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Brain imaging has revealed that the CA1 subregion of the hip-
pocampus is hyperactive in prodromal and diagnosed patients
with schizophrenia (SCZ), and that glutamate is a driver of
this hyperactivity. Strikingly, mice deficient in the glutamate
synthetic enzyme glutaminase have CA1 hypoactivity and a
SCZ-resilience profile, implicating glutamate-metabolizing
enzymes. To address this further, we examined mice with a
brain-wide deficit in the glutamate-metabolizing enzyme glu-
tamate dehydrogenase (GDH), encoded by Glud1, which
should lead to glutamate excess due to reduced glutamate
metabolism in astrocytes. We found that Glud1-deficient
mice have behavioral abnormalities in the 3 SCZ symptom
domains, with increased baseline and amphetamine-induced
hyperlocomotion as a positive symptom proxy, nest building
and social preference as a negative symptom proxy, and re-
versal/extradimensional set shifting in the water T-maze and
contextual fear conditioning as a cognitive symptom proxy.
Neuroimaging of cerebral blood volume revealed hippocam-
pal hyperactivity in CA1, which was associated with volume
reduction. Parameters of hippocampal synaptic function re-
vealed excess glutamate release and an elevated excitatory/
inhibitory balance in CA1. Finally, in a direct clinical correla-
tion using imaging-guided microarray, we found a significant
SCZ-associated postmortem reduction in GLUD1 expres-
sion in CAl. These findings advance GLUDI1 deficiency as
a driver of excess hippocampal excitatory transmission and
SCZ symptoms, and identify GDH as a target for glutamate
modulation pharmacotherapy for SCZ. More broadly, these
findings point to the likely involvement of alterations in gluta-
mate metabolism in the pathophysiology of SCZ.
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Introduction

Alterations in glutamate signaling were first implicated in
the neurobiology and symptomatology of schizophrenia
(SCZ) with the observation of the psychotomimetic
effects of phencyclidine and other NMDA glutamate
receptor blockers.!? Brain tissue studies have pointed
to alterations in glutamate metabolism.> Many SCZ-
associated genes converge at the glutamate synapse* and
have been identified in large-scale genomic studies.’

Functional brain imaging has identified abnormalities
in the hippocampal formation in SCZ, starting with the
initial findings of an association of increased left para-
hippocampal activity with psychosis.® While decreased
hippocampal activation has been seen in SCZ during se-
mantic recall,” resting state studies have revealed hyper-
perfusion in the hippocampus® and subsequently in the
left parahippocampal gyrus.” Hippocampal hyperactivity
correlates across symptom domains,'*!! is present in prod-
romal and first-episode patients,'>!3 and may stem from
a disrupted excitatory/inhibitory balance.'*!> Structural
imaging has consistently identified hippocampal volume
reductions in SCZ.'%V

The hippocampus is a heterogeneous structure, com-
posed of uniquely connected subregions characterized
by distinct molecular and functional profiles. The sub-
regions are differentially affected in different disorders.!®
In SCZ, the hippocampal CA1 subregion appears to be
most affected both structurally and functionally.!>!%2
Recent longitudinal measures of cerebral blood volume
(CBV), a variant of fMRI that allows for quantifiable
and near-microscopic resolution of sub-regional vulnera-
bility,?!?*> have shown that in SCZ hippocampal hyperme-
tabolism occurs first in the CA1 subregion,'>? is related
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to enhanced glutamate release, and correlates with tissue
loss.?® Evidence from animal models supports the role
played by excitatory transmission, particularly in the hip-
pocampus, in SCZ-related psychopathology.?*? While
the contribution of postsynaptic glutamate receptors to
SCZ psychopathology has been more extensively exam-
ined,>**? less is known about the involvement of altera-
tions of enzymes involved in glutamate metabolism and
homeostasis.

