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We describe here a coordinated brain imaging and animal
models approach in which we have shown that the
hippocampal CA1 region is a principal node in schizophre-
nia pathogenesis and have identified a novel treatment
approach to the disorder based on inhibition of glutamate
release. To identify biomarkers, we have focused on the
putative prodromal period, typically lasting a few years,
preceding the first onset of psychosis. About one-third of
a high-risk cohort followed prospectively for 2.5 years
will progress to threshold psychosis, making it
possible to perform a relatively short prospective study.
We have utilized a technological development in functional
imaging techniques in which we measure cerebral blood
volume (CBV), which allows for interrogation of
subregions of the brain in the basal state at submillimeter
resolution. Measurements of CBV in schizophrenia as
well as in high-risk or prodromal stages can then pinpoint
brain subregions differentially targeted during the earliest
stages of the disorder. Our data suggest that the CA1 sub-
field of the hippocampal formation is most consistently im-
plicated across disease stages, identifying a putative
biomarker suitable for guiding drug development. Our
studies in transgenic mice mutant in the glutamate
synthetic enzyme glutaminase support the hypothesis
that CA1 hyperfunction is due to altered glutamatergic
neurotransmission. As a proof of principle, the glutamin-
ase-deficient mice suggest that pharmacotherapies that
reduce glutamatergic neurotransmission in the CA1 sub-
field may be a uniquely effective therapeutic strategy in
schizophrenia and preventative in prodromal stages of
the disorder.
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Introduction

Schizophrenia and related psychotic disorders involve
a series of initiating abnormalities during gestation
that engender frank disease years later in early adult-
hood.1,2When patients present with first-episode psycho-
sis, multiple brain circuits are affected,3 making the task
of dissociating primary from secondary sites of brain
dysfunction challenging. We describe here advances in
brain imaging using a high-resolution functional variant
of magnetic resonance imaging (fMRI) that provides suf-
ficient spatial resolution to identify brain subregions im-
plicated in the disorder, in particular in the hippocampal
formation. We describe how this has been applied in
patients with schizophrenia—as well as patients at high
risk or showing prodromal signs and symptoms—in
order to pinpoint brain subregions differentially targeted
in the early stages of the disorder. In recent clinical stud-
ies, we have seen that hyperfunction of the CA1 subfield
of the hippocampal formation is most consistently impli-
cated across disease stages. Our parallel studies in trans-
genic mice suggest that this hyperfunction reflects
excessive glutamatergic synaptic transmission and iden-
tify a novel pathway by which hippocampal glutamate
transmission can be reduced in CA1 with relative
selectivity, providing a new direction for the pharmaco-
therapy of schizophrenia.

Hippocampal Circuitry and Schizophrenia

Over the past 2 decades, a range of postmortem studies
have implicated the hippocampal formation in schizo-
phrenia.4–6 There are subtle measures reflective of
abnormal neuronal functioning or connectivity, such
as reductions in dendritic spine density,7 altered interneu-
ronal GABAergic function,8 and smaller subregional
CA1 and CA3 neuronal size9,10 as well as smaller neuro-
nal size in the subiculum and entorhinal layer II
regions.11 Several recent structural studies of the hippo-
campal formation have implicated the CA1 subfield and
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the subiculum in schizophrenia.12–15 While a clear neuro-
pathology of schizophrenia has yet to emerge, the evi-
dence is unified in suggesting that hippocampal
abnormalities do exist in schizophrenia, do not involve
profound cell loss, and likely reflect alterations in
synaptic function.16

Postmortem findings have informed a number of
models that propose a mechanism to account for dis-
ease-related changes in the functional state of the hip-
pocampal formation. For example, observations of
postmortem changes in GABAergic interneurons17,18

predict increased excitatory activity. The physiological
properties of the trisynaptic hippocampal circuit
suggest that the CA1 subfield may exhibit the greatest
increase in excitatory activity.8,19 Animal modeling
approaches have relied on the observation that
NMDA antagonists phenocopy many key clinical fea-
tures of schizophrenia.20 One view predicts that NMDA
antagonists would reduce activity of inhibitory inter-
neurons—leading to increased excitation21—and other
models predict that NMDA antagonists act on primary
neurons, leading to decreased CA1 excitation.22 Re-
cently, using the NMDA antagonist model in orbito-
frontal cortex, Homayoun and Moghaddam23 have
shown a selective suppression of interneuron activity,
resulting in pyramidal cell activation, and that both
atypical antipsychotic drugs and metabotropic gluta-
mate receptor agonists (mGluR2/3 agonists) decrease
pyramidal neuron activity. However, because of the
complex distribution of interneurons throughout the
hippocampal subregions, and because interneurons
can either inhibit or indirectly excite primary neurons,
the relationship between altered synaptic connectivity
and overall functional activity in a given brain subregion
must be determined empirically.

