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Objective: In schizophrenia, hippocampal perfusion is in-
creased and declarative memory function is degraded. Based
on an a priori model of hippocampal dysfunction in schizo-
phrenic psychosis, the authors postulated molecular and
cellular changes in CA3 consistent with increased NMDA re-
ceptor signaling.

Method: Postmortem hippocampal subfield tissue (CA3,
CAl) from subjects with schizophrenia and nonpsychiatric
comparison subjects was analyzed using Western blotting
and Golgi histochemistry to examine the hypothesized
outcomes.

Results: The GluN2B-containing NMDA receptors (GluN2B/
GluN1) and their associated postsynaptic membrane protein
PSD95 were both increased in schizophrenia in CA3 tissue,
but not in CAl tissue. Quantitative analyses of Golgi-stained

The molecular and cellular underpinnings of psychosis in
diseases like schizophrenia are unknown yet remain essential
knowledge for rational treatment development. The hip-
pocampus has been implicated in schizophrenia, and the
repeated demonstration of changes in its structure and func-
tion have grown convincing. Studies show reduced hip-
pocampal volume (1), abnormal in vivo function (2-4), and
replicable molecular pathology (5) reliably across laboratories.
Declarative memory, known to depend on the conjunctive
memory function of the hippocampus, is one of the most con-
sistently impaired cognitive functions in schizophrenia (6-9).
In vivo biomarkers of hippocampal dysfunction in schizo-
phrenia characteristically correlate with the psychotic symp-
tomatology in individuals who are medication free (10, 11).

The study of hippocampal subfield function in schizophre-
nia has already proven generative (12). The subfields themselves

(the dentate gyrus, the cornu ammonis [CA3, CA2, CA1], and
the subiculum) have distinct and sequential functions in
declarative memory formation (13) and are differentially
affected in the illness (14). Excitatory projections connecting

hippocampal neurons showed an increase in spine density
on CA3 pyramidal cell apical dendrites (stratum radiatum)
and an increase in the number of thorny excrescences.

Conclusions: The hippocampal data are consistent with in-
creased excitatory signaling in CA3 and/or with an elevation in
silent synapses in CA3, a state that may contribute to an in-
crease in long-term potentiation in CA3 with subsequent
stimulation and “unsilencing.” These changes are plausibly
associated with increased associational activity in CA3, with
degraded declarative memory function, and with formation
of false memories with psychotic content. The influence of
these hyperactive hippocampal projections on targets in the
limbic neocortex could contribute to components of schizo-
phrenia manifestations in other cerebral regions.
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subfields have a low firing threshold, creating a unique hip-
pocampal capacity for plasticity that advantages learning
and memory (15) but that, under pathological circumstances,
such as in psychosis, can be a liability. CA3 contains an ex-
tensive network of recurrent collateral connections that
represent the anatomic substrate of conjunctive encoding
and pattern completion processes and that create the basis
for declarative memory performance (16) as well as an op-
portunity for pathological hyperassociation, as postulated in
psychosis. In contrast, CAl receives its strongest afferent
stimulus from CA3 and shows a slower plasticity than CA3
for stabilizing place coding, while tuning multiple inputs
dynamically from CA3 and the entorhinal cortex (17).

In this study, we examined CA3 tissue pathology in schizo-
phrenia, contrasting the molecular changes in CA3 with those
in CAl, postulating an increase in the specific molecular and
cellular biomarkers of activity-dependent signaling in CA3.
We previously articulated (18) a model of psychosis in schizo-
phrenia based on evidence of increased neuronal excitability
in the hippocampus and of a reduction in afferent stimulation

(- This article is discussed in an Editorial by Dr. McCullumsmith (p. 312)
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to CA3 from the dentate gyrus, a state we postulated to be
mediated by increased long-term potentiation in CA3 and to
result in neuronal hyperactivity downstream. The char-
acteristic molecular determinants of increased long-term
potentiation are well described in basic laboratory studies as
being increases in “immature” GluN2B-containing NMDA
receptors and in PSD95 or SAP102, both accompanied by
synaptic remodeling (increased spine number), representing
synaptic strengthening (18). Specifically, based on this hip-
pocampal psychosis model and testing the hypothesis of in-
creased long-term potentiation in CA3, we postulated that
GluN2B-containing NMDA receptors would be increased in
CA3 in schizophrenia, with increased PSD95 protein, repre-
senting new synapses, along with anatomic evidence of spine
proliferation, but that these would not be present in CA1, even
though the increased neuronal activity generated in CA3
would be transmitted downstream to CAl. This hypothesis,
if supported, would suggest increased long-term potentia-
tion in CA3, supported molecularly and anatomically, that
could plausibly be associated with hippocampal hyperac-
tivity, mistakes of memory, and false memories with psy-
chotic content in schizophrenia. These observations would
support the concept of psychosis as a pathological alteration
of hippocampal neuroplasticity resulting in alterations of
normal learning and memory processes (19, 20).

