003, Ellison-Wright et
al., 2008, Shimizu et al., 2008, Pergola et al., 2015). These thalamic subnuclei share
extensive connectivity with prefrontal and temporal cortices, areas where grey matter
reductions have been found to be particularly robust (Fornito et al., 2009). Reductions in
gray matter volume in the medidorsal thalamus (MD) — a subnucleus sharing reciprocal
connectivity with the PFC — were even observed in a population of first-episode patients
(Chen et al., 2014a).

The advent of diffusion tensor imaging (DTI) of white matter tracts has recently provided
suggestive bridges between the structural abnormalities observed in distributed brain areas
of schizophrenia patients and the anatomical connections between them. Strikingly, a recent
meta-analysis of DTI findings revealed significant reductions in two white matter tracts: one
associated with anatomical connections interconnecting the frontal lobe, thalamus and
cingulate, and a second with interconnections with the frontal lobe, insula,
hippocampusamygdala and temporal lobe (Ellison-Wright and Bullmore, 2009). While such
findings provide enticing pathological links between the brain-wide structural abnormalities
most frequently observed in patients, the cause-or-consequence relationship between brain
area volume reductions, the cellular mechanism behind volumetric changes, and the direct
connection between brain volume reductions and patient symptoms remain largely
unknown.

While structural MRI findings from schizophrenia patients have frequently implicated
abnormalities in temporal limbic, cortical and thalamic structures, such observations have
not been limited to these areas alone. For excellent and comprehensive reviews on structural
abnormalities in other brain areas observed in schizophrenia patients, we refer readers to the
reviews of Andreasen and Pierson (2008) and Shepherd et al. (2012).
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2.4. Functional brain imaging studies have provided a link between schizophrenia
pathophysiology and symptoms and shifted emphasis from single structures to
distributed neuronal circuits

While structural imaging studies have implicated individual brain areas in schizophrenia,
they have limited power for linking brain function to symptoms. The ascent of functional
MRI (fMRI) in the 1990s, which allowed brain activity to be measured in patients
performing behavioral tasks, has provided an important bridge to this gap. While early fMRI
studies focused on single brain structures, recent findings — in part aided by the emergence
of resting state fMRI (rsfMRI) studies of brain region “functional connectivity” — have
begun to shift focus from abnormalities in single structures to dysfunction in distributed
neuronal circuits.

Among the earliest proposed links between brain function and behavioral deficits in
schizophrenia patients was the observation of hypofunction in the prefrontal cortex during
the performance of various executive function tasks, especially those assessing working
memory. Although the precise relationship between global PFC activation and working
memory has since been revealed to be more complex than a simple PFC hypofunction
(Callicott et al., 2000, Manoach, 2003, Karlsgodt et al., 2009), the association between
deficits in working memory and altered activation, or “inefficient” engagement, of the
dorsolateral PFC (dIPFC) is one of the best replicated findings in schizophrenia research
(Weinberger et al., 1988, Weinberger and Berman, 1996, Barch et al., 2001, Perlstein et al.,
2001). Interestingly, several studies suggest decreased working memory evoked activation
of the PFC may be present early on in the disease process. A meta-analysis of fMRI studies
in patients at clinical high risk for psychosis reported a robust decrease in activation of
several prefontal areas, including the dIPFC, during cognitive and emotional processing,
although it is unknown whether these subjects progressed to clinical diagnosis (Fusar-Poli,
2012). In a separate high-risk population, Wolf et al. (2015) found decreased activation of
the dIPFC in at-risk subjects performing a working memory task. Moreover, this study
observed that dIPFC activation was negatively correlated with cognitive deficits, but not
with positive symptom severity. Task-activated functional imaging findings, however, are
complicated by the fact that working memory impairments are a core cognitive symptom of
patients, thus making it difficult to determine whether abnormal PFC activity is a cause of
impaired working memory behavior or a consequence of the inability to engage in the
assessed behavioral task.

Functional abnormalities related to impaired cognition in schizophrenia are moreover not
restricted to the PFC (Minzenberg et al., 2009), and may potentially derive from aberrant
neural circuitry rather than a primary prefrontal pathology (Andreasen et al., 1997). Due to
the above-described observations of structural thalamic abnormalities in schizophrenia and
the anatomical connectivity between cortex and thalamus, the thalamo-cortical circuit in
particular has garnered significant attention. Indeed, the main thalamic partner of the PFC —
the MD thalamus — is activated during cognitive testing in tasks assessing both working
memory and attention in healthy subjects (Burgess et al., 2003, Krasnow et al., 2003), and
patients with schizophrenia show a decrease in MD activation in tasks addressing executive
function, including working memory (Hazlett et al., 1999, Hazlett et al., 2004, Andrews et
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al., 2006, Minzenberg et al., 2009). It is therefore possible that working memory and other
cognitive symptoms of the disorder may derive from abnormal circuitry, at least in part,
between the MD and PFC (Figure 1). In support of this idea, several studies have reported a
decreased correlation in activity between the MD and the PFC during cognitive testing in
patients (Katz et al., 1996, Mitelman et al., 2005, Minzenberg et al., 2009). Decreased
communication between the MD and PFC is also supported by rsfMRI functional
connectivity studies under resting conditions (Woodward et al., 2012, Anticevic et al.,
2014). Interestingly, these studies have observed increased functional connectivity in
sensory thalamo-cortical circuits, potentially suggesting the existence of an underlying
pathology that differentially impacts distinct thalamo-cortical circuits. However, the
functional relationship between these contrasting thalamo-cortical abnormalities, their
relation to discrete symptoms, and their causal origin remain unknown.

Supporting a functional consequence of structural abnormalities in the hippocampus of
schizophrenia patients, both hyper-activation of this structure and abnormal hippocampal-
PFC coupling have been observed during the performance of cognitive and working
memory tasks (Goldberg et al., 1994, Meyer-Lindenberg et al., 2005). However, many
functional imaging findings of the hippocampus in patients have reported hyperactivity
during tasks requiring minimal or no cognitive load. Indeed, hippocampal hyperactivity has
been observed during visual fixation on a point (Malaspina et al., 2004), passive listening to
an urban noise stimulus (Tregellas et al., 2009), and passive viewing of fearful faces (Holt et
al., 2005). Supporting this body of research, Scott Small and colleagues have reported an
increase in hippocampal blood volume — a correlate of oxygen consumption or metabolic
state — in a group of at-risk individuals during baseline conditions (Schobel et al., 2009).
Interestingly, the degree of hippocampal hyper-metabolism correlated with both positive and
negative symptoms in the prodromal state and predicted conversion to psychosis. Hyper-
metabolism was restricted to the CAL region of the hippocampus — a result that was recently
independently replicated (Talati et al., 2014) — with a follow-up study in the same cohort
demonstrating a spread in hyper-metabolism to the subiculum following onset of psychosis
(Schobel et al., 2013). This body of work suggests the hippocampus may be a particularly
sensitive circuit node that is close to the etiological and mechanistic origin of a number of
schizophrenia symptoms, and perhaps most strikingly, the onset of psychotic symptoms
(Figure 2).

2.5. Evidence for functional alterations in neurotransmitter systems have provided
mechanistic clues to the structural and functional abnormalities of schizophrenia

Genetic and post-mortem findings and findings from brain imaging studies — in particular
those using positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) — have been critical in illuminating the common neurotransmitter
systems that are abnormal in schizophrenia patients. Such findings have aided the
development of hypotheses regarding the molecular and circuit mechanisms potentially
causing the structural and functional abnormalities observed in the disorder.

2.5.1. The Dopamine System—The dopaminergic system is the neurotransmitter system
most robustly implicated in schizophrenia pathology, with disruptions in subcortical
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dopamine systems linked to the positive symptoms and disruptions in cortical dopamine
transmission linked to cognitive impairment. The former idea refers to the long-standing
dopamine hypothesis originally formulated by van Rossum in the 1960s, which posits that
dopamine hyperactivity is central to psychosis in schizophrenia (Baumeister and Francis,
2002). In the 1950s, the dopamine antagonist chlorpromazine was accidently discovered as
an antipsychotic medication. Later in the 1970s Philipp Seeman, Solomon Snyder and
colleagues found that the therapeutic dose of antipsychotic medication is inversely
proportional to their binding affinity for dopamine receptors (Creese et al., 1976, Seeman et
al., 1976). Despite many efforts by the pharmaceutical industry, all antipsychotic
medications used to treat patients with schizophrenia still target D2Rs — the main site of
action of chlorpromazine.

Using post-mortem analyses, direct evidence for alterations in the dopamine system were
also uncovered early on. These studies consistently showed increased levels of D2Rs in the
brains of patients with schizophrenia (Mita et al., 1986, Hess et al., 1987), and particularly in
the striatum (Joyce et al., 1988, Marzella and Copolov, 1997). Numerous imaging studies
have also pointed to increased density of D2Rs in the striatum of patients with
schizophrenia, with Laruelle calculating a 12% increase in striatal D2R density in drug-
naive or drug-free patients after comparing 13 imaging studies (Laruelle, 1998). However, a
more recent meta-analysis suggests it is still unclear whether the increase in D2R density is
truly present early in the disorder or if it is due to subsequent antipsychotic treatment
(Howes et al., 2012). Dopamine depletion experiments have additionally reported increased
basal occupancy of striatal D2Rs in drug-free patients that not only correlates with positive
symptoms but predicts their response to antipsychotics, thus suggesting a tight relationship
between D2R hyperfunction in the striatum and psychosis (Abi-Dargham et al., 2000).

A concomitant decrease in D2R occupancy has also been reported in extra-striatal brain
structures. Such findings have been less common, however, potentially due to the lower
density of D2Rs outside of the striatum and the need for high-affinity radio-ligands.
Nevertheless, at least six studies using highly selective D2R radio-ligands have revealed a
decrease, averaging about 9.4%, in D2R occupancy in the thalamus of patients, (Seeman,
2013). This finding remains controversial, however, and it has been argued that the effect
can be accounted for by the significant decrease in thalamic volume frequently observed in
schizophrenia patient populations (Kegeles et al., 2010b).

Impairments in the striatal dopamine system have also been observed at the presynaptic
level. Increased striatal uptake of 18F-fluorodopa (or L-B -11C-DOPA) and increased
amphetamine-induced dopamine release have been repeatedly measured in patients as an
indication of presynaptic dopamine hyperfunction (Howes et al., 2012). These alterations
appear to occur early on in the disease process as they are observed in prodromal subjects
that are at high risk for conversion (Howes et al., 2009). Surprisingly, newer imaging tools
with higher spatial resolution have revealed that the largest effect size of these abnormalities
is not in the limbic striatum, as has been postulated for many years, but rather in the
associative striatum — a striatal area that receives dense input from several prefrontal cortical
areas, including the dIPFC (Kegeles et al., 2010a, Howes et al., 2012) (Figure 3). Given that
structural and functional abnormalities in the cortex are also observed early on in
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schizophrenia, this finding raises important questions about the pathophysiological origins
and relationship between the cortical and meso-striatal pathologies observed in patients.
Reduced PFC activity in patients has been linked to increased striatal dopaminergic
function, supporting the idea that both abnormalities in cortical and subcortical regions share
a common origin (Meyer-Lindenberg et al., 2002). Whether a primary pathology arises first
in the meso-striatal dopaminergic system or is secondary to cortical abnormalities is an
intriguing question that is difficult to causally establish in patient populations.

Another link between the dopamine system and cortical function in patients comes from the
observation of cortical dopaminergic hypofunction (Figure 3). This observation has been
posited to explain the decreased activation of the PFC during cognitive testing in
schizophrenia patients. Indeed, the degree of dIPFC activation in patients performing a
working memory task is correlated with decreased cerebrospinal concentrations of dopamine
metabolites (Weinberger et al., 1988), and a nonselective dopamine agonist can increase
frontal activity in the brains of patients performing similar tasks (Daniel et al., 1989, Dolan
et al., 1995). However, in these original studies it was unclear whether the decreased
metabolites were indeed originating from the-cortex or from other brain structures. More
direct evidence comes from a recent imaging study using a newly developed high affinity
tracer showing that amphetamine-induced dopamine release is indeed decreased in the
cortex of patients (Slifstein et al., 2015). Given the relationship between D1R activation in
the PFC and working memory, this finding raises the possibility that a decrease in cortical
dopamine release could be contributing to the cognitive deficits observed in patients with
schizophrenia (Goldman-Rakic, 1994, Arnsten et al., 2012). However, evidence for this
hypothesis in patients to date remains largely correlational.

Lastly, there is growing evidence from human imaging studies for a link between
mesolimbic dopamine hypofunction and negative symptoms including deficits in
motivation. In one study using fMRI, patients with psychosis were imaged while being
tested in an instrumental reward conditioning paradigm, and results showed that patients
have abnormal physiological responses related to a reward prediction error in the
dopaminergic midbrain and striatum (Murray et al., 2008). Moreover, Wolf and colleagues
recently reported that hypofunction in the ventral striatum of patients with schizophrenia is
associated with poor performance in a behavior test for motivation that correlates closely
with clinical assessments for negative symptoms (Wolf et al., 2014). Consistent with a
function of ventral striatal dopamine in negative symptoms, the severity of negative
symptoms has been found in patients to be correlated with low dopamine release selectively
in the limbic striatum (Kegeles et al., 2010a).

2.5.2. The GABA System—In addition to decreased dopaminergic function in the cortex,
decreased GABAergic neurotransmission has also been hypothesized to cause PFC
dysfunction and cognitive impairment. Early findings in post-mortem studies of patients
revealed evidence for decreased GABA synthesis (Bird et al., 1977), GABA uptake
(Simpson et al., 1989), and increased binding to GABA-A receptors in the neocortex
(Hanada et al., 1987, Benes et al., 1996). Using various techniques, additional studies have
observed reduced gene expression of the enzyme responsible for most GABA synthesis,
GADG67 (Akbarian et al., 1995, Vawter et al., 2002, Hashimoto et al., 2008); reductions in
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the expression of the GABA reuptake transporter, GAT1 (Volk et al., 2001); and altered
expression of GABA receptor subunits in the dIPFC of patients (Hashimoto et al., 2003,
Maldonado-Awviles et al., 2009, Beneyto et al., 2011, Hoftman et al., 2015). GABAergic
interneurons that express the calcium-binding protein parvalbumin (PV) appear to be
particularly affected. Decreased PV interneuron function has been hypothesized to
contribute to the working memory deficits of schizophrenia due to their putative role in
coordinating synchronous neural activity in local and brain-wide circuits (Conde et al., 1994,
Cho et al., 2006, Lewis and Hashimoto, 2007, Uhlhaas et al., 2008, Uhlhaas and Singer,
2010). While an intriguing hypothesis, studies directly assessing GABA levels, altered
neuronal oscillations, and working memory impairment in single patients are rare and,
moreover, can only provide correlational evidence (Chen et al., 2014a). Additionally, as is
true of most pathological findings in schizophrenia, it is difficult to tease out whether
cortical GABAergic abnormalities in patients are a cause of, consequence, or compensation
for the pathophysiological findings observed in other brain structures of schizophrenia
patients.