Functional Imaging of the Hippocampus

Brain disorders, no matter how complex or chronic,
target the brain with differential regional vulnerability.
Specifically, because each subregion of the brain
expresses a unique molecular profile—detected at the
mRNA or protein level—a pathogenic mechanism is
likely to differentially target 1 brain region over another.
Recent hippocampal gene expression maps provide
amechanistic basis for this empirical observation.24,25 Al-
though many diseases involve hippocampal dysfunction,
most if not all of them target the hippocampal formation
differentially. For example, hippocampal dysfunction
subsequent to transient ischemia differentially affects
the CA1 subfield due to its higher expression of
NMDA receptors. In contrast, adrenalectomy differen-
tially affects the dentate gyrus due to its higher expression
of aldosterone receptors. Similarly, early stages of
Alzheimer’s disease and normal aging differentially
impact the hippocampal subregions.26–28

Because hippocampal subregions are highly intercon-
nected, the hippocampal formation also illustrates the
challenge of pinpointing differentially targeted subre-
gions when dealing with chronic disorders with relatively
subtle histopathology, such as schizophrenia. Specifi-
cally, primary dysfunction in 1 hippocampal subregion
will over time cause secondary dysfunction in connected
subregions, making it challenging to differentiate pri-
mary from secondary sites of dysfunction. It is therefore
important to assess the functional integrity of multiple
hippocampal subregions, individually and simulta-
neously, and during the earliest stages of disease.
The hippocampus functions as an integrated circuit, in

which each hippocampal subregion has a unique compu-
tational role. Thus, any cognitive task used may differen-
tially activate individual hippocampal subregions and
thus bias the results to findings in that particular subre-
gion. There have now been numerous studies that have
shown that if there is a difference in the basal state,
this will confound activation patterns, leading to poten-
tially false conclusions.26,27 Because most disease states,
including schizophrenia, affect basal metabolic proper-
ties of dysfunctional regions, examining the basal state
without a cognitive activation task is notably free of
this confound. While it is possible that disease-associated
basal-state alterationsmaybe subtle, and so require a cog-
nitive task to ‘‘bring out the lesion,’’ as a sort of stress
test, it should first be determined whether an effect can
be detected in the basal state.
In addition to the theoretical arguments for functional

imaging of the basal state, this approach has important
technical advantages. In contrast to activation in fMRI
studies, where high temporal resolution is required to
capture a brief and transient effect, when imaging disease-
associated changes in the basal state, one can slow
down image acquisition and dramatically improve spatial
resolution. Submillimeter resolution of brain function
can be obtained by applying gadolinium-based contrast
agents to obtain estimates of cerebral blood volume
(CBV), providing sufficient spatial resolution to
visualize individual hippocampal subregions simulta-
neously with other brain regions implicated in schizo-
phrenia, such as the amygdala and prefrontal cortex.28

Imaging the Schizophrenia Basal State

Specifically, we have shown that imaging CBV with
magnetic resonance imaging (MRI) can generate high-
resolution functional maps of the brain.28 Previous stud-
ies have shown that MRI-based measures of basal CBV
correlate tightly with Positron-Emission Tomography
(PET)-based measures of glucose uptake,29 and both
imaging variables successfully localize brain dysfunction.
We have nowoptimized the generation of basal CBVmaps
of the hippocampal formation28,30,31 and used this MRI
approach to interrogate the hippocampal circuit.
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Basal metabolic increases in the medial temporal lobe or
hippocampal formation, which are associated with symp-
toms of psychosis, have been shown in the majority of pub-
lished Single Photon Emission Computed Tomography
(SPECT)-32,33 and PET-based studies of schizophrenia us-
ing basal cerebral blood flow,26,34,35 a correlate of CBV.36