Mice deficient in the glutamate synthesizing enzyme
glutaminase (Gls/) have decreased hippocampal activity,
mainly in CA1, the inverse of the clinical imaging find-
ings.”? Ketamine-induced frontal cortical activation is
also reduced. The mice respond less to the acute behav-
ioral stimulating effects of amphetamine (AMPH), and
also show diminished sensitization.** They show less
AMPH-induced striatal dopamine release and antipsy-
chotic drug-like potentiation of latent inhibition. These
observations provide further support for the pivotal role
of altered glutamatergic synaptic transmission in the
pathophysiology of SCZ, and suggest that tempering glu-
tamate release may provide a new therapeutic direction
for the pharmacotherapy of SCZ. Whether decreased
glutamate metabolism and increased glutamate would
engender a SCZ-like profile has not been addressed.

Glutamate dehydrogenase 1 (GDH) is one of the major
enzymes of glutamate metabolism.*-* It is an evolution-
arily conserved mitochondrial enzyme that connects car-
bohydrate and glutamate metabolism.?*3* In the CNS,
GDH is mainly expressed in astrocytes,* where it catabo-
lizes glutamate to alpha-ketoglutarate.’ Interestingly,
patients with mesial temporal lobe epilepsy, with SCZ-
like psychotic symptoms and cognitive deficits, show a
reduction of GDH activity and elevated glutamate in
the hippocampus.* Postmortem SCZ studies reveal ab-
normal GDH in PFC and cerebellum although findings
are inconsistent and confounded by variability in patient
populations, measurement techniques, and treatment
history.?’-3#

Here we have examined CNS-Gludl—/— mice with
a brain-wide reduction in GludI®* in a battery of be-
havioral assays relevant to SCZ symptomatology and
hippocampal function. We measured CBV to examine
subregional activity and structural changes within the
hippocampal formation. We assessed parameters of ex-
citatory synaptic transmission and excitatory/inhibitory
balance in the most affected hippocampal subregion, and
associated alterations in gene expression as a measure
of excitatory neuronal function. Finally, in a direct clin-
ical correlation, we performed an imaging-guided post-
mortem microarray study to identify genes differentially
expressed in affected vs. nonaffected hippocampal subre-
gions of patients with SCZ. Our findings implicate GDH
abnormalities in SCZ-related pathology and support the
role played by glutamate-driven CA1 hyperactivity in the
disease.
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Methods

Full experimental procedures are described in the
Supplemental Information.

CNS-Specific Gludl Knockout Mice

Glud ' mice* were crossed with mice expressing Cre re-
combinase under the control of the nestin cis-regulatory
sequence (B6.Cg-Tg Nes-Cre mice).*> Heterozygous Nestin-
Cre::Gludl+/— (CNS-Gludl+/—) mice were crossed to ob-
tain homozygous Nestin-Cre::Gludl—/— (CNS-Gludl—/-),
heterozygous CNS-Gludl+/—, and Nestin-Cre::Gludl+/+
(C-Cre+) control mice. Animals were maintained on a
mixed C57BL/6J X 129/Sv genetic background. Behavioral,
metabolic, physiological, and molecular experiments were
performed in separate cohorts of mice. Experiments were
performed in accordance with NIH guidelines under pro-
tocols approved by the IACUC:s at the University of Haifa,
NYS Psychiatric Institute and Columbia University.

Behavioral Studies

Adult CNS-Gludl—/—, CNS-Gludl+/—, and C-Cre+ mice
(PND 60-95) were tested in 3 cohorts. The first cohort
included male and female mice, tested for deficits in nest-
ing behavior, baseline locomotor activity, social prefer-
ence, water T-maze, and d-AMPH-induced hyperactivity.
As previously described,* tests were performed on con-
secutive days, except for a 7-day rest following the water
T-maze. No significant sex differences were found; data
from male and female mice were combined. The second
and third cohort included male mice tested in trace and
foreground contextual fear conditioning, respectively.*
Trials were recorded and analyzed using FreezeFrame
(Actimetrics, Evanston, IL) or Ethovision XT9.0 soft-
ware (Noldus Information Technology, Leeburh, VA).

Neuroimaging

Image Acquisition. Mice were anesthetized with a mix-
ture of 30% O,, 70% N,, and isoflurane (3% volume for in-
duction; 1.1-1.5% for maintenance at 1 L/min, via a nose
cone). Images were acquired with a Bruker AVANCE
400WB spectrometer outfitted with an 89-mm bore, 9.4-T
vertical Bruker magnet (Oxford Instruments Ltd., United
Kingdom), a 30-mm inner-diameter birdcage radio fre-
quency coil, and a shielded gradient system (100 G/cm).
Baseline images were acquired; then the contrast agent
gadolinium was administered® (10 mmol/kg intraperito-
neally) and after 37.5 minutes further images acquired.
T2-weighted images were acquired with a fast-spin echo
acquisition (time to repeat, 2,000 ms; time to echo, 70 ms;
rapid acquisition and relaxation enhancement factor, 16;
in plane resolution, 86 wm; slice thickness, 500 um).