Interestingly, GABAergic abnormalities — including in PV-positive interneurons — are not
restricted to the cortex but have also been observed in the hippocampus (Benes, 1999,
Heckers et al., 2002, Zhang and Reynolds, 2002, Konradi et al., 2011). These observations
are particularly intriguing to consider in the context of the hippocampal hyper-activity that is
observed during baseline conditions in at-risk patients and which is exacerbated at the onset
of psychosis (Schobel et al., 2009, Schobel et al., 2013, Talati et al., 2014) (Figure 2). Does
GABAergic dysfunction in the hippocampus cause hippocampal hyper-activity or is it a
compensation for glutamatergic hyper-activity? The observation of multiple brain region
abnormalities in the GABA system and linkages between GABAergic dysfunction in
specific brain areas to disparate clinical phenotypes strongly implies this cell type is close to
the causal origins of the disorder. However, whether these effects are due to intrinsic
abnormalities in GABAergic cells or if this cell type is simply a sensitive target of more
proximal causes of the disorder remains to be determined.

2.5.3. The Glutamate System—~Perhaps secondary only to the dopamine theory of
schizophrenia, the “glutamate hypothesis™ posits that dysfunction in glutamatergic
neurotransmission may be central to the pathogenesis of schizophrenia (Javitt and Zukin,
1990). This hypothesis has its origins in observations of the similarity between psychosis in
schizophrenia and psychosis induced by drugs like ketamine and phencyclidine
hydrochloride (PCP), both of which antagonize the NMDA glutamate receptor. A growing
body of research has subsequently provided evidence for morphological alterations in the
dendrites and synapses of glutamatergic neurons in post-mortem studies, particularly in the
cerebral cortex (Hu et al., 2015), as well as genetic links to glutamatergic signaling,
plasticity and neurotransmission (Harrison and Weinberger, 2005). Interestingly, functional
imaging studies of glutamatergic indices in medication-naive or medication free patients
have most consistently reported elevated, not reduced, tissue levels of glutamate and its
precursor glutamine, particularly in the medial PFC, basal ganglia and hippocampus
(Moghaddam and Javitt, 2012). Consistent with this observation however, healthy subjects
treated with ketamine also exhibit elevated cortical activity (Breier et al., 1997), thus
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revealing the complex pharmacology underlying NMDA receptor antagonism. Evidence
suggests, however, that this seemingly paradoxical effect of ketamine on glutamate levels
and cortical activity derives from a disinhibition of pyramidal neurons due to a relatively
stronger NMDA receptor antagonism at excitatory-to-inhibitory synapses (Homayoun and
Moghaddam, 2007, Seamans, 2008). As such, the most promising novel pharmacological
therapeutic based on the glutamate hypothesis of schizophrenia to date has been a Gi-linked
metabotropic mGlu2/3 agonist (Patil et al., 2007, Kinon et al., 2011, Adams et al., 2013),
which is postulated to work by reducing the presynaptic release of glutamate (Moghaddam
and Adams, 1998). Although Phase 2 clinical trials of an mGlu2/3 agonist have failed to
reveal improvements in the symptoms of chronic schizophrenia patients (Adams et al.,
2013), this potentially may be due to the fact that the treatment was given too late in the
progression of the disease. For reasons of space, we refer readers to excellent and more
comprehensive reviews of glutamatergic dysfunction in schizophrenia (Moghaddam and
Javitt, 2012, Merritt et al., 2013, Poels et al., 2014, Hu et al., 2015).

3. Animal models allow for studying causal relationships between

pathophysiology and behavior

As intimated in the above sections, the main limitation of studying patient populations is that
they allow for identifying associations, but have limited power for establishing causality. As
a result, the current clinical picture of schizophrenia is increasingly rich with data on
proximal genetic and early environmental factors and intermediate molecular and
pathophysiological waypoints, yet lacks the conclusive causal evidence necessary to link
this myriad of pathological observations to one another and to discrete symptoms observed
in the disorder. Consequently, and despite significant progress, our present biological
understanding of schizophrenia remains hazy, novel and more effective treatments have
been slow to emerge, and a sub-optimal, symptom-based characterization of the disorder
continues to provide the best basis for diagnosis.

Animal models provide an important avenue for addressing these problems by providing
insights into the causal relationships between biological manipulations and behavioral
consequences. Obviously, no animal model can fully recapitulate a human disorder such as
schizophrenia. This limitation is especially the case with the positive symptoms, such as
hallucinations and delusions, which lack a translationally valid behavioral readout in
animals. However, we argue that it is not necessary to produce a perfect animal model of
schizophrenia but that research efforts using various “entry points” for studying aspects of
the disorder are immensely valuable for fleshing out the causal biological pathways and
interactions that exist between discrete causal factors, pathophysiologies and behavioral
outcomes — especially the cognitive and negative symptoms that can be assessed with high
translational validity.

One entry point that offers powerful insight into the pathophysiology and behavioral
outcomes that derive from proximal genetic factors is to create mouse models of rare
mutations with high penetrance. For example, the orthologous region of the above-described
22q11 deletion in schizophrenia patients has been deleted in the mouse, and many groups
are studying the consequences of this manipulation on behavior and brain physiology
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(Paylor and Lindsay, 2006, Sigurdsson et al., 2010, Chun et al., 2014). Although the human
phenotype of this mutation is broader than that of schizophrenia, the fact that this mutation
has high penetrance provides this mouse model with a high degree of construct validity. For
an in-depth discussion of this approach and findings from it, we refer readers to the excellent
review of Joseph Gogos and collogues in this issue of Neuroscience.

Another entry point is to model proximal environmental risk factors, such as maternal
immune activation (MIA) during pregnancy. Although MIA is not a risk factor for
schizophrenia exclusively, this widely used animal model also has good construct validity
and offers opportunities to link a proximal causal factor to subsequent brain
pathophysiology and behavior (for reviews of this approach see: Canetta and Brown (2012)
and Meyer (2014)).

A third entry point is to model the neurochemical conditions that produce psychoses in
humans. Amphetamine-induced dopamine release and NMDA antagonism via ketamine are
both capable of inducing psychosis in healthy subjects and, in lower doses, can exacerbate
the psychotic symptoms in schizophrenia patients (Lahti et al., 2001). Treatments of either
amphetamine or ketamine in rodents can produce a variety of behavioral phenomena
potentially relevant to schizophrenia symptomatology, including hyperlocomotion, and
deficits in latent inhibition and sensorimotor gating. Despite debatable face validity due to
the difficulty of directly translating these behaviors to the psychotic symptoms of
schizophrenia, the fact that these deficits can be rescued with antipsychotic treatments
provides these models with good predicative validity. As such, these models have been
extensively used by the pharmaceutical industry as an entry point for modeling the
neurochemical conditions that approximate psychosis across species, and for screening
novel antipsychotic medications that act to normalize the abnormal brain states elicited by
these drugs.

In the following sections, we would like to describe an alternative approach that uses
functional alterations observed with brain imaging as an entry point for the animal model.
While agnostic to the proximal etiological origin of such functional abnormalities, we
believe this approach offers an opportunity to (1) tightly link a single functional brain
abnormality with its behavioral consequences, and to (2) more fully describe the potential
causal pathophysiological outcomes that derive from functional abnormalities in single
structures. In the subsequent sections we provide three examples of this approach. The first
example describes a model based on the above-mentioned enhancement in striatal D2R
function observed in schizophrenia patients using PET imaging. The second example
describes an approach for studying alterations in neuronal circuit function based on fMRI
imaging studies revealing alterations in thalamo-cortical activity in schizophrenia. Lastly,
we describe animal models that address hippocampal metabolic hyperactivity in patients as
measured with CBV.

3.1. Modeling increased striatal D2R function in mice

Based on the above-described observations of increased D2R occupancy and density in the
striatum of patients, we chose to closely model this pathophysiology in the mouse by
overexpressing D2Rs selectively in the striatum. This approach allows for an assessment of
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the causal consequences on brain function and on behaviors relevant to the cognitive or
negative symptoms that are downstream of striatal D2R hyperfunction. Specifically, we used
the bi-transgenic tetracycline-sensitive expression system to selectively overexpress D2Rs in
the striatum in a temporally controlled, reversible manner (D2R-OE mice) (Kellendonk et
al., 2006). Over time D2R-OE mice have been analyzed in a battery of behavioral tasks
(Kellendonk et al., 2006, Drew et al., 2007, Bach et al., 2008, Ward et al., 2009, Ben
Abdallah et al., 2011, Simpson et al., 2011, Ward et al., 2012). Interestingly, D2R-OE mice
have been shown to exhibit particular impairments in cognitive tasks that are dependent on
the PFC, including deficits in working memory and conditioned associative learning — two
cognitive abilities that are sensitive to frontal lobe lesions in humans and are impaired in
patients with schizophrenia.

The finding that up-regulation of D2Rs in the striatum would lead to deficits in behaviors
that are usually attributed to prefrontal function was surprising. Nevertheless, D2R up-
regulation in the striatum of mice was found to be associated with decreased dopamine
turnover and increased D1R sensitivity in the prefrontal cortex (Kellendonk et al., 2006)
(Figure 4). Due to the tight relationship between D1R activation in the cortex and cognition,
especially working memory (Goldman-Rakic, 1994, Arnsten et al., 2012), these results
suggested that disrupted cortical D1 receptor activation may be at the origin of the cognitive
phenotype in the mouse. Recently, Simpson and colleagues have discovered a decrease in
burst firing in dopaminergic neurons of the ventral tegmental area (VTA) in D2R-OE mice
that cannot be reversed by normalizing striatal D2R expression (Krabbe et al., 2015) (Figure
4). This finding suggests that abnormal VTA activity may also contribute to impaired
cognition in D2R-OE mice, potentially compounding decreased cortical D1 receptor
activation to produce a dopaminergic-dependent hypofunction of the cortex. Finally, D2R-
OE mice additionally display decreased GABAergic transmission in the cortex (Li et al.,
2011), a second cortical abnormality commonly postulated to be present in patients.
Together, these results demonstrate that both a dopaminergic and a GABAergic
hypofunction in the cortex — two abnormalities proposed to contribute to cognitive
impairments in patients — can be causally induced by a primary dopaminergic hyperfunction
in the striatum.

Strikingly, the cognitive deficits in D2R-OE mice, as well as the decrease in VTA burst
firing, are not reversed by switching off striatal D2R up-regulation in the adult animal, thus
suggesting that these changes have a developmental origin (Kellendonk et al., 2006, Bach et
al., 2008, Krabbe et al., 2015). This observation is intriguing as it suggests that one reason
antipsychotic medication is not effective for treating cognitive deficits is because it is given
too late in the progression of the disorder. At the time patients are diagnosed with
schizophrenia in late adolescence, increased striatal D2R activity may have already altered
brain circuitry and function in a persistent, irreversible way — perhaps via decreased VTA
burst firing — and these abnormalities cannot be reversed by normalizing or blocking the
primary pathophysiological cause of these brain-wide alterations: D2R levels and
dopaminergic function in the striatum. This observation stresses the importance of early
diagnosis of the disorder and suggests that cognitive outcomes may be significantly
improved with early pharmacological interventions.
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In addition to PFC-dependent cognitive deficits, D2R-OE mice also display deficits in
motivation, a prominent negative symptom of schizophrenia. Rigorous behavioral testing of
D2R-OE mice has revealed that this motivational deficit cannot be explained by anhedonia,
motor dysfunction or decreased appetite (Drew et al., 2007, Ward et al., 2009, Simpson et
al., 2011, Simpson et al., 2012); but is rather associated with an inability to adapt behavior to
reward and reflects a deficit in incentive motivation similar to what has been observed in
patients with schizophrenia (Fervaha et al., 2013, Gold et al., 2013, Wolf et al., 2014). In a
striking contrast to the cognitive deficits of D2R-OE mice, the motivational phenotype can
be rescued when transgenic D2R expression is turned off in the adult animal, thus
suggesting that concurrent up-regulation of D2Rs in the striatum is contributing to this
deficit (Drew et al., 2007). In an attempt to more precisely and mechanistically understand
how this pathophysiology may contribute to the motivational deficit, we examined how up-
regulation of D2Rs in medium spiny neurons (MSNSs) of the striatum affects the
physiological function and anatomical connectivity of these neurons.

We discovered that up-regulation of D2Rs increases the excitability of MSNs by down-
regulating the protein levels and currents of inward-rectifying potassium (Kir2) channels
(Cazorla et al., 2012). Moreover, we found that up-regulation of D2Rs not only increases
MSN excitability but also alters the anatomical and functional balance of the dorsal striatal
output pathways (Cazorla et al., 2014) (Figure 4). Striatal MSNs are organized into the
canonical direct and indirect projection pathways. The direct pathway predominantly
expresses D1Rs and projects monosynaptically to the basal ganglia output nuclei, the
internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulata (SNr).
In contrast, the indirect pathway predominantly expresses D2Rs and modulates GPi/SNr
output through a polysynaptic circuit via the external segment of the globus pallidus (GPe)
(Gerfen and Surmeier, 2011). Both pathways are functionally opposing with regard to
thalamo-cortical activation in the broader cortico-striato-thalamo-cortical circuit and are
therefore often referred to as “Go” and “NoGo” pathways. Generally, the direct and indirect
pathways are discussed as anatomically segregated. However, single-cell tracing studies in
rats and monkeys have shown that over 90% of direct pathway MSNs possess collaterals in
the GPe where indirect pathway MSNSs terminate (Kawaguchi et al., 1990, Wu et al., 2000,
Levesque and Parent, 2005, Fujiyama et al., 2011). We observed that these collaterals,
which “bridge” the direct with the indirect pathway, are extremely plastic in the adult animal
and that their density is directly regulated by D2R expression (Cazorla et al., 2014). Indeed,
genetic up-regulation of striatal D2Rs enhances the density of bridging collaterals whereas
genetic down-regulation leads to a gene dosage-dependent decrease (Cazorla et al., 2014).
Moreover, increasing excitability specifically in the indirect pathway of wild-type mice
using the trans-dominant negative Kir2 channel is sufficient to induce bridging collaterals,
while the increased bridging collaterals of D2R-OE mice are reversed by re-expression of
wild-type Kir2 channels (Cazorla et al., 2014). We confirmed the functional importance of
these bridging collaterals using in vivo direct pathway stimulation during anesthetized
recordings of GPe activity and also using in vivo direct pathway stimulation in behaving
animals. In vivo recordings during direct pathway stimulation in D2R-OE mice revealed
enhanced inhibition of GPe activity, and in vivo direct pathway stimulation in D2R-OE mice
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impaired the behavioral activation that is normally observed after stimulation of the direct
“Go” pathway (Kravitz et al., 2010, Cazorla et al., 2014).

Together, these results strongly suggest that the reversible anatomical changes observed in
the bridging collaterals of the dorsal striatum in D2R-OE mice are a consequence of the
alteration in neuronal excitability that result from decreased Kir2 expression in MSNSs. The
parallel reversibility of motivational deficits, MSN excitability and bridging collateral
density when switching off D2R up-regulation offers an enticing link between
pathophysiology and behavior. At the same time, the function of the direct and indirect
pathways of the dorsal striatum have most frequently been studied in the context of motor
regulation, and their contribution to motivated behavior is at present much less clear. A key
limitation of the D2R-OE model is that over-expression occurs in multiple striatal areas and
in both output pathways, thus making it unclear which precise striatal sub-region and
pathway potentially contribute to the motivation deficits. For example, the motivational
impairment in D2R-OE mice may arise from alterations in ventral striatal functioning, where
the presence of bridging collaterals whose density is regulated by D2Rs is likely, yet
presently unknown. As such, future work using increasingly restricted manipulations to
address these questions promise to provide a more complete understanding of the causal
mechanisms that explain the motivational deficits observed in D2R-OE mice.