Other results argue that the disease itself, not the use of psy-
chotropic medications, is the dominant cause of hippocam-
pal hyperfunction.35However, because of the poorer spatial
resolution of these techniques, the functional state of indi-
vidual subregions of the hippocampus was not resolved.
In order to identify brain subregions uniquely vulner-

able to schizophrenia pathophysiology, we performed 3
clinical studies of brain areas implicated in the disorder,37

including subregions of the hippocampus, prefrontal cor-
tex, ventral striatum, and amygdala. First, to identify
brain regions abnormal in the established illness, we
compared patients with schizophrenia with control sub-
jects, matched for age and sex. Second, using the findings
from this first study as a guide, we obtained baseline
images of subjects with prodromal features who were
at high risk for psychotic disorders. We followed these
patients prospectively over 2 years to identify if brain
subregions would differentially predict illness progres-
sion to syndromal psychosis. Third, we tested the associ-
ation of abnormal brain subregions found in the first 2
analyses with the positive and negative symptoms of
psychosis in both patient groups.
We found that several brain subregions were abnormal

in schizophrenia, including the CA1 subfield, orbitofron-
tal cortex, and dorsolateral cortex, with a trend to abnor-
mality in the subiculum. Notably, the pattern of
dysfunction found showed abnormal hyperfunction
within the CA1 subfield, orbitofrontal cortex, and subic-
ulum, whereas abnormal hypofunction was found in the
dorsolateral cortex (figure 1A). Imaging high-risk indi-
viduals revealed that hyperactivity in the CA1 subfield
of the hippocampal formation uniquely predicted clinical

progression to syndromal psychosis (figure 1B and
figure 2A). Dysfunction of the CA1 subfield was selec-
tively associated with both the positive and the negative
symptoms of psychosis. Specifically, progressive CA1
subfield hyperfunction was related to delusional severity
in both patient groups and was additionally associated
with social withdrawal and avolition in the high-risk
group. CA1 subfield dysfunction associated with total
negative symptoms in the schizophrenia group at a trend
level but did not associate with individual subitems of the
positive and negative symptom scale. Collapsing delu-
sional severity across the 2 clinical scales used in prodro-
mal and schizophrenia research revealed a continuum of
severity through the high-risk to the schizophrenia
patient groups, with an association of progressive CA1
subfield hyperfunction with worsening delusional
severity (figure 1C).
Our clinical findings argue that dysfunction of the CA1

subfield best fulfills clinical criteria for a differentially tar-
geted brain region across illness stages: First, it is found in
the established illness; second, it predicts clinical progres-
sion to threshold or full-blown psychosis from the high-
risk state; and third, it is differentially associated with
both the positive and the negative symptoms of psycho-
sis. By including the high-risk subjects, we minimized
issues associated with disease chronicity and eliminated
medication effects. Treatment of mice with risperidone
did not affect hippocampal CBV, arguing that drug treat-
ment did not confound the imaging data. The observed
pattern of dysfunction found in our study, characterized
by abnormal elevations of CBV, is suggestive of a basal
hypermetabolic state29,39 within the hippocampus,
particularly in CA1 in schizophrenia.

Modeling Schizophrenia in Mice

There is growing recognition of the value of mouse
models in the elucidation of mechanisms inherent to

Fig. 1. Clinical CBV Imaging. (A) An increase in CBV between control and schizophrenia groups was observed selectively in hippocampal
CA1 and the orbitofrontal cortex (OFC), while a CBV decrease was observed in the dorsolateral prefrontal cortex (DLPFC). (B) Initial
baselineCBVmeasurements inCA1 in theprodromal subjectswhoprogressed clinically topsychosis (after 2 y)were significantly higher than
thosewhodid not. (C)CA1CBVcorrelatedwith delusional severity (measuredon thepositive andnegative symptomscale, PANSS).Source:
Redrawn from Schobel et al,37 with permission of the American Medical Association (Archives of General Psychiatry). Copyright 2009
American Medical Association. All rights reserved. CBV, cerebral blood volume; CA1, hippocampal subregion.
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schizophrenia and other psychiatric disease-related
pathology.40–45 Animal studies make possible the trans-
lation of observations in humans, often marred by the
potential confounds of disease chronicity and drug treat-
ment, into putative mechanisms of disease origin and
progression. Often, putative mechanisms evolve into the-
ories, which in turn allow for the identification of novel
treatment venues.46–48 Considering the diversity of
schizophrenia symptoms, animal models are faced with
the difficult task of assaying multiple aspects of the
disorder. Moreover, many of these aspects are poorly de-
fined and are limited by the imperfect correspondence of
animal behavioral indices to human signs and symptoms.
CBV imaging, which can be equally well applied to
assessing the basal in vivo function of diminutive brain
structures in mice as in humans, provides a way to bridge
between the animal models and endophenotypes.