CCBYV Maps. High-resolution mouse CBV maps were
generated as previously described.** Briefly, changes
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were mapped in the transverse relaxation time (AR,)) of
the T2-weighted protocol induced by gadolinium injec-
tion. CBV was derived by normalizing AR, to the mean
AR, signal present in the internal jugular vein, as delin-

eated by a blinded rater.

Voxel-Based Analysis of CBV. As previously described
in greater detail,*’ re- and post-gadolinium structural
images were co-registered for each mouse to generate an
animal-specific median image using a robust, inverse-
consistent linear registration.*

Hippocampal Structure and Morphometry. Rodent
morphometry was conducted in a separate voxel-based
framework as previously described.?>#

Glutamate Measurements

Glutamine and glutamate levels were measured in the
right hippocampus by liquid chromatography-tandem
mass spectrometry (LC/MS-MS) using the SCIEX
API4000 (Applied Biosystems), as previously described.*

Brain Slice Electrophysiology

Electrophysiology was performed in sagittal slices.
Standard procedures were used to assess miniature excit-
atory and inhibitory postsynaptic currents (mEPSCs and
mlIPSCs, respectively) as well as evoked EPSCs and IPSCs
in CA1 pyramidal neurons with stimulation of Schaffer
collaterals (see SI). Cellular excitability was assessed as
previously described.

Gene Expression

mRNA gene expression levels in right CA1 and CA3
and in mPFC were determined by real-time quantitative
PCR (qRT-PCR) as previously described.* Expression
of markers of excitatory neurotransmission was ana-
lyzed; see SI for full list of genes and primer sequences.
Statistical analyses were performed on ACT, that is,
intensity values for genes of interest normalized to
Hypoxanthine Guanine Phosphoribosyltransferase (HP
RT). Fold change was calculated as 2724¢T relative to the
C-Cre+ group.

Postmortem Gene Expression Profiling

Brain samples from 10 patients with SCZ (mean
age = 51 years; 3 female) and 9 age-matched controls
(mean age = 49 years, 1 female) were obtained from the
Harvard Brain Tissue Resource Center (HBTRC). All tis-
sue diagnoses were confirmed by retrospective review of
clinical records and a comprehensive neuropathological
examination (https://hbtrc.mclean.harvard.edu/investiga-
tors). Hippocampal subfield dissection was performed at
the New York Brain Bank (NYBB) by a neuropathologist
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who identified and sectioned the CAl subregion and
the relatively unaffected' entorhinal cortex (EC) using
strict anatomical criteria following NYBB procedures.
Profiling transcripts from both a region targeted by a di-
sease and from a within-brain neighboring control region
has proven effective in addressing analytic challenges in-
herent to gene-expression studies.>

Total RNA was extracted from each of the 40 tissue
samples, and fragmented cRNA was prepared following
the Affymetrix eukaryotic target preparation protocol
found in the GeneChip Expression Analysis Technical
Manual (http://www.affymetrix.com/support/technical/
manual/expression_manual.affx). In the Gene Chip
Analysis Facility of Columbia University, HG-U133A
2.0 microarrays (GeneChip, Affymetrix) were hybrid-
ized with fragmented cRNA, washed and stained on a
fluidics station, and scanned using a laser confocal mi-
croscope. Microarrays were analyzed with Affymetrix
Microarray Suite v5.0 and GeneSpring v5.0.3 (Silicon
Genetics, Redwood City, CA) software, and scaled to a
value of 500.
Statistical analyses are detailed in SI.