Our present findings to date in D2R-OE mice provide interesting parallels to schizophrenia
pathophysiology and symptomology and offer insight on potential causal relationships
involved in the disease process. Perhaps most strikingly is the fact that cortical abnormalities
and subcortical dopaminergic abnormalities can arise secondarily from D2R up-regulation in
the striatum (Figure 4), and that the irreversible nature of these changes when normalizing
striatal D2R expression mirrors the fact that D2R antagonists treat the psychotic, but not
cognitive, symptoms of patients. Although our data suggests a link between anatomical and
functional striatal abnormalities and negative symptom-like motivation deficits, these
physiological abnormalities may also be relevant to the positive symptoms of patients,
despite the fact that we cannot reliably or fully measure psychotic behaviors in mice with a
high degree of validity. Although, unlike patients, D2R-OE do not exhibit a deficit in
sensorimotor gating or an enhanced motor response to amphetamine (C.K., unpublished
data) — two measures often used as a behavioral readout of positive-like symptoms in rodent
models — the reversibility of striatal abnormalities in D2R-OE mice has several interesting
parallels to the reversibility of positive symptoms in patients. As discussed above, striatal
D2R occupancy in the striatum and amphetamine-induced dopamine release correlate with
positive symptom severity and predict treatment response to antipsychotic medication,
thereby demonstrating a tight relationship between meso-striatal dopamine hyperfunction
and psychosis. Based on the reversible anatomical and functional observations of striatal
circuitry in D2R-OE mice, we hypothesize that drug-naive patients that exhibit striatal D2R
hyperfunction also have an increase in bridging collaterals in direct pathway striatal neurons
and that this increase potentially contributes to the generation of positive symptoms.
Moreover, our results suggest that decreased expression of Kir2 channels in striatal neurons
may be the molecular mechanism underlying this phenomenon in patients. We further
hypothesize that in patients treated with D2R blockers, such as haloperidol, bridging
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collateral density and Kir2 expression in MSNs, will be normalized and that this
normalization may be key for treatment response. Consistent with this idea, full efficacy
with antipsychotic medication is achieved after days to weeks of treatment (Sherwood et al.,
2006), a duration that is comparable with haloperidol-induced retraction of bridging
collaterals in mice (Cazorla et al., 2012).

3.2. Modeling MD hypofunction in mice

As stated above, the MD is the main thalamic partner of the PFC — both providing
significant excitatory drive to the PFC and receiving driving glutamatergic input from the
PFC. Indeed, early comparative neuroanatomy work defined the PFC across species as the
area of cortex that receives anatomical input from the MD (Rose and Woolsey, 1948,
Warren and Akert, 1964). Despite several distinguishing features, a general consensus has
emerged regarding the existence of significant homologies in both MD and PFC anatomy
and function across humans, primates and rodents (Preuss, 1995, Uylings et al., 2003). One
anatomical homology of note is the cross-species presence of MD projections to cingulate,
medial (mPFC), and orbitofrontal (OFC) cortical areas, each of which has been linked to
discrete cognitive processes. Given the association of both PFC and MD dysfunction in the
cognitive deficits of schizophrenia, this observation raises important causal questions
regarding how the decreased activity observed in one structure relates to the other, and how
mechanistically these functional abnormalities contribute to the cognitive deficits observed
in patients.

Taking advantage of the ability to both elicit reversible physiological alterations and
measure their physiological outcomes in behaving animals, we recently sought to address
this question in a mouse model. Specially, we tested the hypothesis that a primary decrease
in MD activity could impair PFC-dependent cognitive behaviors. To avoid the limitations of
classical lesion approaches that irreversibly inactivate entire structures and to better mimic
the alterations observed in imaging studies in patients, we employed a recently developed
pharmacogenetic tool, the Designer Receptor Exclusively Activated by a Designer Drug
(DREADD) (Armbruster et al., 2007). Using a viral vector approach to express the mutated
muscarinic receptor hM4D in the MD of mice, we induced a mild and reversible 30%
decrease in neuronal activity in about one third of MD neurons following systemic injection
of Clozapine-N-Oxide (CNO) (Parnaudeau et al., 2013). Importantly, CNO is a biologically
inert compound that is metabolized within the order of hours (Ray et al., 2011, Dymecki et
al., 2012). Therefore, restricted viral delivery of hM4D to the MD provides refined spatial
control of neural activity, while timing of CNO delivery provides reversible temporal
control.

Using this approach we found that acute and reversible induction of MD hypofunction was
sufficient to produce cognitive impairments in PFC-dependent spatial working memory and
flexible goal-directed behavior tasks while sparing more general mnemonic, anxiety and
fear-related behaviors (Parnaudeau et al., 2013, Parnaudeau et al., 2015). These results
demonstrate that global MD hypofunction can cause a wide variety of cognitive deficits,
many of which have been previously linked to distinct PFC subnuclei. Indeed, while
working memory has been linked to mPFC and dIPFC function in rodent and primate studies
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respectively (Funahashi et al., 1993, Floresco et al., 1997, Bechara et al., 1998), the OFC of
both rodents and primates has frequently been linked to flexible goal-directed behaviors,
such as reversal learning (Chudasama and Robbins, 2003, Schoenbaum et al., 2003,
Izquierdo et al., 2004, Morrison et al., 2011).

In order to more tightly link a primary MD hypofunction with subsequent PFC dysfunction,
we carried out multi-site in vivo physiological recordings in mice while they performed a
spatial working memory task. When simultaneously recording MD and mPFC activity in
mice learning to perform the task we observed that synchronous MD-mPFC activity in the
13-30-Hz beta-frequency range increased hand-in-hand with task performance and that MD
hypofunction delayed both behavioral performance and synchronous MD-mPFC activity
(Parnaudeau et al., 2013). In a separate cohort of mice that were trained to reach criterion
performance we found that control animals exhibited an increase in MD-mPFC beta-
synchrony during a task phase when working memory demand is at its peak and animals
must select an action based on previously held information. Acute induction of MD
hypofunction in experimental animals abolished this increase in MD-mPFC beta-synchrony
(Parnaudeau et al., 2013). These results demonstrate a tight link between MD and mPFC
activity in working memory behaviors and supports the idea that the alterations in PFC
activity in schizophrenia classically linked to cognitive impairment could also arise
secondarily from deficits in MD function (Figure 1).

These findings additionally provide a framework for further elucidating the precise thalamo-
prefrontal circuit abnormalities that potentially underlie particular cognitive deficits in
schizophrenia. While our results suggest a strong link between activity in direct MD
projections to the mPFC and proper working memory performance, the causal relationship
between activity in reciprocal mPFC-to-MD projections and working memory remain to be
explored (Figure 1). Moreover, although an increase in MD-mPFC synchrony during peak
working memory demand suggests a role for this circuit in the maintenance of working
memory, a causal test of this hypothesis requires a manipulation of activity on an even finer
timescale than that of hours. The emergence of optogenetic tools for manipulating neural
activity in a projection-specific and temporally precise manner in animal models provides an
important new tool for addressing these questions (Bernstein and Boyden, 2011, Fenno et
al., 2011). Projection-specific approaches offer a level of precision in analyzing the function
of brain circuits that is impossible to achieve in humans. Future efforts to tease apart the
precise functional importance of distinct connections in the thalamo-prefrontal circuit for the
performance of discrete cognitive tasks, such as working memory and reversal learning,
promise to provide important insight into how abnormalities in this circuit may contribute to
the cognitive deficits of schizophrenia.

3.3. Modeling hippocampal hyper-activity in mice

As mentioned previously, non-competitive NMDA receptor antagonists, such as ketamine
and PCP, induce psychosis in healthy human subjects that can be indistinguishable from
psychosis in schizophrenia. While behavioral readouts for psychosis in animal models are
perhaps impossible to achieve, the fact that NMDA antagonists have similar action on
conserved molecular and circuit structures across species endows a powerful role for animal
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models in illuminating the brain-wide physiological consequences of NMDA antagonism
and how these phenomena relate to pathophysiological observations in patients suffering
from psychoses.

Interestingly, recent work in animals reveals that acute and chronic ketamine exposures in
adolescent mice increases hippocampal CBV, or metabolic rate, in a manner that is similar
to what is observed in prodromal patients with schizophrenia using identical measurements
(Schobel et al., 2013). As detailed above, although an elevation in activity or metabolic rate
following NMDA receptor antagonism appears paradoxical, previous work suggests this
outcome is explained by a stronger antagonism of NMDA receptors expressed on inhibitory
interneurons, thus resulting in decreased inhibitory tone and a disinhibition of pyramidal
neuron activity (Homayoun and Moghaddam, 2007, Seamans, 2008). Interestingly,
increased hippocampal CBV after chronic treatment of ketamine in mice subsequently
results in atrophy of the hippocampus (Figure 5) — a finding that parallels the observation of
decreased hippocampal volume reported by structural imaging studies in patients. These
results are consistent with the idea that ketamine induces hippocampal hyperactivity via
elevated release of glutamate, a key hypothesis of the glutamate theory of schizophrenia.
Indeed, when mice are pretreated with an agonist for the Gi-linked metabotropic glutamate
receptor mGIuR2/3, which inhibits pre-synaptic glutamate release (Moghaddam and Adams,
1998), hippocampal hyper-metabolism and atrophy can be prevented (Schobel et al., 2013).

These results provide causal evidence for the idea that hippocampal hyperactivity and
subsequent atrophy can derive from enhanced glutamate release, substantiating the
hypothesis that a similar mechanism may occur in patients with schizophrenia. In this
context, animal studies on heterozygous glutaminase knock-out mice reveal interesting
parallel findings (Gaisler-Salomon et al., 2009b). These mice express reduced levels of the
enzyme that converts glutamine into glutamate and have been observed to have a concurrent
reduction of glutamate levels in the hippocampus (Gaisler-Salomon et al., 2009a, Gaisler-
Salomon et al., 2012). Strikingly, these mice display the inverse imaging phenotype of both
ketamine-treated mice and patients with schizophrenia: a hippocampal hypo-metabolism that
is also associated with reduced ketamine-induced frontal activation and amphetamine-
induced dopamine release. Findings from these two animal models suggest that glutamate
down-regulation may be protective for psychosis, potentially via regulating hippocampal
hyperactivity or by down-regulating the striatal dopamine system. These results also support
the idea that attenuation of the glutamate system may be a promising pharmacological
strategy for novel therapeutics seeking to prevent conversion to schizophrenia. While
attempts to reduce glutamate release with an mGIluR2/3 agonist have failed in clinical trials
(Kinon et al., 2011, Adams et al., 2013), these studies were conducted on chronic
schizophrenia patients. It remains possible that treatment may need to occur earlier on in the
disease process, perhaps prior to the onset of gross morphological brain abnormalities, in
order to achieve beneficial outcomes.

Interestingly, chronic ketamine treatment in mice additionally results in a decrease in the
number of hippocampal PV interneurons, another observation frequently reported in
schizophrenia patients (Schobel et al., 2013) (Figure 5). While this result suggests that PV
abnormalities may arise subsequent to hippocampal hyperactivity in patients, findings from
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the cyclin D2 knock-out mouse model reveals a more complicated picture of the potential
causal interactions between these two pathophysiologies. A chief phenotype of cyclin D2
knock-out mice is a reduction in cortical PV interneurons, most prominently in the
hippocampus (Glickstein et al., 2007). Interestingly, this primary deficit in PV interneurons
is sufficient to cause increased in vivo spiking in hippocampal projection neurons and
increased fMRI-measured basal metabolic activity (Gilani et al., 2014), thus revealing that
hippocampal hyperactivity can be causally derived from either a primary elevation in
glutamate release or a primary reduction in GABAergic function. Cyclin D2 knock-outs
additionally exhibit increased VTA activity and amphetamine-induced hyperactivity (Gilani
et al., 2014), two phenotypes with associations to psychosis in schizophrenia patients and
drug-induced psychosis in healthy subjects, respectively. Strikingly, transplanting
interneuron precursors into the adult hippocampus of cyclin D2 knockout mice can reverse
both of these phenotypes as well as hippocampal hyper-activity (Gilani et al., 2014).

The combined results from these three animal models reveal a tight link between
glutamatergic and GABAergic function in the hippocampus. While a primary deficit in one
system can result in impairment of the other, these studies suggest that the chief downstream
outcome of either causal pathway is hyper-activation of the hippocampus. Given the
relationship between hippocampal hyperactivity and subsequent conversion to psychosis in
schizophrenia, these animal findings indicate the possibility for multiple pathophysiological
pathways towards this outcome in patients.

4. Synthesizing the findings and interactions between patient and animal

model research

In the previous sections we have detailed several genetic, epidemiological and pathological
brain abnormalities associated with schizophrenia. We then described a number of findings
from animal studies seeking to model three abnormalities that had been observed in patients
using brain imaging techniques. While we have made efforts to emphasize the relevance of
findings from these models to various patient observations, a core challenge of translational
approaches is the need to synthesize individual findings into meaningful frameworks such
that fruitful hypotheses capable of guiding future research in patients and animals alike may
be developed.

In this context, we believe that one key question — posed by both clinical observations in
patients and findings from animal models — is the degree to which distributed brain
abnormalities co-exist within individual patients. Indeed, the symptomatology of
schizophrenia exhibits a high degree of heterogeneity and patients usually share some, but
not all, of the symptoms of the disorder. Moreover, the complex genetic architecture of the
disorder and the large variety of environmental risk factors suggests the potential for
multiple etiological origins in the progression to schizophrenia. As a result, it appears
increasingly likely that the divergence in symptoms across patients must be explained by
divergent etiological factors that result in distinct pathophysiological outcomes. Yet
understanding how these causal factors converge to produce psychosis — the diagnostic
anchor of schizophrenia — and how they diverge to produce distinct symptom outcomes
requires a fuller charting of the causal pathways linking etiology to pathophysiology, and

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 20

pathophysiology to behavioral outcome within single patients. While the animal models we
have discussed here do not directly test hypotheses regarding the most proximal etiological
origins of schizophrenia, they do provide important insight into the potential causal
relationships and interactions between brain abnormalities frequently observed in patients.
By anchoring the causal chain to a single brain abnormality and mapping the subsequent
pathophysiological and behavioral consequences, we believe these studies provide important
causal evidence for potential areas of convergence and divergence in the pathophysiologies
and symptoms exhibited by schizophrenia patients. We hope these findings can serve as
guideposts for future research in both patients and animal models.

4.1. Potential areas for pathophysiological and symptom convergence in schizophrenia

Imaging studies have occasionally described physiological abnormalities that co-occur in the
same population of patients. For example, reduced prefrontal activation during cognitive
testing has been found to co-exist with increased striatal F-dopa uptake (Meyer-Lindenberg
etal., 2002, Fusar-Poli et al., 2010). Interestingly, the relationship between these two
pathophysiologies is inversely correlated, thus suggesting a possible functional link between
them. This correlation, however, does not reveal whether this group of patients exhibited
cortical hypofunction due to abnormalities in the dopamine system or due to, for example,
the cortical GABAergic abnormalities that have been extensively reported in other cohorts
of patients (Lewis et al., 2014, Schmidt and Mirnics, 2015). The existing studies that have
observed dopaminergic cortical hypofunction and striatal hyperfunction also fail to bridge
this causal gap as they have been done using different ligands and in different patient
cohorts (Howes et al., 2012, Slifstein et al., 2015). As such, cross-sectional human imaging
studies are unable to answer whether cortical hypofunction causally leads to striatal
hyperfunction or vice versa. Although the application of novel tools for direct manipulation
of human brain activity in patient (e.g. transmagnetic cranial stimulation) is a powerful new
way to address such questions (Luber et al., 2007, Stanford et al., 2008, McClintock et al.,
2011), animal models provide the opportunity to manipulate and measure brain function
with a mechanistic precision not presently possible in humans.