Specifically, a cross-species imaging approach can be
used to identify whether mouse models are characterized
by abnormalities in similar brain subregions and net-
works as those found in humans with schizophrenia.
Modeling schizophrenia in mice may potentially identify
novel treatment directions. If a particular interference
with normal function leads to a schizophrenia-relevant
phenotype, it is biologically plausible that the inverse
would be beneficial in treating schizophrenia symptoms.
Thus, if exploring novel treatment venues is a central goal
of modeling the disease state in animals, an inverse
model—a model that imitates the effect of treatment

rather than the disease state itself—could in fact provide
a more direct pathway to novel therapeutics, while being
equally informative as to the etiology of the disorder.
One such model was generated by Yee et al,49 who

showed that mice with reduced expression of the glycine
transporter in the forebrain—to enhance NMDA recep-
tor function—demonstrate a procognitive behavioral
profile and an attenuated response to psychosis-inducing
drugs. Indeed, pharmacological reduction of glycine
transporter function in humans has been shown to be
effective in treating negative and cognitive symptoms
in some clinical studies48 and bolstered the idea that
glutamate dysfunction plays an important pathogenic
role in schizophrenia.

Pharmacotherapy of Schizophrenia via Presynaptic Inhi-
bition of Glutamate Release

Dysfunction in glutamatergic synaptic transmission has
been repeatedly implicated in the etiology of schizophre-
nia. In light of the well-documented pro-psychotic effects
of phencyclidine (PCP), ketamine, and other NMDA
receptor antagonists observed in human and animal stud-
ies, it has been proposed that schizophrenia involves
NMDA-type glutamate receptor hypofunction.20,50

The glutamatergic hypothesis has evolved further to sug-
gest that schizophrenia involves excess glutamate
release, which may paradoxically be induced by blockade
of NMDA-type glutamate receptors. Consistent with

Fig. 2.CBV Imaging of theHippocampus in Clinical Subjects andMice. (A) In clinical subjects (A1), high-resolution T1-weighted images in
a coronal section can resolve hippocampal subregions (A2). Individual CBVmaps of the hippocampal formation are shown from a healthy
control (A3), a prodromal subject (A4), and a schizophrenia subject (A5).Maps are color coded such that warmer colors reflect higher CBV
values. CBV increased from the control to the high-risk subject inCA1and to the schizophrenia subject inCA1andSUB. (B) Inmouse, high-
resolution images in a horizontal section (B1) resolve hippocampal subregions (B2). In WT mice, regional CBV is fairly uniform across
hippocampal subregions (B3),while inGLS1hetmice,CA1andSUBshowaselective reduction (B4).Asimilar comparison inFCrevealedno
difference between WT and GLS1 het mice (images not shown). CBV, cerebral blood volume, HIPP, hippocampus; CA1 and CA3,
hippocampal subregions; SUB, subiculum; DG, dentate gyrus; THAL, thalamus; EC, entorhinal cortex; FC, frontal cortex; WT, wild-type
mice; GLS1 het, GLS1 heterozygous mice. Source: Panel A is redrawn from Schobel et al,37 with permission of the American Medical
Association (Archives of General Psychiatry). Copyright 2009 AmericanMedical Association. All rights reserved. Panel B is redrawn from
Gaisler-Salomon et al38 with permission of the authors.
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this, elevated levels of glutamate and glutamatergic
markers have been seen in first-episode drug-naive
schizophrenia patients and in schizophrenia-prone
individuals.51

In further support of the glutamatergic hypothesis,
a growing body of evidence indicates that presynaptic
reductions in glutamate transmission have broad poten-
tial in the treatment of schizophrenia as well as other
neuropsychiatric disorders.52 Moghaddam and Adams46

made the seminal observation that mGluR2/3 agonists
attenuate both PCP-induced glutamate release and
PCP-induced motoric stimulation. This preclinical
work culminated in the recent report that reducing
glutamate release via mGluR2/3-mediated presynaptic
inhibition with LY2140023 showed significant promise
in early clinical trials.47 Other means of reducing gluta-
mate release could thus offer new treatment possibilities.