Results

CNS-Gludl—/— Mice Show SCZ-Like Behavior

We used mice with a homozygous (CNS-Gludl—/-)
or heterozygous (CNS-Gludi+/—) deletion of Gludl
restricted to the CNS by Nestin-cre, and Nestin-cre
(C-Cre+) mice as controls. We tested the mice in behav-
ioral assays designed to detect deficits spanning the 3
major domains of SCZ symptomatology. To assess pos-
itive symptom-like behaviors, we measured baseline and
AMPH-induced hyperlocomotion, as correlates of the
hyperdopaminergic state that characterizes psychosis.*
To assess negative symptom-like behaviors, we measured
nest building deficits, mimicking anhedonia and self-ne-
glect,> and social preference.® As a cognitive symptom
proxy, we measured reversal/extradimensional set shifting
in the water T-maze.***® Except for the open field, where
males of all genotypes spent significantly less time in the
anxiogenic center than females (mean = SEM: females
255.07 + 24.44 s, males 322.87 £ 19.84 s, F(1,51) = 4.719,
P < .05), no sex differences nor sex X genotype interac-
tions were found in any of the assays; we therefore com-
bined data from male and female mice in subsequent
analyses. In order to minimize testing-induced effects that
could mask genotypic differences, tests were conducted in
the following order: nesting, baseline locomotor activity,
social preference, water T-maze, AMPH-induced hyper-
locomotion. Results are reported in the order conducted.

CNS-Gludl—/- mice showed inferior nest-build-
ing (figure 1A) and hyperlocomotion in the open field
(figure 1B), where there were no genotypic differences
in avoidance of the anxiogenic center of the open field
(not shown). To evaluate social dysfunction, we tested
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Fig. 1. CNS-Gludl—/— mice display SCZ-like behavioral deficits. (A) CNS-Gludl—/— mice display low nesting scores (F[2,42] = 3.425,

P <.05). Right: Representative images of C-Cre+ (fop) and CNS-Gludl—/— (bottom) nests, and increased locomotor activity in the

open field (B, F(2,50) = 3.275, P < .05). (C) CNS-Gludl—/— mice also show decreased social exploration (F]2,37] = 6.240, P < .01), with
no differences in the number of entries into all chambers (F[1,25] = 1.250, P > .1). (D) In the water T-maze, mice show a genotype-
dependent increase in trials to criterion with each stage (stage, Huynh-Feldt correction F(1.361,47.649) = 61.402, P < .0001; genotype
F(2,35) =9.627, P <.0001, stage X genotype interaction Huynh-Feldt correction F(2.723,47.649)=3.015, P < .05). CNS-Gludl—/— mice
require more trials to reach criterion in reversal (F]2,35] = 6.090, P < .01). Both CNS-Gludl—/— and CNS-Gludl+/— require more

trials to criterion in the extra-dimensional set-shifting (EDSS) stage (£]2,35] = 4.875, P < .05). (E) Left, CNS-Gludl—/— mice show
enhanced baseline (F]2,36] = 3.756, P < .05) and AMPH (2 mg/kg)-induced hyperlocomotion (genotype, F[8,288] = 117.575, P <.0001,
time X genotype interaction F]16,288] = 1.716, P < .05; 10-min bins), as well as higher Aactivity (AMPH/baseline locomotion; Right,
F2,36] = 3.479, P < .05). (F) Left, in trace fear conditioning, all genotypes show a time-dependent increase in freezing during tone
presentation (acquisition, F[2,52] =10.683 P < .001). CNS-Gludl—/— mice show an attenuated increase in freezing during acquisition
(F12,26] = 4.58, P < .05). Center, all genotypes show an increase in freezing after tone presentation during the Tone Test (£]1,26] =72.556,
P <.001). CNS-Gludl—/— mice show attenuated freezing throughout the Tone Test (F]2,26] = 3.667, P < .05). Right, CNS-Gludl—/—
display attenuated freezing during the Context Test (F]2,26] = 4.371, P <.05). With the exception of the EDSS stage of the water T-maze,
CNS-Gludl+/— mice did not differ from controls. Data are presented as mean * SEM. *P < .05, **P < .01.
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preference towards social vs inanimate novel stimuli and
found a lower social exploration index in CNS-Gludl—/—
mice (figure 1C), with no differences in measures of total
exploration scores or the total number of entries into all
chambers (not shown). In the 3-stage water T-maze task,
we found a genotype-dependent increase in the number of
trials to criterion with each consecutive stage (figure 1D).
Separate analysis of trials to criterion in each stage
revealed no genotypic differences in spatial acquisition,
and a gene-dose effect in the reversal and extra-dimen-
sional set-shifting (EDSS) stages: while CNS-Gludl—/—
mice were impaired in both stages, CNS-Gludl+/— mice
were impaired in the more challenging (EDSS) stage.
Finally, we examined baseline and AMPH-induced
hyperlocomotion in CNS-Gludl—/— mice (figure 1E,
left). Analysis of Aactivity (response to AMPH relative
to baseline) revealed that hyperlocomotion following
AMPH administration was increased in CNS-Gludl—/—
mice (figure 1E, right). Again, no genotypic differences
were observed in the time spent in the center of the open
field. Overall, these findings identify behavioral abnor-
malities in correlates of positive, negative, and cognitive
SCZ symptom domains in CNS-Gludl+/— mice.