In this light, the animal models described above offer an interesting perspective on potential
causal interactions between these patient pathophysiologies by suggesting a surprising
degree of convergence exists between them. As detailed above, striatal D2R-OE mice
demonstrate that a single subcortical dopaminergic abnormality can produce decreased VTA
activity, decreased dopamine turnover in the PFC, and deficits in PFC-dependent cognitive
behaviors (Kellendonk et al., 2006, Krabbe et al., 2015) (Figure 4). Strikingly, a classical
lesion study in rats reported the converse causal relationship: lesioning of dopaminergic
terminals in the PFC results in both increased dopamine binding and D2R levels in the
striatum (Pycock et al., 1980). These animal findings reveal that a primary disturbance in
dopaminergic activity in either a single subcortical or cortical structure can have widespread
consequences on brain-wide activity patterns. As such, these results suggest that any
etiological risk factors in schizophrenia patients that affect dopaminergic function are likely
to lead to a variety of subcortical and cortical abnormalities, each of which may
differentially contribute to the positive, negative and cognitive symptoms of the disorder.
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Interestingly, D2R-OE mice additionally display impaired GABAergic function in the
mPFC and, as described above, decreased GABA function is postulated in schizophrenia
based on observations of molecular and structural abnormalities in GABAergic neurons. The
most prevalent view of GABAergic abnormalities in schizophrenia is that it occurs early in
the pathogenesis of the disorder and originates in GABA neurons potentially as a
consequence of chronic inflammation, oxidative stress or deficits in interneuron
development (O'Donnell, 2011, Nakazawa et al., 2012, Siegel et al., 2014). While the
elegant studies described above using the cyclin D2 knock-out mouse provide causal support
for this hypothesis, the presence of cortical GABAergic abnormalities in D2R-OE mice
indicates that multiple, pathophysiological pathways to decreased cortical GABA function
are possible and that GABAergic abnormalities in schizophrenia may be secondary to
dopaminergic abnormalities. While future work in animal models may causally demonstrate
that cortical GABAergic function is tightly linked to cognitive behavior, understanding
whether GABAergic abnormalities in schizophrenia are both primary to disease progression
and causally involved in cognitive symptoms requires both improved early clinical detection
of schizophrenia and an increase in longitudinal studies following the disorder's
pathophysiological progression in the broadest manner possible.

The above-described work by Scott Small and colleagues (Schobel et al., 2009, Schobel et
al., 2013) offers a powerful example of how longitudinal clinical research can be tightly
linked to translational animal models in the effort to pinpoint core pathophysiological
abnormalities and guide research on novel therapeutic targets. One important unanswered
question that derives from this work is whether hippocampal hypermetabolism in patients
contributes to psychosis via a disinhibition of the subcortical dopamine system. Indeed,
cyclin D2 knock-out mice reveal that hippocampal hypermetabolism can cause an increase
in VTA activity that can be reversed by normalizing hippocampal activity. Studies
performed by Tony Grace and colleagues in rats further support the hypothesis that
hippocampal activity regulates subcortical dopamine release via a disinhibitory mechanism
(Grace, 2012). However, in these studies hippocampal hyperactivity has been found to
disinhibit the mesolimbic dopamine system, whereas in humans increased dopamine release
is highest in the associative striatum and D2R occupancy in this area correlates with positive
symptoms. In order to test the relevance of this mechanism for schizophrenia, future clinical
studies could simultaneously measure striatal F-Dopa uptake and hippocampal CBV within
the same patient populations. In general, future patient imaging studies that track multiple
structural, resting-state or task-evoked functional abnormalities within single patients
promise to provide important insight into disease progression, how one pathophysiological
abnormality may be related to another and how each of these relates to symptomatology.
Large scale, collaborative initiatives of this type — such as the North American Prodrome
Longitudinal Study and the Philadelphia Neurodevelopmental Cohort — have already begun
to yield important findings and publicly available data from such longitudinal cohorts will
undoubtedly prove to be a significant resource for future research (Addington et al., 2007,
Woods et al., 2009, Satterthwaite et al., 2014, Satterthwaite et al., 2015). In a similar
manner, ongoing work in animals seeking to model aspects of schizophrenia will best aid
this effort by examining brain-wide abnormalities with the highest degree of mechanistic
detail.
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4.2. Potential areas for pathophysiological and symptom divergence in schizophrenia

In an effort to improve both diagnosis and our biological understanding of symptom
heterogeneity in schizophrenia, several research groups have employed and advocated for
approaches that link genetic risk factors to discrete patient populations exhibiting distinct
phenotypes (Hallmayer et al., 2005, Allen et al., 2009, lvleva et al., 2012, Arnedo et al.,
2015). Although it requires replication, a recent study observed that 42 single nucleotide
polymorphisms associated with schizophrenia could be segregated into eight populations of
interacting gene clusters, each of which mapped onto distinct phenotypic outcomes (Arnedo
et al., 2015). Historically, a major gap in such gene linkage studies has been an overreliance
on symptoms and a lack of objective measurements for the intermediate pathophysiologies
that causally bridge the connection between gene and phenotype. While recent large scale
NIH-funded initiatives, such as the Bipolar-Schizophrenia Network for Intermediate
Phenotypes and the Consortium on Genetics of Schizophrenia, have begun to address this
limitation by seeking to associate discrete genetic risk profiles to both clinical phenotype
and brain structural and functional abnormalities (Greenwood et al., 2011, Meda et al., 2012,
Keshavan et al., 2013), the causal linkages between gene, pathophysiology and symptom
remain largely unknown at present. If schizophrenia can be divided into sub-types, what are
the brain areas directly affected by genes? What are the causal physiological mechanisms
that produce distinct phenotypic outcomes?

Ultimately, only patient imaging studies that track multiple structural, resting-state or task-
evoked functional abnormalities within single patients and relate these observations to
symptomatology can provide direct answers to these questions. However, the above-
described findings from a mouse model of MD hypofunction may offer potential
illumination for such efforts. Indeed, the rather selective deficits in cognitive tasks that are
observed in mice with MD hypofunction demonstrate a tight link between proper cognitive
performance and normal functioning of this structure. The thalamic structural abnormalities
reported in schizophrenia patients potentially suggest that the thalamus is a sensitive target
for particular etiological risk factors, with MD abnormalities in particular likely contributing
to cognitive impairment. It is further interesting to conjecture that inconsistencies in
replicating structural observations in the thalamus may reflect phenotypic differences in the
degree of cognitive impairment in patient populations. Once more, ongoing research efforts
aimed at integrating structural imaging with task-activated functional imaging and detailed
clinical phenotyping within single patients provide the most promising avenue for
addressing such hypotheses. Future work in animal models will also benefit from testing
hypotheses on MD dysfunction that approximate more causal, etiological origins. For
example, in light of the strong neurodevelopmental component in the disorder and the
observation of thalamic abnormalities in first-episode patients (Chen et al., 2014b), it would
be interesting to understand the potential downstream brain abnormalities that can causally
derive from a primary decrease in MD activity during development.

Results from the MD hypofunction mouse model also provide a broader picture of the brain-
wide physiological alterations that derive from primary deficits in the MD and how they
underlie deficits in discrete cognitive behaviors. Indeed, we observed that MD hypofunction
induces deficits in PFC-dependent tasks that have been linked to discrete PFC subnuclei;
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and that MD hypofunction impairs synchronous thalamo-mPFC activity during the
performance of a working memory task. These findings are reminiscent of the decreased
correlation in activity between the MD and PFC during cognitive testing in patients (Katz et
al., 1996, Mitelman et al., 2005, Minzenberg et al., 2009) and suggest a tight link may exist
between thalamo-prefrontal activity and cognitive impairment in schizophrenia. However,
while MD hypofunction is sufficient ;o impair thalamoprefrontal activity and PFC-dependent
cognition, it is important to consider the fact that PFC-dependent cognitive deficits are also
present in other models, including in striatal D2R-OE mice. This observation perhaps
exposes the difficulty of tightly linking complex cognitive tasks to brain areas that are
highly interconnected. Nevertheless, the development of new techniques for simultaneous
large-scale imaging and manipulation of neural activity in cell-type and projection-specific
manners is rapidly providing the tools necessary to address such difficulties in behaving
animals with remarkable levels of precision (Grosenick et al., 2015, Madisen et al., 2015).
The existence of PFC-dependent cognitive deficits in MD hypofunction and striatal D2-OE
mice may also suggest, as discussed above, a certain level of convergence between causal
pathophysiological pathways — although not towards shared pathophysiologies but rather
towards shared phenotypic outcomes. At the same time, the complete causal relationships
that bridge these observations have yet to be fully explored in these animal models. For
example, simultaneous physiological recordings of MD and PFC activity in D2R-OE mice
may reveal disruptions in synchronous thalamo-prefrontal activity during working memory
performance, thus tightening the link between the thalamo-prefrontal circuit and cognition
despite revealing multiple pathways to this abnormality.

5. Conclusion

Patients with schizophrenia display a heterogeneous set of symptoms and clinical research
has implicated a broad range of brain abnormalities that may underlie various aspects of the
disorder. Several brain areas that have been consistently implicated in the disease process
include the meso-striatal dopamine system, the thalamo-prefrontal circuit and the
hippocampal formation. However, because causal relationships are extremely difficult to
establish in patients, animal models provide an important avenue for illuminating the
potential biological mechanisms that trigger particular brain abnormalities and how they
relate to behavioral outcomes.

While there exist multiple entry points through which animal studies can model this
complex human disorder, we believe one fruitful entry point uses patient brain imaging
studies as a guide. A major strength of this approach is that it dramatically simplifies a
complex and hetereogenous human disorder with few known high penetrant genetic or
environmental causes. As such, animal studies of commonly observed intermediate
pathophysiologies of the disorder have increased power for offering mechanistic insight into
the links between single brain pathophysiologies and behavioral outcomes, and they can
additionally reveal potential brain-wide pathophysiological interactions that derive from a
single brain manipulation.

One key issue for future research on schizophrenia is the need to resolve the reasons behind
the disorder's immense heterogeneity in genetic and environmental risk factors, intermediate
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pathophysiologies, and patient symptoms. While many of the findings from the animal
models presented here reveal that multiple primary pathophysiologies can lead to convergent
brain-wide abnormalities with overlapping sets of symptoms, this evidence is not fully
conclusive. Ultimately, a final resolution to this issue will require direct clinical evidence in
patient populations. Towards this effort, new and ongoing longitudinal studies that follow
at-risk populations while measuring the broadest possible spectrum of genetic,
pathophysiological and behavioral readouts promise to provide the greatest insight into the
biological processes underlying schizophrenia. For example, simultaneous tracking of
hippocampal hyperactivity using CBV, subcortical dopamine release using PET, and
phenotypic assessments of prodromal patient cohorts will provide an improved picture of
how these pathophysiologies evolve prior to and following psychosis onset. Another
possible example that could provide insight into the relationship between thalamo-cortical
abnormalities and cognitive symptoms would be a simultaneous tracking of thalamic and
cortical structural abnormalities using MRI, resting state functional and structural
connectivity abnormalities using rsfMRI and DTI, and task-activated functional
abnormalities using fMRI. Findings from such studies would provide clear guideposts for
future animal modeling work capable of testing causal relationships and further illuminating
biological mechanisms with increasing precision.

Finally, a major limitation of such animal modeling approaches is that they cannot provide
links between translationally valid proximal etiological causes and subsequent
pathophysiological and behavioral outcomes— a link that can only be filled by translational
animal models of known genetic and epidemiological risk factors for the disorder. Together,
however, the combination of findings derived from animal models of causal etiological
factors and findings from approaches modeling intermediate pathophysiologies based on
human imaging studies promise to provide the fullest possible insight into the biological
mechanisms that link schizophrenia etiologies to brain pathophysiologies, how individual
pathophysiologies interact in brain-wide networks, and how these biological processes
produce the disorder's heterogeneous set of symptoms.

Acknowledgements

This research was supported by grants from the National Institute of Health (NIH) (P50MH086404 and
RO1MH093672). SSB is supported by an NIH NRSA Fellowship (1F31MH102041).

References

Abi-Dargham A, Rodenhiser J, Printz D, Zea-Ponce Y, Gil R, Kegeles LS, Weiss R, Cooper TB, Mann
JJ, Van Heertum RL, Gorman JM, Laruelle M. Increased baseline occupancy of D2 receptors by
dopamine in schizophrenia. Proc Natl Acad Sci U S A. 2000; 97:8104-8109. [PubMed: 10884434]

Adams DH, Kinon BJ, Baygani S, Millen BA, Velona I, Kollack-Walker S, Walling DP. A long-term,
phase 2, multicenter, randomized, open-label, comparative safety study of pomaglumetad methionil
(LY2140023 monohydrate) versus atypical antipsychotic standard of care in patients with
schizophrenia. BMC Psychiatry. 2013; 13:143. [PubMed: 23694720]

Addington J, Cadenhead KS, Cannon TD, Cornblatt B, McGlashan TH, Perkins DO, Seidman LJ,
Tsuang M, Walker EF, Woods SW, Heinssen R, North American Prodrome Longitudinal S. North
American Prodrome Longitudinal Study: a collaborative multisite approach to prodromal
schizophrenia research. Schizophr Bull. 2007; 33:665-672. [PubMed: 17255119]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 25

Adriano F, Caltagirone C, Spalletta G. Hippocampal volume reduction in first-episode and chronic
schizophrenia: a review and meta-analysis. Neuroscientist. 2012; 18:180-200. [PubMed: 21531988]

Akbarian S, Kim JJ, Potkin SG, Hagman JO, Tafazzoli A, Bunney WE, Jones EG. Gene-Expression
for Glutamic-Acid Decarboxylase Is Reduced without Loss of Neurons in Prefrontal Cortex of
Schizophrenics. Archives of General Psychiatry. 1995; 52:258-266. [PubMed: 7702443]

Allen AJ, Griss ME, Folley BS, Hawkins KA, Pearlson GD. Endophenotypes in schizophrenia: a
selective review. Schizophr Res. 2009; 109:24-37. [PubMed: 19223268]

Andreasen NC, Ehrhardt JC, Swayze VW 2nd, Alliger RJ, Yuh WT, Cohen G, Ziebell S. Magnetic
resonance imaging of the brain in schizophrenia. The pathophysiologic significance of structural
abnormalities. Arch Gen Psychiatry. 1990; 47:35-44. [PubMed: 2294854]

Andreasen NC, Flashman L, Flaum M, Arndt S, Swayze V 2nd, O'Leary DS, Ehrhardt JC, Yuh WT.
Regional brain abnormalities in schizophrenia measured with magnetic resonance imaging. JAMA.
1994; 272:1763-1769. [PubMed: 7966925]

Andreasen NC, O'Leary DS, Flaum M, Nopoulos P, Watkins GL, Boles Ponto LL, Hichwa RD.
Hypofrontality in schizophrenia: distributed dysfunctional circuits in neuroleptic-naive patients.
Lancet. 1997; 349:1730-1734. [PubMed: 9193383]

Andreasen NC, Pierson R. The role of the cerebellum in schizophrenia. Biol Psychiatry. 2008; 64:81—

88. [PubMed: 18395701]

