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Abstract—Despite decades of research, the neural circuit

abnormalities underlying schizophrenia remain elusive.

Although studies on schizophrenia patients have yielded

important insights they have not been able to fully reveal

the details of how neural circuits are disrupted in the dis-

ease, which is essential for understanding its pathophysiol-

ogy and developing new treatment strategies. Animal

models of schizophrenia are likely to play an important role

in this effort. Such models allow neural circuit dysfunction

to be investigated in detail and the role of risk factors and

pathophysiological mechanisms to be experimentally

assessed. The goal of this review is to summarize what we

have learned from electrophysiological studies that have

examined neural circuit function in animal models of

schizophrenia. Although these studies have revealed

diverse manifestations of neural circuit dysfunction span-

ning multiple levels of analysis, common themes have nev-

ertheless emerged across different studies and animal

models, revealing a core set of neural circuit abnormalities.

These include an imbalance between excitation and inhibi-

tion, deficits in synaptic plasticity, disruptions in local and

long-range synchrony and abnormalities in dopaminergic

signaling. The relevance of these findings to the pathophys-

iology of the disease is discussed, as well as outstanding

questions for future research.

This article is part of a Special Issue entitled:

Neuropsychiatric Disease. � 2015 Published by Elsevier

Ltd. on behalf of IBRO.
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INTRODUCTION

Schizophrenia is one of the more devastating psychiatric

illnesses, with a lifetime prevalence of roughly 1% and age

of onset between 18 and 25 years. The symptomatology of

the disease is complex and heterogeneous, consisting

of positive symptoms (hallucinations and delusions,

disorganized speech and behavior), negative symptoms

(flattened affect, social withdrawal, avolition and anhedonia)

as well as cognitive deficits (including impaired attention,

working memory, executive function and verbal memory;

see Mesholam-Gately et al. (2009)). Although the positive

and negative symptoms form the core diagnostic features

of the disease, the cognitive deficits are increasingly seen

as critical to daily life functioning. However, whereas the
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positive symptoms can be treated with antipsychotics, the

negative symptoms and cognitive deficits have proven

more resistant to treatment. As a result the disease

places an enormous burden on patients, their families

and society as a whole. Developing new treatment strate-

gies for schizophrenia will require a detailed understand-

ing of the pathophysiology of the disease. Although

subtle structural abnormalities can be detected in the

brains of schizophrenia patients, no obvious pathology

has been identified as, for example, in many neurodegen-

erative diseases (Harrison, 1999). Rather, it is becoming

increasingly clear that schizophrenia is the result of

abnormal neural development (Lewis and Levitt, 2002),

likely culminating in the failure of neural circuits to form

and function appropriately. However, despite important

insights from patient studies, the nature of the neural cir-

cuit abnormalities underlying schizophrenia remains elu-

sive. Efforts to further our understanding will likely

benefit from studying animal models of the disease

(Nestler and Hyman, 2010). A number of experimental

techniques can be used in animal models that allow neu-

ral circuit function to be examined in much greater detail

than is possible in patient studies. Animal models can also

help examine the effects of identified risk factors for the

disease, such as genetic mutations, on neural circuits or

test specific hypotheses about the pathophysiology of

the disease.

A number of different animal models of schizophrenia

have been developed over the years, reflecting the

various genetic and environmental risk factors and

pathophysiological mechanisms that have been

associated with the disease (Jones et al., 2011; Kvajo

et al., 2012). All of these models have been characterized

behaviorally and found to show disturbances reminiscent

of the disease symptoms in some way (discussed in more

detail below). In order to understand possible underlying

mechanisms of these behavioral disturbances, many ani-

mal models have also been characterized in terms of neu-

rochemistry as well as brain structure, both at the level of

gross anatomy and neuronal morphology. Although such

studies have yielded many important insights it is not

always obvious how alterations in neurochemistry and

structure will affect the functioning of a neural circuit, that

is how it transmits and processes information and ulti-

mately controls behavior. Neural circuit dysfunction is

likely the proximal cause for behavioral abnormalities in

animal models as well as disease symptoms in patients.

For this reason, studies have also attempted to character-

ize neural circuit function in animal models of schizophre-

nia using various electrophysiological methods. The goal

of this review is to summarize and discuss what has been

learned from these studies. I will begin with a general

introduction discussing the rationale for using animal

models to study neural circuit dysfunction in schizophre-

nia and some practical considerations regarding the appli-

cation of this approach. Findings from different

schizophrenia models will then be summarized.

Although the focus will be on electrophysiological studies,

results from studies examining behavioral or structural

abnormalities will also be included where appropriate.

Finally, I will conclude by identifying some of the common

themes emerging from these studies and discuss open

questions for future research.

The role of animal models in schizophrenia research

The role of animal models in schizophrenia research can

best be appreciated against the background of current

knowledge about the causes of the disease. We know

that both environmental and genetic risk factors, many

of which have been identified, contribute to increased

risk for developing the illness. It has also become clear

that schizophrenia is a neurodevelopmental disorder (as

opposed to a neurodegenerative one) that ultimately

leads to dysfunctional neural circuits in adulthood (Lewis

and Levitt, 2002; Fatemi and Folsom, 2009). The exact

nature of this neural circuit dysfunction, however, is less

clear. Anatomical studies have revealed subtle changes

in gross brain structure in patients, including enlarged

ventricles and reduced cortical thickness, as well as alter-

ations in cellular structure (Harrison, 1999; Volk and

Lewis, 2010). Functional imaging studies have also

revealed abnormalities in the activation of widely dis-

tributed brain networks both during rest and task perfor-

mance (Barch and Ceaser, 2012; Uhlhaas and Singer,

2012); these have in many cases been directly correlated

with the severity of disease symptoms. Nevertheless,

these findings do not paint a complete picture of how neu-

ral circuits are disrupted in schizophrenia. We do not

know, for example, whether and how the activity of indi-

vidual neurons, or their interactions within and across

brain regions, is affected in patients. This is in large part

due to the fact that the available techniques to examine

the structure and function of the human brain lack suffi-

cient spatial and temporal resolution to examine neural

circuits in detail. Yet such a detailed level of analysis will

likely prove critical for fully understanding the pathophys-

iology of the disease as well as for developing new thera-

peutic strategies.

A major advantage of animal models is that they allow

neural circuits to be examined in much greater detail than

is possible in patient studies. Advanced imaging

techniques have made it possible to reveal the fine

structure of neurons and their synaptic connections. The

activity of individual neurons or large neuronal

populations can also be measured using standard

electrophysiological methods or increasingly

sophisticated imaging approaches. Importantly, these

methods can be used to examine neural activity in vivo
in the intact brain, including in behaving animals, thus

allowing the function of neural circuits to be directly

correlated with behavioral output. Optogenetic methods

also make it possible to precisely manipulate neural

activity in a temporally precise and cell-specific manner

and thus gain a causal understanding of the contribution

of neural circuits to behavior. All of these techniques,

many of which have been developed over the last

decade (Yizhar et al., 2011a,b; Deisseroth and

Schnitzer, 2013; Berényi et al., 2014) have already led

to major advances in our understanding of how various

neural circuits mediate cognition and behavior. These

methods are similarly poised to help unravel neural circuit
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