In a separate cohort of mice, we tested deficits in trace
fear conditioning, a task that relies on intact function of
the amygdala and hippocampus and is sensitive to glu-
tamatergic manipulations.***” Pre-tone freezing did not
differ between C-Cre+ and CNS-Gludl—/— mice. CNS-
Gludl—/— mice displayed deficits in acquiring trace fear
and impaired retrieval of cued and contextual information
(figure 1F). In order to investigate hippocampal depend-
ent contextual learning separately from cued learning,
we assessed foreground fear conditioning in C-Cre+ and
CNS-Gludl—/— mice. We found no differences in pre-
shock (baseline) freezing levels during Acquisition (not
shown), but impaired retrieval of contextual informa-
tion in CNS-Gludl—/— mice (C-Cre+, 55.2 + 8.3; CNS-
Gludl—/—, 31.47 * 5.08). Notably, with the exception of
the EDSS stage of the water T-maze, no abnormalities
were found in heterozygous CNS-Gludl+/— mice.

SCZ-Like Functional and Structural CAl
Abnormalities

Because behavioral tests point to SCZ-like phenotypes
and hippocampal dysfunction in CNS-Gludl—/— mice,
we asked whether they phenocopy the neuroimaging
profile of hippocampal dysfunction observed in the
disease. We used the same steady-state CBV-fMRI
approach applied to patients.”® A voxel-based statistical
analysis of the hippocampus was conducted comparing
CNS-Gludl—/- to C-Cre+ mice. CNS-Gludl—/— mice
had significant increases in CBV, primarily in the inter-
mediate to dorsal CAl, which partially extended into
other hippocampal regions. The effect was more prom-
inent in the right hemisphere (figures 2A and 2C). To
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assess associated structural alterations, we performed
voxel-based morphometry, as previously described,* in
the pre-gadolinium scans. CNS-Gludl—/— mice, com-
pared with C-Cre+ controls, showed volume reduction
in the anatomical vicinity of CBV abnormalities in CA1.
Volume reductions were also more prominent in the right
hemisphere (figures 2B and 2C).

To address the contribution of increased glutamater-
gic transmission, we asked whether glutamate levels were
increased in the hippocampus of CNS-Gludl—/— mice.
Using MS to measure glutamate in CNS-Gludl—/—
mice (n = 12) and C-Cre+ controls (n = 14), we found
a 39% increase in glutamate in the right hippocampus
of CNS-Gludl—/— mice (7.5842 £ 0.27907 pmol/g) com-
pared with C-Cre+ controls (5.4429 + 0.19486 pmol/g;
F(1,24) =41.362; P <.00001, not shown). No differences
in glutamine levels were found.