Andrews J, Wang L, Csernansky JG, Gado MH, Barch DM. Abnormalities of thalamic activation and
cognition in schizophrenia. Am J Psychiatry. 2006; 163:463-469. [PubMed: 16513868]

Anticevic A, Cole MW, Repovs G, Murray JD, Brumbaugh MS, Winkler AM, Savic A, Krystal JH,
Pearlson GD, Glahn DC. Characterizing thalamo-cortical disturbances in schizophrenia and
bipolar illness. Cereb Cortex. 2014; 24:3116-3130. [PubMed: 23825317]

Arciniegas D, Rojas DC, Teale P, Sheeder J, Sandberg E, Reite M. The thalamus and the
schizophrenia phenotype: failure to replicate reduced volume. Biol Psychiatry. 1999; 45:1329-
1335. [PubMed: 10349040]

Armbruster BN, Li X, Pausch MH, Herlitze S, Roth BL. Evolving the lock to fit the key to create a
family of G protein-coupled receptors potently activated by an inert ligand. Proc Natl Acad Sci U
S A. 2007; 104:5163-5168. [PubMed: 17360345]

Arnedo J, Svrakic DM, Del Val C, Romero-Zaliz R, Hernandez-Cuervo H, Molecular Genetics of
Schizophrenia C. Fanous AH, Pato MT, Pato CN, de Erausquin GA, Cloninger CR, Zwir 1.
Uncovering the hidden risk architecture of the schizophrenias: confirmation in three independent
genome-wide association studies. Am J Psychiatry. 2015; 172:139-153. [PubMed: 25219520]

Arnsten AF, Wang MJ, Paspalas CD. Neuromodulation of thought: flexibilities and vulnerabilities in
prefrontal cortical network synapses. Neuron. 2012; 76:223-239. [PubMed: 23040817]

Bach ME, Simpson EH, Kahn L, Marshall JJ, Kandel ER, Kellendonk C. Transient and selective
overexpression of D2 receptors in the striatum causes persistent deficits in conditional associative
learning. Proc Natl Acad Sci U S A. 2008; 105:16027-16032. [PubMed: 18832466]

Barch DM, Carter CS, Braver TS, Sabb FW, MacDonald A 3rd, Noll DC, Cohen JD. Selective deficits
in prefrontal cortex function in medication-naive patients with schizophrenia. Arch Gen
Psychiatry. 2001; 58:280-288. [PubMed: 11231835]

Baumeister AA, Francis JL. Historical development of the dopamine hypothesis of schizophrenia.
Journal of the History of Neurosciences. 2002; 11:265-277.

Bechara A, Damasio H, Tranel D, Anderson SW. Dissociation of working memory from decision
making within the human prefrontal cortex. J Neurosci. 1998; 18:428-437. [PubMed: 9412519]

Ben Abdallah NM, Fuss J, Trusel M, Galsworthy MJ, Bobsin K, Colacicco G, Deacon RM, Riva MA,
Kellendonk C, Sprengel R, Lipp HP, Gass P. The puzzle box as a simple and efficient behavioral
test for exploring impairments of general cognition and executive functions in mouse models of
schizophrenia. Exp Neurol. 2011; 227:42-52. [PubMed: 20851119]

Benes FM. Evidence for altered trisynaptic circuitry in schizophrenic hippocampus. Biol Psychiatry.
1999; 46:589-599. [PubMed: 10472413]

Benes FM, Vincent SL, Marie A, Khan Y. Up-regulation of GABAA receptor binding on neurons of
the prefrontal cortex in schizophrenic subjects. Neuroscience. 1996; 75:1021-1031. [PubMed:
8938738]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 26

Beneyto M, Abbott A, Hashimoto T, Lewis DA. Lamina-specific alterations in cortical GABA(A)
receptor subunit expression in schizophrenia. Cereb Cortex. 2011; 21:999-1011. [PubMed:
20843900]

Bernstein JG, Boyden ES. Optogenetic tools for analyzing the neural circuits of behavior. Trends Cogn
Sci. 2011; 15:592-600. [PubMed: 22055387]

Bird ED, Spokes EG, Barnes J, MacKay AV, Iversen LL, Shepherd M. Increased brain dopamine and
reduced glutamic acid decarboxylase and choline acetyl transferase activity in schizophrenia and
related psychoses. Lancet. 1977; 2:1157-1158. [PubMed: 73064]

Bogerts B, Ashtari M, Degreef G, Alvir JM, Bilder RM, Lieberman JA. Reduced temporal limbic
structure volumes on magnetic resonance images in first episode schizophrenia. Psychiatry Res.
1990; 35:1-13. [PubMed: 2367608]

Breier A, Malhotra AK, Pinals DA, Weisenfeld NI, Pickar D. Association of ketamine-induced
psychosis with focal activation of the prefrontal cortex in healthy volunteers. Am J Psychiatry.
1997; 154:805-811. [PubMed: 9167508]

Brown AS. Epidemiologic studies of exposure to prenatal infection and risk of schizophrenia and
autism. Dev Neurobiol. 2012; 72:1272-1276. [PubMed: 22488761]

Brown AS, Sourander A, Hinkka-Yli-Salomaki S, McKeague IW, Sundvall J, Surcel HM. Elevated
maternal C-reactive protein and autism in a national birth cohort. Mol Psychiatry. 2014; 19:259—
264. [PubMed: 23337946]

Burgess PW, Scott SK, Frith CD. The role of the rostral frontal cortex (area 10) in prospective
memory: a lateral versus medial dissociation. Neuropsychologia. 2003; 41:906-918. [PubMed:
12667527]

Byne W, Buchsbaum MS, Mattiace LA, Hazlett EA, Kemether E, Elhakem SL, Purohit DP,
Haroutunian V, Jones L. Postmortem assessment of thalamic nuclear volumes in subjects with
schizophrenia. Am J Psychiatry. 2002; 159:59-65. [PubMed: 11772691]

Byne W, Hazlett EA, Buchsbaum MS, Kemether E. The thalamus and schizophrenia: current status of
research. Acta Neuropathol. 2009; 117:347-368. [PubMed: 18604544]

Callicott JH, Bertolino A, Mattay VS, Langheim FJ, Duyn J, Coppola R, Goldberg TE, Weinberger
DR. Physiological dysfunction of the dorsolateral prefrontal cortex in schizophrenia revisited.
Cereb Cortex. 2000; 10:1078-1092. [PubMed: 11053229]

Canetta SE, Brown AS. Prenatal Infection, Maternal Immune Activation, and Risk for Schizophrenia.
Transl Neurosci. 2012; 3:320-327. [PubMed: 23956839]

Cazorla M, de Carvalho FD, Chohan MO, Shegda M, Chuhma N, Rayport S, Ahmari SE, Moore H,
Kellendonk C. Dopamine D2 receptors regulate the anatomical and functional balance of basal
ganglia circuitry. Neuron. 2014; 81:153-164. [PubMed: 24411738]

Cazorla M, Shegda M, Ramesh B, Harrison NL, Kellendonk C. Striatal D2 receptors regulate dendritic
morphology of medium spiny neurons via Kir2 channels. J Neurosci. 2012; 32:2398-2409.
[PubMed: 22396414]

Chen CM, Stanford AD, Mao X, Abi-Dargham A, Shungu DC, Lisanby SH, Schroeder CE, Kegeles
LS. GABA level, gamma oscillation, and working memory performance in schizophrenia.
Neuroimage Clin. 2014a; 4:531-539. [PubMed: 24749063]

Chen Z, Deng W, Gong Q, Huang C, Jiang L, Li M, He Z, Wang Q, Ma X, Wang Y, Chua SE,
McAlonan GM, Sham PC, Collier DA, McGuire P, Li T. Extensive brain structural network
abnormality in first-episode treatment-naive patients with schizophrenia: morphometrical and
covariation study. Psychol Med. 2014b; 44:2489-2501. [PubMed: 24443827]

Cho RY, Konecky RO, Carter CS. Impairments in frontal cortical gamma synchrony and cognitive
control in schizophrenia. Proc Natl Acad Sci U S A. 2006; 103:19878-19883. [PubMed:
17170134]

Chudasama Y, Robbins TW. Dissociable contributions of the orbitofrontal and infralimbic cortex to
pavlovian autoshaping and discrimination reversal learning: further evidence for the functional
heterogeneity of the rodent frontal cortex. J Neurosci. 2003; 23:8771-8780. [PubMed: 14507977]

Chun S, Westmoreland JJ, Bayazitov IT, Eddins D, Pani AK, Smeyne RJ, Yu J, Blundon JA,
Zakharenko SS. Specific disruption of thalamic inputs to the auditory cortex in schizophrenia
models. Science. 2014; 344:1178-1182. [PubMed: 24904170]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 27

Conde F, Lund JS, Jacobowitz DM, Baimbridge KG, Lewis DA. Local circuit neurons
immunoreactive for calretinin, calbindin D-28k or parvalbumin in monkey prefrontal cortex:
distribution and morphology. J Comp Neurol. 1994; 341:95-116. [PubMed: 8006226]

Creese |, Burt DR, Snyder SH. Dopamine receptor binding predicts clinical and pharmacological
potencies of antischizophrenic drugs. Science. 1976; 192:481-483. [PubMed: 3854]

Daniel DG, Berman KF, Weinberger DR. The effect of apomorphine on regional cerebral blood flow
in schizophrenia. J Neuropsychiatry Clin Neurosci. 1989; 1:377-384. [PubMed: 2521086]

Dean K, Murray RM. Environmental risk factors for psychosis. Dialogues Clin Neurosci. 2005; 7:69—
80. [PubMed: 16060597]

Dolan RJ, Fletcher P, Frith CD, Friston KJ, Frackowiak RS, Grasby PM. Dopaminergic modulation of
impaired cognitive activation in the anterior cingulate cortex in schizophrenia. Nature. 1995;
378:180-182. [PubMed: 7477319]

Drew MR, Simpson EH, Kellendonk C, Herzberg WG, Lipatova O, Fairhurst S, Kandel ER, Malapani
C, Balsam PD. Transient overexpression of striatal D2 receptors impairs operant motivation and
interval timing. J Neurosci. 2007; 27:7731-7739. [PubMed: 17634367]

Dymecki SM, Ray RR, Brust RD, Corcoran AE, Kim JC, Richerson GB, Nattie E. Response to
Comment on “Impaired Respiratory and Body Temperature Control Upon Acute Serotonergic
Neuron Inhibition”. Science. 2012; 337:646-647. [PubMed: 22879486]

Ellison-Wright I, Bullmore E. Meta-analysis of diffusion tensor imaging studies in schizophrenia.
Schizophr Res. 2009; 108:3-10. [PubMed: 19128945]

Ellison-Wright I, Glahn DC, Laird AR, Thelen SM, Bullmore E. The anatomy of first-episode and
chronic schizophrenia: an anatomical likelihood estimation meta-analysis. Am J Psychiatry. 2008;
165:1015-1023. [PubMed: 18381902]

Fenno L, Yizhar O, Deisseroth K. The development and application of optogenetics. Annu Rev
Neurosci. 2011; 34:389-412. [PubMed: 21692661]

Fenton WS, McGlashan TH. Natural history of schizophrenia subtypes. Il. Positive and negative
symptoms and long-term course. Arch Gen Psychiatry. 1991; 48:978-986. [PubMed: 1747021]

Fervaha G, Foussias G, Agid O, Remington G. Amotivation and functional outcomes in early
schizophrenia. Psychiatry Res. 2013; 210:665-668. [PubMed: 23911005]

Fischer M, Harvald B, Hauge M. A Danish twin study of schizophrenia. Br J Psychiatry. 1969;
115:981-990. [PubMed: 5387002]

Floresco SB, Seamans JK, Phillips AG. Selective roles for hippocampal, prefrontal cortical, and
ventral striatal circuits in radial-arm maze tasks with or without a delay. J Neurosci. 1997;
17:1880-1890. [PubMed: 9030646]

Fornito A, Yucel M, Patti J, Wood SJ, Pantelis C. Mapping grey matter reductions in schizophrenia: an
anatomical likelihood estimation analysis of voxel-based morphometry studies. Schizophr Res.
2009; 108:104-113. [PubMed: 19157788]

Fujiyama F, Sohn J, Nakano T, Furuta T, Nakamura KC, Matsuda W, Kaneko T. Exclusive and
common targets of neostriatofugal projections of rat striosome neurons: a single neuron-tracing
study using a viral vector. Eur J Neurosci. 2011; 33:668-677. [PubMed: 21314848]

Funahashi S, Bruce CJ, Goldman-Rakic PS. Dorsolateral prefrontal lesions and oculomotor delayed-
response performance: evidence for mnemonic “scotomas”. J Neurosci. 1993; 13:1479-1497.
[PubMed: 8463830]

Fusar-Poli P. Voxelwise meta-analysis of fMRI studies in patients at clinical high risk for psychosis. J
Psychiatry Neurosci. 2012; 37:106-112. [PubMed: 22146150]

Fusar-Poli P, Howes OD, Allen P, Broome M, Valli I, Asselin MC, Grasby PM, McGuire PK.
Abnormal frontostriatal interactions in people with prodromal signs of psychosis: a multimodal
imaging study. Arch Gen Psychiatry. 2010; 67:683-691. [PubMed: 20603449]

Gaisler-Salomon I, Miller GM, Chuhma N, Lee S, Zhang H, Ghoddoussi F, Lewandowski N, Fairhurst
S, Wang Y, Conjard-Duplany A, Masson J, Balsam P, Hen R, Arancio O, Galloway MP, Moore
HM, Small SA, Rayport S. Glutaminase-deficient mice display hippocampal hypoactivity,
insensitivity to pro-psychotic drugs and potentiated latent inhibition: relevance to schizophrenia.
Neuropsychopharmacology. 2009a; 34:2305-2322. [PubMed: 19516252]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 28

Gaisler-Salomon I, Schobel SA, Small SA, Rayport S. How high-resolution basal-state functional
imaging can guide the development of new pharmacotherapies for schizophrenia. Schizophr Bull.
2009b; 35:1037-1044. [PubMed: 19828591]

Gaisler-Salomon I, Wang Y, Chuhma N, Zhang H, Golumbic YN, Mihali A, Arancio O, Sibille E,
Rayport S. Synaptic underpinnings of altered hippocampal function in glutaminase-deficient mice
during maturation. Hippocampus. 2012; 22:1027-1039. [PubMed: 22431402]

Gerfen CR, Surmeier DJ. Modulation of striatal projection systems by dopamine. Annu Rev Neurosci.
2011; 34:441-466. [PubMed: 21469956]

Gilani Al, Chohan MO, Inan M, Schobel SA, Chaudhury NH, Paskewitz S, Chuhma N, Glickstein S,
Merker RJ, Xu Q, Small SA, Anderson SA, Ross ME, Moore H. Interneuron precursor transplants
in adult hippocampus reverse psychosis-relevant features in a mouse model of hippocampal
disinhibition. Proc Natl Acad Sci U S A. 2014; 111:7450-7455. [PubMed: 24794528]

Glahn DC, Laird AR, Ellison-Wright I, Thelen SM, Robinson JL, Lancaster JL, Bullmore E, Fox PT.
Meta-analysis of gray matter anomalies in schizophrenia: application of anatomic likelihood
estimation and network analysis. Biol Psychiatry. 2008; 64:774-781. [PubMed: 18486104]

Glickstein SB, Moore H, Slowinska B, Racchumi J, Suh M, Chuhma N, Ross ME. Selective cortical
interneuron and GABA deficits in cyclin D2-null mice. Development. 2007; 134:4083-4093.
[PubMed: 17965053]

Gold JM, Strauss GP, Waltz JA, Robinson BM, Brown JK, Frank MJ. Negative symptoms of
schizophrenia are associated with abnormal effort-cost computations. Biol Psychiatry. 2013;
74:130-136. [PubMed: 23394903]

Goldberg TE, Torrey EF, Berman KF, Weinberger DR. Relations between Neuropsychological
Performance and Brain Morphological and Physiological Measures in Monozygotic Twins
Discordant for Schizophrenia. Psychiatry Research-Neuroimaging. 1994; 55:51-61.