Glutaminase as a Novel Drug Target

One possible novel target is glutaminase, the neuronal en-
zyme that recycles glutamine into glutamate. Once gluta-
mate is released into the synapse, it is taken up by
astrocytes, which convert it to glutamine.53,54 Glutamine
is then transported back into neurons via specific trans-
porters.55 Although there are mechanisms for de novo
synthesis of glutamate in neurons, most neurotransmitter
glutamate is recycled through the glutamate-glutamine
cycle.56 While it has been identified in kidney, intestinal
endothelium, fetal liver, lymphocytes, adipocytes, and
tumor cells,57 glutaminase is expressed with high baseline
activity in brain. Crucially, the expression levels of glu-
taminase in the mouse brain appear to be particularly
high in the hippocampus, especially in the Schaeffer
collateral projections to CA1.58

To explore the therapeutic potential of targeting gluta-
minase, we phenotypedmice mutant in the gene encoding
brain-kidney glutaminase GLS1. While GLS1 knockouts
die shortly after birth,59 mice heterozygous for the GLS1
(GLS1 hets) are fully viable despite a mild yet significant
reduction in glutamate levels in several brain regions
including the hippocampus.38 In light of our clinical im-
aging findings, we hypothesized that if schizophrenia is
associated with increased CBV in CA1 and this was
due to excessive glutamate release, then the reduction
in glutamate in GLS1 hets should have the opposite effect
on hippocampal activity and reduce CBV in the CA1
subfield.
Strikingly, relative CBV analysis of GLS1 hets re-

vealed an imaging phenotype that was the inverse of
that seen in our clinical data (figure 2B), namely hippo-
campal hypoactivity, principally in CA1 and subiculum
(figure 3A). Electrophysiological studies (data not
shown) demonstrated that GLS1 hets show reduced
hippocampal glutamatergic synaptic transmission in
the same subregions, indicating that the pathological

processes that lead to increased metabolic activity in
the hippocampus in schizophrenia may be absent in
GLS1 hets and, by extension, that decreased presynaptic
glutamate may afford protection from these processes.
We assayed the GLS1 het mice on several well-charac-

terized behavioral and neurochemical dimensions of
schizophrenia-related pathology. GLS1 hets displayed
a strikingly attenuated sensitivity to the behavioral
(figure 3B) and neurochemical (figure 3C) effects of
the dopamine releaser amphetamine, which induces
hyperlocomotion in animals and enhanced dopamine
(DA) release in patients with schizophrenia. Similar to
the findings in the glycine transporter mutant mice,49

GLS1 hets displayed a procognitive, antipsychotic
drug-like action in the latent inhibition assay (figure
3D).We also assayed GLS1 hets for abnormalities in mo-
tor, sensorimotor, and cognitive functions and found that
save for a mild deficit in contextual fear conditioning,
GLS1 hets demonstrated a remarkably normal behav-
ioral profile, arguing for an acceptable side effect profile
for glutaminase inhibition.38

While variations in the GLS1 gene have not been
associated with schizophrenia,60,61 postmortem studies
have shown increased GLS1 expression62 and activity.63

Interestingly, there has been the suggestion that antipsy-
chotic drugs inhibit glutaminase activity.64,65 So, while
there is evidence for involvement of glutaminase in
schizophrenia, the lack of association argues against a
primary pathogenic role.
The assembled findings indicate that GLS1 het mice

may be seen as a proof of concept that glutaminase inhi-
bition should prove therapeutic in schizophrenia and
related psychotic disorders, with a benign side effect
profile. Furthermore, the relatively specific effects on
hippocampal circuitry observed in GLS1 hets poten-
tially validate a key site of action for pharmacotherapy
of schizophrenia and support further the insight
that the hippocampus—and in particular the CA1
subregion—may be the crucial node in the pathological
circuitry underlying syndromal psychosis.

Conclusions

Our recent clinical studies provide empirical evidence
that hyperfunction of the CA1 subfield, present in pro-
dromal stages of the disorder, predicts clinical pheno-
types across the transition to schizophrenia and related
psychotic disorders. Concurrently, our preclinical studies
suggest that inhibition of glutaminase is a promising way
to reduce hyperfunction of the CA1 subfield of the hip-
pocampus based upon a presynaptic glutamate reduction
mechanism. Convergent with our clinical and preclinical
studies, several studies have implicated hyperfunction of
glutamate transmission in the pathophysiology of schizo-
phrenia and shown the promise of glutamate-limiting
therapies to treat primary symptoms of the illness based
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on nondopaminergic mechanisms. These advances prom-
ise tomove therapies beyond treatments that are primarily
based onD2 dopamine receptor blockade, with their well-
recognized limited clinical efficacy. More broadly, our
convergent imagingdatapointingtodysfunctionofhippo-
campal subregions should have immediate clinical poten-
tial for biomarker discovery and development of more
effective therapeutics targeted at preclinical stages of
schizophrenia, with the ultimate aim of prevention
through valid risk identification and targeted treatment.
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