Abnormal Glutamatergic Transmission in CAl

To determine whether glutamate synaptic transmission
was affected, we measured gene expression for key media-
tors of glutamate synthesis or release (vesicular glutamate
transporter 1 [vGlutl], Complexin 2 [Cx2], glutaminase
[GIs]), glutamate receptor subunits (NMDA subunit
types 1 and 2A [NR1, NR2A] and AMPA receptor sub-
unit types 1 and 2 [GluA1l, GluA2]), and glutamate reup-
take (excitatory amino acid transporters 1 [EAAT1] and
2 [EAAT?2]). In the right intermediate hippocampal CA1
region, we found increased mRNA expression of Cx2,
NR2A, GluA2, EAAT1, and EAAT?2 (figure 3A), but no
differences in CA3 (figure 3B). In the mPFC, we found
increased expression of the neuronal excitatory marker
Cx2 but not in other genes (figure 3C). Taken together,
these findings identify abnormalities in glutamate neu-
rotransmission dynamics mostly in CA1. Analysis of re-
gional differences in NMDA receptor subunit expression
in control C-Cre+ mice revealed a significant 7.5-fold in-
crease in NR2A mRNA in CAl compared with mPFC
(F[1,11] = 36.112, P < .001); no differences in NR1 ex-
pression were observed.

To measure glutamatergic synaptic transmission di-
rectly, we examined spontaneous input activity in CAl
pyramidal neurons in the right intermediate-to-dor-
sal hippocampal CAl region of C-Cre+ and CNS-
Gludl—/— mice (figures 4A and 4B, left panels). There
was a rightward shift in mEPSC amplitude distribution
in CNS-Gludl—/— mice and a corresponding increase in
the average mEPSC amplitude (figure 4A, center). No
alterations were observed in the cumulative probability
of inter-event intervals or in average event frequency
(figure 4A, right). In contrast, mIPSCs in CNS-Gludl—/—
mice were altered in both amplitude and frequency; there
was a significant rightward shift in the amplitude dis-
tribution and an increase in amplitude (figure 4B, cen-
ter). The mIPSC distribution of interevent intervals was
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Fig. 2. Functional and structural deficits in the hippocampus of CNS-Gludl—/— mice. (A) A voxel-based analysis of hippocampal
cerebral blood volume (CBV) maps is shown superimposed on a 3D rendering of the entire hippocampus. CNS-Gludl—/— mice show a
selective pattern of CBV increases in CAl, compared with C-Cre+ mice (7, = 4.44, P < .001). Voxels with P value 2.001 are coded with
warm colors (red to yellow). (B) A voxel-based morphometric analysis of the hippocampus is superimposed on the 3D rendering of the
hippocampus. CNS-Glud!~/— mice show a selective pattern of relative atrophy in the vicinity of the CBV increases (7, = 3.95). Voxels
with a P value 2.001 are coded with cool colors (royal blue to aqua blue). (C) A transaxial structural image is shown, at the level of the
stippled lines in panels A and B. The CA1 region is indicated by red shading (C2). Statistical maps of increased CBV (C3) and decreased
morphometry (C4) overlap the CA1 region. n’s: C-Cre+ 10, CNS-Gludl—/—- 10).

right-shifted and the average mIPSC frequency was lower
(figure 4B, right).

Examining Schaffer collateral evoked activity in
CA1 pyramidal neurons, we found an increase in the
average excitatory to inhibitory (E/I) ratio in CNS-
Gludl—/— mice (figure 4C). Changes in the E/I balance
could be related to abnormal NMDA- or AMPA-
mediated signaling. In CNS-Gludl—/— mice, the
AMPA/NMDA ratio was increased (figure 4D). An
assessment of passive membrane properties of CA1 py-
ramidal cells showed that the resting membrane poten-
tial was comparable in both genotypes (figure 4E), but
input resistance was increased in CNS-Gludl—/— mice
(figure 4F), perhaps reflecting a reduction in chloride
conductance in line with reduced mIPSC frequency.
Active membrane properties, including action poten-
tial (AP) threshold, amplitude, and after-hyperpolar-
ization, were unaltered (figure S1). Half-width was
increased in CNS-Gludl—/— mice (figure S1C). The
firing-input (F-I) curve was enhanced (figure 4G).
Taken together, these findings provide further sup-
port for glutamate-driven hyperactivity in the CA1 of
CNS-Gludl—/— mice.

SCZ-Associated Reduction in GLUDI mRNA Levels

Guided by the finding that CA1 is selectively affected
in CNS-Gludl—/— mice, together with the associated
SCZ-like behavioral and metabolic abnormalities, we
profiled gene expression in postmortem tissue har-
vested from CA1 and from the less affected neighbor-
ing EC of patients with SCZ and age-matched controls.
Nineteen transcripts that showed a significant group X
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region interaction at a P < .005 level were identified,
including GLUDI, which was significantly downregu-
lated (P < .0001; SI table 1).