Goldman-Rakic PS. Working memory dysfunction in schizophrenia. J Neuropsychiatry Clin Neurosci.
1994; 6:348-357. [PubMed: 7841806]

Gottesman, Erlenmeyer-Kimling L. Family and twin strategies as a head start in defining prodromes
and endophenotypes for hypothetical early-interventions in schizophrenia. Schizophr Res. 2001;
51:93-102. [PubMed: 11479071]

Grace AA. Dopamine system dysregulation by the hippocampus: implications for the pathophysiology
and treatment of schizophrenia. Neuropharmacology. 2012; 62:1342-1348. [PubMed: 21621548]

Green MF. What are the functional consequences of neurocognitive deficits in schizophrenia? Am J
Psychiatry. 1996; 153:321-330. [PubMed: 8610818]

Green MF, Kern RS, Braff DL, Mintz J. Neurocognitive deficits and functional outcome in
schizophrenia: Are we measuring the “right stuff”? Schizophrenia Bulletin. 2000; 26:119-136.
[PubMed: 10755673]

Greenwood TA, Lazzeroni LC, Murray SS, Cadenhead KS, Calkins ME, Dobie DJ, Green MF, Gur
RE, Gur RC, Hardiman G, Kelsoe JR, Leonard S, Light GA, Nuechterlein KH, Olincy A, Radant
AD, Schork NJ, Seidman LJ, Siever LJ, Silverman JM, Stone WS, Swerdlow NR, Tsuang DW,
Tsuang MT, Turetsky BI, Freedman R, Braff DL. Analysis of 94 candidate genes and 12
endophenotypes for schizophrenia from the Consortium on the Genetics of Schizophrenia. Am J
Psychiatry. 2011; 168:930-946. [PubMed: 21498463]

Grosenick L, Marshel JH, Deisseroth K. Closed-Loop and Activity-Guided Optogenetic Control.
Neuron. 2015; 86:106-139. [PubMed: 25856490]

Hallmayer JF, Kalaydjieva L, Badcock J, Dragovic M, Howell S, Michie PT, Rock D, Vile D,
Williams R, Corder EH, Hollingsworth K, Jablensky A. Genetic evidence for a distinct subtype of
schizophrenia characterized by pervasive cognitive deficit. Am J Hum Genet. 2005; 77:468-476.
[PubMed: 16080121]

Hanada S, Mita T, Nishino N, Tanaka C. [3H]muscimol binding sites increased in autopsied brains of
chronic schizophrenics. Life Sci. 1987; 40:259-266. [PubMed: 3025545]

Harrison PJ. The hippocampus in schizophrenia: a review of the neuropathological evidence and its
pathophysiological implications. Psychopharmacology (Berl). 2004; 174:151-162. [PubMed:
15205886]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 29

Harrison PJ, Weinberger DR. Schizophrenia genes, gene expression, and neuropathology: on the
matter of their convergence. Molecular Psychiatry. 2005; 10:40-68. [PubMed: 15263907]

Hashimoto T, Arion D, Unger T, Maldonado-Aviles JG, Morris HM, Volk DW, Mirics K, Lewis DA.
Alterations in GABA-related transcriptome in the dorsolateral prefrontal cortex of subjects with
schizophrenia. Mol Psychiatry. 2008; 13:147-161. [PubMed: 17471287]

Hashimoto T, Volk DW, Eggan SM, Mirnics K, Pierri JN, Sun Z, Sampson AR, Lewis DA. Gene
expression deficits in a subclass of GABA neurons in the prefrontal cortex of subjects with
schizophrenia. J Neurosci. 2003; 23:6315-6326. [PubMed: 12867516]

Hazlett EA, Buchsbaum MS, Byne W, Wei TC, Spiegel-Cohen J, Geneve C, Kinderlehrer R, Haznedar
MM, Shihabuddin L, Siever LJ. Three-dimensional analysis with MRI and PET of the size, shape,
and function of the thalamus in the schizophrenia spectrum. Am J Psychiatry. 1999; 156:1190-
1199. [PubMed: 10450259]

Hazlett EA, Buchsbaum MS, Kemether E, Bloom R, Platholi J, Brickman AM, Shihabuddin L, Tang
C, Byne W. Abnormal glucose metabolism in the mediodorsal nucleus of the thalamus in
schizophrenia. Am J Psychiatry. 2004; 161:305-314. [PubMed: 14754780]

Heckers S, Konradi C. Hippocampal pathology in schizophrenia. Curr Top Behav Neurosci. 2010;
4:529-553. [PubMed: 21312412]

Heckers S, Stone D, Walsh J, Shick J, Koul P, Benes FM. Differential hippocampal expression of
glutamic acid decarboxylase 65 and 67 messenger RNA in bipolar disorder and schizophrenia.
Arch Gen Psychiatry. 2002; 59:521-529. [PubMed: 12044194]

Hess EJ, Bracha HS, Kleinman JE, Creese |. Dopamine receptor subtype imbalance in schizophrenia.
Life Sci. 1987; 40:1487-1497. [PubMed: 2951573]

Hoftman GD, Volk DW, Bazmi HH, Li S, Sampson AR, Lewis DA. Altered cortical expression of
GABA-related genes in schizophrenia: illness progression vs developmental disturbance.
Schizophr Bull. 2015; 41:180-191. [PubMed: 24361861]

Holt DJ, Weiss AP, Rauch SL, Wright Cl, Zalesak M, Goff DC, Ditman T, Welsh RC, Heckers S.
Sustained activation of the hippocampus in response to fearful faces in schizophrenia. Biol
Psychiatry. 2005; 57:1011-1019. [PubMed: 15860342]

Homayoun H, Moghaddam B. NMDA receptor hypofunction produces opposite effects on prefrontal
cortex interneurons and pyramidal neurons. J Neurosci. 2007; 27:11496-11500. [PubMed:
17959792]

Honea R, Crow TJ, Passingham D, Mackay CE. Regional deficits in brain volume in schizophrenia: a
meta-analysis of voxel-based morphometry studies. Am J Psychiatry. 2005; 162:2233-2245.
[PubMed: 16330585]

Howes OD, Kambeitz J, Kim E, Stahl D, Slifstein M, Abi-Dargham A, Kapur S. The Nature of
Dopamine Dysfunction in Schizophrenia and What This Means for Treatment. Archives of
General Psychiatry. 2012; 69:776-786. [PubMed: 22474070]

Howes OD, Montgomery AJ, Asselin MC, Murray RM, Valli |, Tabraham P, Bramon-Bosch E,
Valmaggia L, Johns L, Broome M, McGuire PK, Grasby PM. Elevated striatal dopamine function
linked to prodromal signs of schizophrenia. Arch Gen Psychiatry. 2009; 66:13-20. [PubMed:
19124684]

Hu W, MacDonald ML, Elswick DE, Sweet RA. The glutamate hypothesis of schizophrenia: evidence
from human brain tissue studies. Ann N 'Y Acad Sci. 2015; 1338:38-57. [PubMed: 25315318]

Ivleva El, Morris DW, Osuji J, Moates AF, Carmody TJ, Thaker GK, Cullum M, Tamminga CA.
Cognitive endophenotypes of psychosis within dimension and diagnosis. Psychiatry Research.
2012; 196:38-44. [PubMed: 22342122]

Izquierdo A, Suda RK, Murray EA. Bilateral orbital prefrontal cortex lesions in rhesus monkeys
disrupt choices guided by both reward value and reward contingency. J Neurosci. 2004; 24:7540-
7548. [PubMed: 15329401]

Javitt DC, Zukin SR. The role of excitatory amino acids in neuropsychiatric illness. J Neuropsychiatry
Clin Neurosci. 1990; 2:44-52. [PubMed: 1983773]

Job DE, Whalley HC, McConnell S, Glabus M, Johnstone EC, Lawrie SM. Voxel-based morphometry
of grey matter densities in subjects at high risk of schizophrenia. Schizophrenia Research. 2003;
64:1-13. [PubMed: 14511796]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 30

Johnstone EC, Crow TJ, Frith CD, Husband J, Kreel L. Cerebral ventricular size and cognitive
impairment in chronic schizophrenia. Lancet. 1976; 2:924-926. [PubMed: 62160]

Joyce JN, Lexow N, Bird E, Winokur A. Organization of dopamine D1 and D2 receptors in human
striatum: receptor autoradiographic studies in Huntington's disease and schizophrenia. Synapse.
1988; 2:546-557. [PubMed: 2973147]

Kallmann FJ. The genetic theory of schizophrenia; an analysis of 691 schizophrenic twin index
families. Am J Psychiatry. 1946; 103:309-322. [PubMed: 20277893]

Karayiorgou M, Morris MA, Morrow B, Shprintzen RJ, Goldberg R, Borrow J, Gos A, Nestadt G,
Wolyniec PS, Lasseter VK, et al. Schizophrenia susceptibility associated with interstitial
deletions of chromosome 22q11. Proc Natl Acad Sci U S A. 1995; 92:7612-7616. [PubMed:
7644464]

Karlsgodt KH, Sun D, Cannon TD. Structural and Functional Brain Abnormalities in Schizophrenia.
Current Directions in Psychological Science. 2009; 19:226-231. [PubMed: 25414548]

Katz M, Buchsbaum MS, Siegel BV Jr. Wu J, Haier RJ, Bunney WE Jr. Correlational patterns of
cerebral glucose metabolism in never-medicated schizophrenics. Neuropsychobiology. 1996;
33:1-11. [PubMed: 8821368]

Kawaguchi Y, Wilson CJ, Emson PC. Projection subtypes of rat neostriatal matrix cells revealed by
intracellular injection of biocytin. J Neurosci. 1990; 10:3421-3438. [PubMed: 1698947]

Kegeles LS, Abi-Dargham A, Frankle WG, Gil R, Cooper TB, Slifstein M, Hwang DR, Huang Y,
Haber SN, Laruelle M. Increased synaptic dopamine function in associative regions of the
striatum in schizophrenia. Arch Gen Psychiatry. 2010a; 67:231-239. [PubMed: 20194823]

Kegeles LS, Slifstein M, Xu X, Urban N, Thompson JL, Moadel T, Harkavy-Friedman JM, Gil R,
Laruelle M, Abi-Dargham A. Striatal and extrastriatal dopamine D2/D3 receptors in
schizophrenia evaluated with [18F]fallypride positron emission tomography. Biol Psychiatry.
2010b; 68:634-641. [PubMed: 20673873]

Kellendonk C, Simpson EH, Polan HJ, Malleret G, Vronskaya S, Winiger V, Moore H, Kandel ER.
Transient and selective overexpression of dopamine D2 receptors in the striatum causes
persistent abnormalities in prefrontal cortex functioning. Neuron. 2006; 49:603-615. [PubMed:
16476668]

Kemether EM, Buchsbhaum MS, Byne W, Hazlett EA, Haznedar M, Brickman AM, Platholi J, Bloom
R. Magnetic resonance imaging of mediodorsal, pulvinar, and centromedian nuclei of the
thalamus in patients with schizophrenia. Arch Gen Psychiatry. 2003; 60:983-991. [PubMed:
14557143]

Kendler KS, Diehl SR. The genetics of schizophrenia: a current, genetic-epidemiologic perspective.
Schizophr Bull. 1993; 19:261-285. [PubMed: 8322035]

Keshavan MS, Clementz BA, Pearlson GD, Sweeney JA, Tamminga CA. Reimagining psychoses: an
agnostic approach to diagnosis. Schizophr Res. 2013; 146:10-16. [PubMed: 23498153]

Kinon BJ, Zhang L, Millen BA, Osuntokun OO, Williams JE, Kollack-Walker S, Jackson K,
Kryzhanovskaya L, Jarkova N, Group HS. A multicenter, inpatient, phase 2, double-blind,
placebo-controlled dose-ranging study of LY2140023 monohydrate in patients with DSM-I1V
schizophrenia. J Clin Psychopharmacol. 2011; 31:349-355. [PubMed: 21508856]

Konick LC, Friedman L. Meta-analysis of thalamic size in schizophrenia. Biol Psychiatry. 2001;
49:28-38. [PubMed: 11163777]

Konradi C, Yang CK, Zimmerman El, Lohmann KM, Gresch P, Pantazopoulos H, Berretta S, Heckers
S. Hippocampal interneurons are abnormal in schizophrenia. Schizophr Res. 2011; 131:165-173.
[PubMed: 21745723]

Krabbe S, Duda J, Schiemann J, Poetschke C, Schneider G, Kandel ER, Liss B, Roeper J, Simpson
EH. Increased dopamine D2 receptor activity in the striatum alters the firing pattern of dopamine
neurons in the ventral tegmental area. Proc Natl Acad Sci U S A. 2015

Kraepelin, E. Dementia Praecox and Paraphrenia. Robert E Kreiger Publishing Co, Inc; Huntington,
NY: 1919. 1999

Krasnow B, Tamm L, Greicius MD, Yang TT, Glover GH, Reiss AL, Menon V. Comparison of fMRI
activation at 3 and 1.5 T during perceptual, cognitive, and affective processing. Neuroimage.
2003; 18:813-826. [PubMed: 12725758]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 31

Kravitz AV, Freeze BS, Parker PR, Kay K, Thwin MT, Deisseroth K, Kreitzer AC. Regulation of
parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry. Nature. 2010;
466:622-626. [PubMed: 20613723]

Kuperberg GR, Broome MR, McGuire PK, David AS, Eddy M, Ozawa F, Goff D, West WC, Williams
SC, van der Kouwe AJ, Salat DH, Dale AM, Fischl B. Regionally localized thinning of the
cerebral cortex in schizophrenia. Arch Gen Psychiatry. 2003; 60:878-888. [PubMed: 12963669]

Lahti AC, Weiler MA, Tamara Michaelidis BA, Parwani A, Tamminga CA. Effects of ketamine in
normal and schizophrenic volunteers. Neuropsychopharmacology. 2001; 25:455-467. [PubMed:
11557159]

Laruelle M. Imaging dopamine transmission in schizophrenia. A review and meta-analysis. Q J Nucl
Med. 1998; 42:211-221. [PubMed: 9796369]

Levesque M, Parent A. The striatofugal fiber system in primates: a reevaluation of its organization
based on single-axon tracing studies. Proc Natl Acad Sci U S A. 2005; 102:11888-11893.
[PubMed: 16087877]

Lewis DA, Fish KN, Arion D, Gonzalez-Burgos G. Perisomatic inhibition and cortical circuit
dysfunction in schizophrenia. Current Opinion in Neurobiology. 2014; 21:866-872. [PubMed:
21680173]

Lewis DA, Hashimoto T. Deciphering the disease process of schizophrenia: the contribution of cortical
GABA neurons. Int Rev Neurobiol. 2007; 78:109-131. [PubMed: 17349859]