Discussion

CNS-specific abrogation of Gludl, encoding the prin-
cipal glutamate-metabolizing enzyme GDH, leads to
behavioral deficits in the 3 SCZ symptom domains.
In line with neuroimaging findings in prodromal and
diagnosed patients with SCZ, GludI-deficient mice dis-
play CA1 hyperactivity and associated volume reduc-
tions. Further investigation of hippocampal function
reveals excess glutamate and increased glutamater-
gic synaptic transmission. In a clinical correlation, a
postmortem imaging-guided microarray study identi-
fied a significant SCZ-associated reduction in GLUDI
expression in CA1, supporting CNS-Gludl—/— mice as
a glutamate-based mouse model uniquely relevant to
the pathophysiology of SCZ. Together with the post-
mortem results, our findings implicate reductions in
GLUDI in the hippocampus as a pathogenic mechan-
ism in SCZ.

CNS-Gludl—/— mice exhibit behavioral alterations
that align with SCZ symptomatology,?*3 includ-
ing enhanced sensitivity to the psychotomimetic drug
AMPH, diminished preference for social stimuli, self-
neglect, and compromised cognitive function. The behav-
ioral profile of CNS-Gludl—/— mice aligns also with
hippocampal dysfunction, evidenced in deficient nest-
building®® and contextual fear learning.” Interestingly,
heterozygous CNS-Gludl—/+ mice were normal in all
behavioral assays except for the set-shifting component
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Fig. 3. CNS-GludI—/— mice show increased expression of excitatory
markers in CAl. (A) In the right CA1, CNS-Gludl—/— mice show
increased expression of excitatory markers Cx2 (F[1,11] = 7.136;

P <.05), NR2A (F1,11] = 9.568; P <.05), GluA2 [F[1,11] = 5.342;
P <.05), EAAT1 (F1,11] = 5.049; P < .05), and EAAT2
(F[1,111=17.082; P < .01); n’s: C-Cre+ 7 (CNS-Gludl—/- 6). (B)
In CA3, no genotypic differences were found (n’s: C-Cre+ 7, CNS-
Gludl—/- 6). (C) In mPFC, CNS-Gludl—/— mice showed increased
expression of Cx2 (£]1,10] =9.078; P <.05, n’s: C-Cre+ 6, CNS-
Gludl—/- 6). Data are presented as mean fold change = SEM.
*P<.05,**P<.0l.
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of the water T-maze. Possibly, more demanding cognitive
tasks reveal more subtle deficits.

Metabolic imaging of CNS-Gludl—/— mice reveals a
pattern of hyperactivity predominantly in the CA1 region,
generally consistent with the pattern observed in patients,
except that the defect is right predominant in mice and
left predominant in patients.'*?* In patients, rCBV in the
left hippocampus was differentially correlated with posi-
tive symptoms, specifically with measures of delusions, '
whereas in mice we also observed phenotypes that mimic
negative and cognitive symptoms. The hemispheric pre-
dominance of the CBV effect may depend on the specific
subset of patients studied, and the prevalence of SCZ-
associated symptoms. Strikingly, the increase in metab-
olism overlapped with volume reductions in CAl, not
only in being greatest in the intermediate hippocampus in
CAl, but also in correlating in right-sided predominance.

CNS-Gludl—/— mice show hippocampal glutamate
abnormalities, previously observed in patients with SCZ
and in animal models of the disorder.?* Specifically, our
data point to enhanced glutamate levels, abnormally ele-
vated transcript levels of glutamate markers and higher
excitability of CAl pyramidal neurons. These findings
align with human studies showing enhanced glutamate
levels and abnormal expression of glutamate markers
in SCZ.%-¢2 Our findings are also consistent with animal
studies that show a positive correlation between hippo-
campal glutamate and SCZ-like phenotypes, and point
to glial dysfunction as a key player in maintaining gluta-
mate homeostasis.?*?%-63-65

While mEPSC and mIPSC amplitude are increased
in CAl slices from CNS-Gludl—/— mice, only mIPSC
frequency was decreased. Thus, a homeostatic balance
in GABA transmission is maintained, while pyramidal
neuron firing is abnormally increased.® Elevated intrinsic
excitability is also observed in CNS-Gludl—/— mice, pos-
sibly affecting synaptic potentiation.®’. Similar abnormal-
ities in passive membrane properties, generally pointing
to increased pyramidal neuron firing and an elevated E/I
balance in CA1, have been reported in mouse models of
neurodevelopmental disorders, including SCZ%.

Reduced Gludl expression would be expected to re-
sult in increased glutamate, as GDH is predominantly
expressed in astrocytes where its role is catabolic.’>*
However, a previous study in CNS-Gludl—/— mice re-
vealed no change in brain glutamate levels,* possibly be-
cause Nestin-Cre-expressing mice (which display reduced
body weight and altered fear conditioning)*** were not
included as controls.**’® Moreover, glutamate levels were
assessed in the entire brain, and not in the hippocampus
as in this study.

Our data point to some selectivity in the effects of
Nestin-Cre driven Gludl deletion, so that the CAl dis-
plays disturbed glutamate dynamics, while other regions
are spared. Interestingly, neuron-specific Gludl over-
expression also has a particularly pronounced impact
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Fig. 4. Altered excitatory and inhibitory transmission in CA1. (A) Excitatory synaptic activity. Left, representative traces of whole-cell
voltage clamp recordings of mEPSCs. Center, rightward shift in the cumulative frequency distribution of mEPSC amplitude (P <.01)
and an increase in the average amplitude in CNS-Gludl—/— mice (inset, 7, = 3.65, P <.001). Right, no genotypic differences in the
interevent interval. (B) Inhibitory synaptic activity. Left, representative traces of whole-cell voltage clamp recordings of mIPSCs. Center,
CNS-Gludl—/— mice show a rightward shift in the cumulative frequency distribution of mIPSC amplitude (P <.01) and an increase in
the average amplitude (inset, 7, =3.474, P < .001). Right, a decrease in cumulative frequency of interevent intervals (P < .0001) and a
lower average in CNS-GludI—}— mice (inset, ley = 6.52, P <.001). (C) CNS-Gludl—/— mice show elevated mean E// ratios (z,, = 3.43,
P <.005). Top, sample traces for evoked responses, with voltage clamped at =70 mV for eEPSCs and 0 mV for eIPSCs. (D) CNS-
Gludl—/— mice show an elevated mean AMPA/NMDA ratio (¢ 20 = 3.35, P <.01). Bicuculline (50 uM, Tocris, Ellisville, MI) was added
to the bath to block GABA , receptors. Top, sample traces, with voltage clamped at +40 mV for NMDA and —70 mV for AMPA. (E)
Mean resting membrane potential, measured under current clamp, is unchanged. (F) Average input resistance is higher (7,,, = 3.88,

P < .001). (G) CNS-Gludl—/— mice show a leftward shift in the firing index and higher firing frequency (group X current steps intensity
interaction: Huynh-Feldt correction F(3.311, 139.065) = 5.467, P < .001). Left, representative traces display the response of CA1
pyramidal cells with a 1-s long current injection of —100 pA and +150 pA. n’s: C-Cre+ 22, CNS-Gludl—/— 19. Data are presented as
mean + SEM. *P < .05, ¥**P < .01, ***P < .001.
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on CAl physiology and morphology.”! The molecular
determinants of selective CA1 vulnerability to abnor-
mal Gludl expression and glutamate levels are not
known, but could be related to high expression of
NMDA receptors or altered receptor subunit distribu-
tion in this region, as shown in this study and in previ-
ous investigations.”

Taken together, these findings lend support for the
involvement of the glutamatergic system, particularly
during the early hypermetabolic stage of disease,'® in
the pathobiology of SCZ*” and implicate the pathway
of enzymes that regulate the catabolism and metabolism
of brain glutamate.”™ Further studies should examine this
pathway as a regulator of hippocampal hyperactivity,
and delineate the genetic and environmental factors that
affect it. Better understanding of hippocampal glutamate
dynamics is imperative for providing insight into mecha-
nisms underlying SCZ symptoms, and for the develop-
ment of novel treatment targets.

Supplementary Material

Supplementary material is available at Schizophrenia
Bulletin online.
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