Li YC, Kellendonk C, Simpson EH, Kandel ER, Gao WJ. D2 receptor overexpression in the striatum
leads to a deficit in inhibitory transmission and dopamine sensitivity in mouse prefrontal cortex.
Proc Natl Acad Sci U S A. 2011; 108:12107-12112. [PubMed: 21730148]

Luber B, Stanford AD, Malaspina D, Lisanby SH. Revisiting the backward masking deficit in
schizophrenia: individual differences in performance and modeling with transcranial magnetic
stimulation. Biol Psychiatry. 2007; 62:793-799. [PubMed: 17207777]

Machon RA, Mednick SA, Huttunen MO. Adult major affective disorder after prenatal exposure to an
influenza epidemic. Arch Gen Psychiatry. 1997; 54:322-328. [PubMed: 9107148]

Madisen L, Garner AR, Shimaoka D, Chuong AS, Klapoetke NC, Li L, van der Bourg A, Niino Y,
Egolf L, Monetti C, Gu H, Mills M, Cheng A, Tasic B, Nguyen TN, Sunkin SM, Benucci A,
Nagy A, Miyawaki A, Helmchen F, Empson RM, Knopfel T, Boyden ES, Reid RC, Carandini
M, Zeng H. Transgenic mice for intersectional targeting of neural sensors and effectors with high
specificity and performance. Neuron. 2015; 85:942-958. [PubMed: 25741722]

Malaspina D, Harkavy-Friedman J, Corcoran C, Mujica-Parodi L, Printz D, Gorman JM, Van Heertum
R. Resting neural activity distinguishes subgroups of schizophrenia patients. Biol Psychiatry.
2004; 56:931-937. [PubMed: 15601602]

Maldonado-Aviles JG, Curley AA, Hashimoto T, Morrow AL, Ramsey AJ, O'Donnell P, Volk DW,
Lewis DA. Altered markers of tonic inhibition in the dorsolateral prefrontal cortex of subjects
with schizophrenia. Am J Psychiatry. 2009; 166:450-459. [PubMed: 19289452]

Manoach DS. Prefrontal cortex dysfunction during working memory performance in schizophrenia:
reconciling discrepant findings. Schizophr Res. 2003; 60:285-298. [PubMed: 12591590]

Marzella PL, Copolov D. [3H]nemonapride binding in human caudate and putamen. Brain Res Bull.
1997; 44:167-170. [PubMed: 9292206]

McCarley RW, Wible CG, Frumin M, Hirayasu Y, Levitt JJ, Fischer IA, Shenton ME. MRI anatomy
of schizophrenia. Biol Psychiatry. 1999; 45:1099-1119. [PubMed: 10331102]

McClintock SM, Freitas C, Oberman L, Lisanby SH, Pascual-Leone A. Transcranial magnetic
stimulation: a neuroscientific probe of cortical function in schizophrenia. Biol Psychiatry. 2011;
70:19-27. [PubMed: 21571254]

Meda SA, Gill A, Stevens MC, Lorenzoni RP, Glahn DC, Calhoun VD, Sweeney JA, Tamminga CA,
Keshavan MS, Thaker G, Pearlson GD. Differences in Resting-State Functional Magnetic
Resonance Imaging Functional Network Connectivity Between Schizophrenia and Psychotic
Bipolar Probands and Their Unaffected First-Degree Relatives. Biological Psychiatry. 2012;
71:881-889. [PubMed: 22401986]

Merritt K, McGuire P, Egerton A. Relationship between glutamate dysfunction and symptoms and
cognitive function in psychosis. Front Psychiatry. 2013:4. [PubMed: 23444313]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 32

Meyer U. Prenatal poly(i:C) exposure and other developmental immune activation models in rodent
systems. Biol Psychiatry. 2014; 75:307-315. [PubMed: 23938317]

Meyer-Lindenberg A, Miletich RS, Kohn PD, Esposito G, Carson RE, Quarantelli M, Weinberger DR,
Berman KF. Reduced prefrontal activity predicts exaggerated striatal dopaminergic function in
schizophrenia. Nat Neurosci. 2002; 5:267-271. [PubMed: 11865311]

Meyer-Lindenberg AS, Olsen RK, Kohn PD, Brown T, Egan MF, Weinberger DR, Berman KF.
Regionally specific disturbance of dorsolateral prefrontal-hippocampal functional connectivity in
schizophrenia. Arch Gen Psychiatry. 2005; 62:379-386. [PubMed: 15809405]

Minzenberg MJ, Laird AR, Thelen S, Carter CS, Glahn DC. Meta-analysis of 41 functional
neuroimaging studies of executive function in schizophrenia. Arch Gen Psychiatry. 2009;
66:811-822. [PubMed: 19652121]

Mita T, Hanada S, Nishino N, Kuno T, Nakai H, Yamadori T, Mizoi Y, Tanaka C. Decreased
serotonin S2 and increased dopamine D2 receptors in chronic schizophrenics. Biol Psychiatry.
1986; 21:1407-1414. [PubMed: 2947636]

Mitelman SA, Buchsbaum MS, Brickman AM, Shihabuddin L. Cortical intercorrelations of frontal
area volumes in schizophrenia. Neuroimage. 2005; 27:753-770. [PubMed: 15990338]

Miyamoto S, Miyake N, Jarskog LF, Fleischhacker WW, Lieberman JA. Pharmacological treatment of
schizophrenia: a critical review of the pharmacology and clinical effects of current and future
therapeutic agents. Mol Psychiatry. 2012; 17:1206-1227. [PubMed: 22584864]

Moghaddam B, Adams BW. Reversal of phenylcyclidine effects by a group 1l metabotropic glutamate
receptor agonist in rats. Science. 1998; 281:1349-1352. [PubMed: 9721099]

Moghaddam B, Javitt D. From revolution to evolution: the glutamate hypothesis of schizophrenia and
its implication for treatment. Neuropsychopharmacology. 2012; 37:4-15. [PubMed: 21956446]

Morrison SE, Saez A, Lau B, Salzman CD. Different time courses for learning-related changes in
amygdala and orbitofrontal cortex. Neuron. 2011; 71:1127-1140. [PubMed: 21943608]

Murray GK, Corlett PR, Clark L, Pessiglione M, Blackwell AD, Honey G, Jones PB, Bullmore ET,
Robbins TW, Fletcher PC. Substantia nigra/ventral tegmental reward prediction error disruption
in psychosis. Mol Psychiatry. 2008; 13:239, 267-276. [PubMed: 17684497]

Nakazawa K, Zsiros V, Jiang Z, Nakao K, Kolata S, Zhang S, Belforte JE. GABAergic interneuron
origin of schizophrenia pathophysiology. Neuropharmacology. 2012; 62:1574-1583. [PubMed:
21277876]

Narr KL, Bilder RM, Toga AW, Woods RP, Rex DE, Szeszko PR, Robinson D, Sevy S, Gunduz-
Bruce H, Wang YP, DeLuca H, Thompson PM. Mapping cortical thickness and gray matter
concentration in first episode schizophrenia. Cereb Cortex. 2005a; 15:708-719. [PubMed:
15371291]

Narr KL, Toga AW, Szeszko P, Thompson PM, Woods RP, Robinson D, Sevy S, Wang Y, Schrock K,
Bilder RM. Cortical thinning in cingulate and occipital cortices in first episode schizophrenia.
Biol Psychiatry. 2005b; 58:32—-40. [PubMed: 15992520]

Nelson MD, Saykin AJ, Flashman LA, Riordan HJ. Hippocampal volume reduction in schizophrenia
as assessed by magnetic resonance imaging: a meta-analytic study. Arch Gen Psychiatry. 1998;
55:433-440. [PubMed: 9596046]

Nesvag R, Lawyer G, Varnas K, Fjell AM, Walhovd KB, Frigessi A, Jonsson EG, Agartz |. Regional
thinning of the cerebral cortex in schizophrenia: effects of diagnosis, age and antipsychotic
medication. Schizophr Res. 2008; 98:16-28. [PubMed: 17933495]

Noga JT, Bartley AJ, Jones DW, Torrey EF, Weinberger DR. Cortical gyral anatomy and gross brain
dimensions in monozygotic twins discordant for schizophrenia. Schizophr Res. 1996; 22:27-40.
[PubMed: 8908688]

O'Donnell P. Adolescent onset of cortical disinhibition in schizophrenia: insights from animal models.
Schizophr Bull. 2011; 37:484-492. [PubMed: 21505115]

Pantelis C, Velakoulis D, McGorry PD, Wood SJ, Suckling J, Phillips LJ, Yung AR, Bullmore ET,
Brewer W, Soulsby B, Desmond P, McGuire PK. Neuroanatomical abnormalities before and
after onset of psychosis: a cross-sectional and longitudinal MRI comparison. Lancet. 2003;
361:281-288. [PubMed: 12559861]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 33

Pantelis C, Yiicel M, Wood SJ, Velakoulis D, Sun D, Berger G, Stuart GW, Yung A, Phillips L,
McGorry PD. Structural brain imaging evidence for multiple pathological processes at different
stages of brain development in schizophrenia. Schizophr Bull. 2005; 31:672-696. [PubMed:
16020551]

Parnaudeau S, O'Neill PK, Bolkan SS, Ward RD, Abbas Al, Roth BL, Balsam PD, Gordon JA,
Kellendonk C. Inhibition of mediodorsal thalamus disrupts thalamofrontal connectivity and
cognition. Neuron. 2013; 77:1151-1162. [PubMed: 23522049]

Parnaudeau S, Taylor K, Bolkan SS, Ward RD, Balsam PD, Kellendonk C. Mediodorsal thalamus
hypofunction impairs flexible goal-directed behavior. Biol Psychiatry. 2015; 77:445-453.
[PubMed: 24813335]

Patil ST, Zhang L, Martenyi F, Lowe SL, Jackson KA, Andreev BV, Avedisova AS, Bardenstein LM,
Gurovich 1Y, Morozova MA, Mosolov SN, Neznanov NG, Reznik AM, Smulevich AB, Tochilov
VA, Johnson BG, Monn JA, Schoepp DD. Activation of mGlu2/3 receptors as a new approach to
treat schizophrenia: a randomized Phase 2 clinical trial. Nat Med. 2007; 13:1102-1107.
[PubMed: 17767166]

Paylor R, Lindsay E. Mouse models of 22g11 deletion syndrome. Biol Psychiatry. 2006; 59:1172—
1179. [PubMed: 16616724]

Pergola G, Selvaggi P, Trizio S, Bertolino A, Blasi G. The role of the thalamus in schizophrenia from
a neuroimaging perspective. Neurosci Biobehav Rev. 2015

Perlstein WM, Carter CS, Noll DC, Cohen JD. Relation of prefrontal cortex dysfunction to working
memory and symptoms in schizophrenia. Am J Psychiatry. 2001; 158:1105-1113. [PubMed:
11431233]

Poels EM, Kegeles LS, Kantrowitz JT, Javitt DC, Lieberman JA, Abi-Dargham A, Girgis RR.
Glutamatergic abnormalities in schizophrenia: a review of proton MRS findings. Schizophr Res.
2014; 152:325-332. [PubMed: 24418122]

Portas CM, Goldstein JM, Shenton ME, Hokama HH, Wible CG, Fischer I, Kikinis R, Donnino R,
Jolesz FA, McCarley RW. Volumetric evaluation of the thalamus in schizophrenic male patients
using magnetic resonance imaging. Biological Psychiatry. 1998; 43:649-659. [PubMed:
9582998]

Preuss TM. Do rats have prefrontal cortex? The rose-woolsey-akert program reconsidered. J Cogn
Neurosci. 1995; 7:1-24. [PubMed: 23961750]

Pycock CJ, Kerwin RW, Carter CJ. Effect of lesion of cortical dopamine terminals on subcortical
dopamine receptors in rats. Nature. 1980; 286:74-76. [PubMed: 7393327]

Ray RS, Corcoran AE, Brust RD, Kim JC, Richerson GB, Nattie E, Dymecki SM. Impaired respiratory
and body temperature control upon acute serotonergic neuron inhibition. Science. 2011;
333:637-642. [PubMed: 21798952]

Rees E, O'Donovan MC, Owen MJ. Genetics of schizophrenia. Current Opinion in Behavioral
Sciences. 2015; 2:8-14.

Reveley AM, Reveley MA, Clifford CA, Murray RM. Cerebral ventricular size in twins discordant for
schizophrenia. Lancet. 1982; 1:540-541. [PubMed: 6120394]

Rose JE, Woolsey CN. The orbitofrontal cortex and its connections with the mediodorsal nucleus in
rabbit, sheep and cat. Res Publ Assoc Res Nerv Ment Dis. 1948; 27 (1 ):210-232. [PubMed:
18106857]

Satterthwaite TD, Connolly JJ, Ruparel K, Calkins ME, Jackson C, Elliott MA, Roalf DR, Ryan
Hopsona KP, Behr M, Qiu H, Mentch FD, Chiavacci R, Sleiman PM, Gur RC, Hakonarson H,
Gur RE. The Philadelphia Neurodevelopmental Cohort: A publicly available resource for the
study of normal and abnormal brain development in youth. Neuroimage. 2015

Satterthwaite TD, Elliott MA, Ruparel K, Loughead J, Prabhakaran K, Calkins ME, Hopson R,
Jackson C, Keefe J, Riley M, Mentch FD, Sleiman P, Verma R, Davatzikos C, Hakonarson H,
Gur RC, Gur RE. Neuroimaging of the Philadelphia neurodevelopmental cohort. Neuroimage.
2014; 86:544-553. [PubMed: 23921101]

Schizophrenia Working Group of the Psychiatric Genomics C. Biological insights from 108
schizophrenia-associated genetic loci. Nature. 2014; 511:421-427. [PubMed: 25056061]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 34

Schlaepfer TE, Harris GJ, Tien AY, Peng LW, Lee S, Federman EB, Chase GA, Barta PE, Pearlson
GD. Decreased regional cortical gray matter volume in schizophrenia. Am J Psychiatry. 1994;
151:842-848. [PubMed: 8184992]

Schmidt MJ, Mirnics K. Neurodevelopment, GABA system dysfunction, and schizophrenia.
Neuropsychopharmacology. 2015; 40:190-206. [PubMed: 24759129]

Schobel SA, Chaudhury NH, Khan UA, Paniagua B, Styner MA, Asllani I, Inbar BP, Corcoran CM,
Lieberman JA, Moore H, Small SA. Imaging Patients with Psychosis and a Mouse Model
Establishes a Spreading Pattern of Hippocampal Dysfunction and Implicates Glutamate as a
Driver. Neuron. 2013; 78:81-93. [PubMed: 23583108]

Schobel SA, Lewandowski NM, Corcoran CM, Moore H, Brown T, Malaspina D, Small SA.
Differential targeting of the CA1 subfield of the hippocampal formation by schizophrenia and
related psychotic disorders. Arch Gen Psychiatry. 2009; 66:938-946. [PubMed: 19736350]

Schoenbaum G, Setlow B, Nugent SL, Saddoris MP, Gallagher M. Lesions of orbitofrontal cortex and
basolateral amygdala complex disrupt acquisition of odor-guided discriminations and reversals.
Learn Mem. 2003; 10:129-140. [PubMed: 12663751]

Seamans J. Losing inhibition with ketamine. Nat Chem Biol. 2008; 4:91-93. [PubMed: 18202677]

Seeman P. Schizophrenia thalamus imaging: low benzamide binding to dopamine D2 receptors
suggests fewer D2Short receptors and fewer presynaptic terminals. Psychiatry Res. 2013;
214:175-180. [PubMed: 24120301]

Seeman P, Lee T, Chau-Wong M, Wong K. Antipsychotic drug doses and neuroleptic/dopamine
receptors. Nature. 1976; 261:717-719. [PubMed: 945467]

Shenton ME, Kikinis R, Jolesz FA, Pollak SD, LeMay M, Wible CG, Hokama H, Martin J, Metcalf D,
Coleman M, et al. Abnormalities of the left temporal lobe and thought disorder in schizophrenia.
A quantitative magnetic resonance imaging study. N Engl J Med. 1992; 327:604-612. [PubMed:
1640954]

Shepherd AM, Laurens KR, Matheson SL, Carr VJ, Green MJ. Systematic meta-review and quality
assessment of the structural brain alterations in schizophrenia. Neurosci Biobehav Rev. 2012;
36:1342-1356. [PubMed: 22244985]

Sherwood M, Thornton AE, Honer WG. A meta-analysis of profile and time-course of symptom
change in acute schizophrenia treated with atypical antipsychatics. Int J Neuropsychopharmacol.
2006; 9:357-366. [PubMed: 16316478]

Shimizu M, Fujiwara H, Hirao K, Namiki C, Fukuyama H, Hayashi T, Murai T. Structural
abnormalities of the adhesio interthalamica and mediodorsal nuclei of the thalamus in
schizophrenia. Schizophr Res. 2008; 101:331-338. [PubMed: 18242957]

Siegel BI, Sengupta EJ, Edelson JR, Lewis DA, Volk DW. Elevated viral restriction factor levels in
cortical blood vessels in schizophrenia. Biol Psychiatry. 2014; 76:160-167. [PubMed: 24209773]

Sigurdsson T, Stark KL, Karayiorgou M, Gogos JA, Gordon JA. Impaired hippocampal-prefrontal
synchrony in a genetic mouse model of schizophrenia. Nature. 2010; 464:763-767. [PubMed:
20360742]

Simpson EH, Kellendonk C, Ward RD, Richards V, Lipatova O, Fairhurst S, Kandel ER, Balsam PD.
Pharmacologic rescue of motivational deficit in an animal model of the negative symptoms of
schizophrenia. Biol Psychiatry. 2011; 69:928-935. [PubMed: 21414604]

Simpson EH, Waltz JA, Kellendonk C, Balsam PD. Schizophrenia in translation: dissecting motivation
in schizophrenia and rodents. Schizophr Bull. 2012; 38:1111-1117. [PubMed: 23015686]

Simpson MD, Slater P, Deakin JF, Royston MC, Skan WJ. Reduced GABA uptake sites in the
temporal lobe in schizophrenia. Neurosci Lett. 1989; 107:211-215. [PubMed: 2616032]

Slater E. Psychotic and neurotic illnesses in twins. Spec Rep Ser Med Res Counc (G B). 1953; 278:1—
385.

Slifstein M, van de Giessen E, VVan Snellenberg J, Thompson JL, Narendran R, Gil R, Hackett E,
Girgis R, Ojeil N, Moore H, D'Souza D, Malison RT, Huang Y, Lim K, Nabulsi N, Carson RE,
Lieberman JA, Abi-Dargham A. Deficits in Prefrontal Cortical and Extrastriatal Dopamine
Release in Schizophrenia: A Positron Emission Tomographic Functional Magnetic Resonance
Imaging Study. JAMA Psychiatry. 2015

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 35

Stanford AD, Sharif Z, Corcoran C, Urban N, Malaspina D, Lisanby SH. rTMS strategies for the study
and treatment of schizophrenia: a review. Int J Neuropsychopharmacol. 2008; 11:563-576.
[PubMed: 18241358]

Stefansson H, Rujescu D, Cichon S, Pietilainen OP, Ingason A, Steinberg S, Fossdal R, Sigurdsson E,
Sigmundsson T, Buizer-Voskamp JE, Hansen T, Jakobsen KD, Muglia P, Francks C, Matthews
PM, Gylfason A, Halldorsson BV, Gudbjartsson D, Thorgeirsson TE, Sigurdsson A, Jonasdottir
A, Jonasdottir A, Bjornsson A, Mattiasdottir S, Blondal T, Haraldsson M, Magnusdottir BB,
Giegling I, Moller HJ, Hartmann A, Shianna KV, Ge D, Need AC, Crombie C, Fraser G, Walker
N, Lonngvist J, Suvisaari J, Tuulio-Henriksson A, Paunio T, Toulopoulou T, Bramon E, Di Forti
M, Murray R, Ruggeri M, Vassos E, Tosato S, Walshe M, Li T, Vasilescu C, Muhleisen TW,
Wang AG, Ullum H, Djurovic S, Melle I, Olesen J, Kiemeney LA, Franke B, Group, Sabatti C,
Freimer NB, Gulcher JR, Thorsteinsdottir U, Kong A, Andreassen OA, Ophoff RA, Georgi A,
Rietschel M, Werge T, Petursson H, Goldstein DB, Nothen MM, Peltonen L, Collier DA, St
Clair D, Stefansson K. Large recurrent microdeletions associated with schizophrenia. Nature.
2008; 455:232-236. [PubMed: 18668039]

Suddath RL, Christison GW, Torrey EF, Weinberger DR. Cerebral anatomical abnormalities in
monozygotic twins discordant for schizophrenia. N Engl J Med. 1990; 322:789-794. [PubMed:
2308615]

Talati P, Rane S, Kose S, Blackford JU, Gore J, Donahue MJ, Heckers S. Increased hippocampal CAl
cerebral blood volume in schizophrenia. Neuroimage Clin. 2014; 5:359-364. [PubMed:
25161901]

Tandon R, Nasrallah HA, Keshavan MS. Schizophrenia, “just the facts” 4. Clinical features and
conceptualization. Schizophr Res. 2009; 110:1-23. [PubMed: 19328655]

Tosato S, Dazzan P, Collier D. Association between the neuregulin 1 gene and schizophrenia: A
systematic review. Schizophrenia Bulletin. 2005; 31:613-617. [PubMed: 16081509]

Tregellas JR, Ellis J, Shatti S, Du YP, Rojas DC. Increased hippocampal, thalamic, and prefrontal
hemodynamic response to an urban noise stimulus in schizophrenia. Am J Psychiatry. 2009;
166:354-360. [PubMed: 19147695]

Uhlhaas PJ, Haenschel C, Nikolic D, Singer W. The role of oscillations and synchrony in cortical
networks and their putative relevance for the pathophysiology of schizophrenia. Schizophrenia
Bulletin. 2008; 34:927-943. [PubMed: 18562344]

Uhlhaas PJ, Singer W. Abnormal neural oscillations and synchrony in schizophrenia. Nat Rev
Neurosci. 2010; 11:100-113. [PubMed: 20087360]

Uylings HB, Groenewegen HJ, Kolb B. Do rats have a prefrontal cortex? Behav Brain Res. 2003;
146:3-17. [PubMed: 14643455]

Vawter MP, Crook JM, Hyde TM, Kleinman JE, Weinberger DR, Becker KG, Freed WJ. Microarray
analysis of gene expression in the prefrontal cortex in schizophrenia: a preliminary study.
Schizophr Res. 2002; 58:11-20. [PubMed: 12363385]

Volk D, Austin M, Pierri J, Sampson A, Lewis D. GABA transporter-1 mRNA in the prefrontal cortex
in schizophrenia: decreased expression in a subset of neurons. Am J Psychiatry. 2001; 158:256—
265. [PubMed: 11156808]

Ward RD, Kellendonk C, Simpson EH, Lipatova O, R. DM, Fairhurst S, Kandel ER, Balsam PD.
Impaired timing precision produced by striatal D2 receptor overexpression is mediated by
cognitive and motivational deficits. Behav Neurosci. 2009; 123:720-730. [PubMed: 19634929]

Ward RD, Simpson EH, Richards VL, Deo G, Taylor K, Glendinning JI, Kandel ER, Balsam PD.
Dissociation of hedonic reaction to reward and incentive motivation in an animal model of the
negative symptoms of schizophrenia. Neuropsychopharmacology. 2012; 37:1699-1707.
[PubMed: 22414818]

Warren JM, Akert K. Comparative anatomy of frontal cortex and thalamofrontal connections. The
Frontal Granular Cortex and Behavior McGraw Hill. 1964:372-396.

Watson CT, Marques-Bonet T, Sharp AJ, Mefford HC. The genetics of microdeletion and
microduplication syndromes: an update. Annu Rev Genomics Hum Genet. 2014; 15:215-244.
[PubMed: 24773319]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

BOLKAN et al.

Page 36

Weinberger DR. Implications of normal brain development for the pathogenesis of schizophrenia.
Arch Gen Psychiatry. 1987; 44:660-669. [PubMed: 3606332]

Weinberger DR, Berman KF. Prefrontal function in schizophrenia: confounds and controversies.
Philos Trans R Soc Lond B Biol Sci. 1996; 351:1495-1503. [PubMed: 8941961]

Weinberger DR, Berman KF, Illowsky BP. Physiological dysfunction of dorsolateral prefrontal cortex
in schizophrenia. I11. A new cohort and evidence for a monoaminergic mechanism. Arch Gen
Psychiatry. 1988; 45:609-615. [PubMed: 3382320]

White T, Andreasen NC, Nopoulos P, Magnotta V. Gyrification abnormalities in childhood- and
adolescent-onset schizophrenia. Biol Psychiatry. 2003; 54:418-426. [PubMed: 12915286]

Wolf DH, Satterthwaite TD, Calkins ME, Ruparel K, Elliott MA, Hopson RD, Jackson CT,
Prabhakaran K, Bilker WB, Hakonarson H, Gur RC, Gur RE. Functional Neuroimaging
Abnormalities in Youth With Psychosis Spectrum Symptoms. JAMA Psychiatry. 2015

Wolf DH, Satterthwaite TD, Kantrowitz JJ, Katchmar N, Vandekar L, Elliott MA, Ruparel K.
Amotivation in schizophrenia: integrated assessment with behavioral, clinical, and imaging
measures. Schizophr Bull. 2014; 40:1328-1337. [PubMed: 24657876]

Woods SW, Addington J, Cadenhead KS, Cannon TD, Cornblatt BA, Heinssen R, Perkins DO,
Seidman LJ, Tsuang MT, Walker EF, McGlashan TH. Validity of the prodromal risk syndrome
for first psychosis: findings from the North American Prodrome Longitudinal Study. Schizophr
Bull. 2009; 35:894-908. [PubMed: 19386578]

Woodward ND, Karbasforoushan H, Heckers S. Thalamocortical dysconnectivity in schizophrenia.
Am J Psychiatry. 2012; 169:1092-1099. [PubMed: 23032387]

Wu 'Y, Richard S, Parent A. The organization of the striatal output system: a single-cell juxtacellular
labeling study in the rat. Neurosci Res. 2000; 38:49-62. [PubMed: 10997578]

Xu B, lonita-Laza I, Roos JL, Boone B, Woodrick S, Sun'Y, Levy S, Gogos JA, Karayiorgou M. De
novo gene mutations highlight patterns of genetic and neural complexity in schizophrenia. Nat
Genet. 2012; 44:1365-1369. [PubMed: 23042115]

Xu B, Roos JL, Dexheimer P, Boone B, Plummer B, Levy S, Gogos JA, Karayiorgou M. Exome
sequencing supports a de novo mutational paradigm for schizophrenia. Nat Genet. 2011; 43:864—
868. [PubMed: 21822266]

Zhang ZJ, Reynolds GP. A selective decrease in the relative density of parvalbuminimmunoreactive
neurons in the hippocampus in schizophrenia. Schizophr Res. 2002; 55:1-10. [PubMed:
11955958]

Zipursky RB, Marsh L, Lim KO, DeMent S, Shear PK, Sullivan EV, Murphy GM, Csernansky JG,
Pfefferbaum A. Volumetric MRI assessment of temporal lobe structures in schizophrenia. Biol
Psychiatry. 1994; 35:501-516. [PubMed: 8038294]

Neuroscience. Author manuscript; available in PMC 2017 May 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

BOLKAN et al.

Page 37

Highlights
v Biological findings in schizophrenia with emphasis on brain imaging studies

v Functional alterations observed with brain imaging as an entry point for animal
models

v Modeling altered striatal dopamine, thalamo-prefrontal and hippocampal functions
in mice

v/ How mouse models inform schizophrenia patient research
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Figure 1. Functional brain imaging studies have found decreased functional connectivity
between the medio-dorsal thalamus (MDThal) and the prefrontal cortex in patients with
schizophrenia

Decreased communication between MDThal and the cortex may cause cognitive symptoms
including deficits in working memory. Ass. ST: associative striatum, VVST: ventral striatum,
GPe, GPi: external and internal segments of globus pallidus, SN/VTA: dopaminergic
neurons in substantia nigra and ventral tegmental area, HPC: hippocampus.
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Cortex

Figure 2. Functional imaging studies have found increased cerebral blood volume (CBV) in
patients with schizophrenia

Hypermetabolism is first observed in the CA1 region of the hippocampus in subjects at high
risk for schizophrenia before it spreads to other regions of the hippocampus. Hippocampal
hypermetabolism is proposed to be a biomarker that predicts conversion to schizophrenia.
MDThal: medio-dorsal thalamus, Ass. ST: associative striatum, VVST: ventral striatum, GPe,
GPi: external and internal segments of globus pallidus, SN/VTA: dopaminergic neurons in
substantia nigra and ventral tegmental area, HPC: hippocampus.
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Figure 3. PET and SPECT imaging studies suggest a hyperactive subcortical and hypoactive
mesocortical dopamine system in patients with schizophrenia

The effect size of increased F-Dopa uptake and enhanced amphetamine induced dopamine
release is highest in the associative striatum. MDThal: medio-dorsal thalamus, Ass. ST:
associative striatum, VST: ventral striatum, GPe, Gpi: external and internal segments of
globus pallidus, SN/VTA: dopaminergic neurons in substantia nigra and ventral tegmental
area, HPC: hippocampus, D1R, D2R: D1 and D2 receptors.
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Figure 4. Overexpression of dopamine D2 receptors in the striatum of mice decreases VTA
dopamine neuron activity as well as dopamine turnover and inhibitory transmission in the
prefrontal cortex

It further alters the balance of the direct and indirect pathways within the basal ganglia by
enhancing the density of bridging collaterals to the GPe. Striatal D2R overexpression may
affect thalamo-cortical activation via basal ganglia output, and the decrease in cortical
dopamine may affect synchronization between the MDThal and the prefrontal cortex.
MDThal: medio-dorsal thalamus, Ass. ST: associative striatum, VVST: ventral striatum, GPe,
Gpi: external and internal segments of globus pallidus, SN/VTA: dopaminergic neurons in
substantia nigra and ventral tegmental area, HPC: hippocampus.
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Cortex

Figure 5. Chronic ketamine exposure in mice induces hippocampal hypermetabolism,
hippocampal atrophy and decreases parvalbumin interneuron density, all of which are
ameliorated by inhibitors of glutamate release

Hippocampal hyperactivity in turn is thought to enhance ventral striatal dopamine release
via disinhibition of dopamine neuron activity in the VTA. MDThal: medio-dorsal thalamus,
Ass. ST: associative striatum, VST: ventral striatum, GPe, Gpi: external and internal
segments of globus pallidus, SN/VTA: dopaminergic neurons in substantia nigra and ventral
tegmental area, HPC: hippocampus.
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