METHOD

Postmortem Tissue

Brain tissue was collected by collaboration between the
University of Texas Southwestern Medical Center (UTSW)
Department of Psychiatry and the Dallas County Medical
Examiner’s office with the UTSW Tissue Transplant Ser-
vice; the cases and their characterization form the Dallas
Brain Collection. Cases within 24 hours of death, with schizo-
phrenia or healthy diagnoses, and without agonal duress or
any other primary brain disorder diagnosis were collected,
with permission from next of kin. A cohort of high-tissue-
quality hippocampal cases with CAl and CA3 enriched sam-
ples was created, including schizophrenia cases (N=21; 10
cases on antipsychotic medication at death and 11 off med-
ication at death) and matched healthy comparison cases
(N=21; none on CNS medications) (21). “Off medication at
death” was confirmed by negative plasma and vitreous an-
tipsychotic drug levels at autopsy and confirmed by family
history of no recent medication use (estimated, within 2 weeks)
and/or pharmacy records whenever available. Schizophre-
nia and healthy cases were matched based on RNA integrity
number, pH, age, race, and sex (in that order) as closely as
possible (see Table S1 in the data supplement that accom-
panies the online edition of this article); tissue from matched
pairs was run together on Western blots with the within-pair
identity masked until statistical analysis. Tissue methods and
characteristics are detailed in the data supplement. We sought
cases with a schizophrenia diagnosis, off medication, as well as
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in the more standard on-medication condition, in order to test
disease (schizophrenia versus healthy) and medication (on-
versus off-medication schizophrenia cases) effects of target
protein changes in the schizophrenia and healthy cohorts.

Western Blotting
Proteins were analyzed using the usual protein blotting tech-
niques (22). The methods are detailed in the data supplement.

Golgi Processing and Analysis
Blocks measuring approximately 1 cm? on face and no more
than 0.5 cm thick of medial temporal lobe containing the
hippocampal formation were dissected from a new cohort of
fresh brain tissue from seven schizophrenia and five com-
parison cases. Blocks were placed in 4% paraformaldehyde
in phosphate-buffered saline for 3 hours and then trans-
ferred to a solution of rapid Golgi fixative (0.2% tetroxide
and 2.33% potassium dichromate) at room temperature in
the dark. The blocks were shipped to Yale University for
further processing. After 5 days in rapid Golgi fixative, the
blocks were washed several times with 0.75% silver nitrate
and reacted in this same solution for 24-48 hours in the dark.
The blocks were then dehydrated through increasing con-
centrations of ethanol, embedded in celloidin, and sectioned
at 120 pm. Sections were mounted on slides with Permount,
coverslipped, and air-dried on a flat surface. The slides were
coded such that analysis was performed blind to diagnosis.
In each case, 10 neurons in the CA3 region of the hippo-
campus were selected for analysis of spine density on the
apical dendritic trunk (stratum radiatum). All selected neu-
rons had apical dendrites that extended at least 250 pm from
the soma. Spine density was measured at three locations on
the apical dendritic trunk: 50 pm proximal to peak density,
peak density, and 50 pm distal to peak density, as described in
detail in reference 23. The number of thorny excrescences,
which are large outcroppings of the apical dendritic trunk
thought to be the receptive zones for mossy fiber synapses,
was counted along the entire length of the apical dendritic
trunk. In addition, in five neurons in each case that had at
least one complete basal dendritic branch, this branch was
analyzed for spine density and dendritic length on branch
orders 1-4 (stratum oriens). All analyses were performed on
a Zeiss Axiophot microscope equipped with a Lucivid system
for computer-aided analysis of dendritic morphology using
Neurolucida, version 9.0 (MicroBrightfield, Williston, Vt.).

Statistical Analysis

Based on our hippocampal psychosis model and preliminary
data, we hypothesized a priori that GluN2B/GluN1 would be
increased in CA3, as well as concentrations of the related
postsynaptic protein, PSD95. We tested the hypothesized
outcomes in CA3 using paired and unpaired statistics and
found the differences between groups significant in both
contrasts; the outcomes of the paired statistics are presented
in the text, given that the cases were not only matched by
demographic characteristics but also run together on the
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same blots throughout the analyses. These same proteins
were assessed in CAl with no a priori hypothesis, to test the
extent of any changes identified in CA3 in schizophrenia.
Other proteins were tested in an exploratory fashion in CA3
and CAl (GluN1, GluN2A, GluAl, GluA2, CREB, pCREB,
SAP102, Racl, ERK1/2, and cofilin) to detect any indication of
the intracellular pathways that might be mediating changes in
signaling, for future study. The comparison of each hypoth-
esized CA3 protein between schizophrenia cases and their
matched comparison cases was tested in paired two-tailed t
tests with the significance threshold set at 0.05. The addi-
tional exploratory measures were analyzed with paired t tests
and corrected for multiple comparisons using the Bonferroni
correction, whenever significant by t test. Moreover, we con-
trasted the schizophrenia cases on and off antipsychotic
medication to obtain any indication that the protein change
might be associated with antipsychotic medication. Measures
of dendritic spine density and length were also compared using
two-tailed t tests, equal variances not assumed. To control
for multiple comparisons in these anatomic analyses, we used
a false-discovery-rate analysis with q set at 0.10 (24).

RESULTS

Hippocampal CA3 Plasticity-Related Proteins

in Schizophrenia

CA3 subfield tissue was blotted for the postulated proteins,
with each schizophrenia case and its comparison case run on
the same blot. The analyses showed increased concentrations
of GluN2B-containing NMDA receptors (GluN2B/GluN1)
in schizophrenia compared with matched comparison cases
(t=2.56, df=20, p=0.018) (Figure 1A), with no difference in
GluN1 in CA3 between schizophrenia and comparison cases
(Figure 2A). Among schizophrenia cases, no differences were
detected in GluN2B-containing NMDA receptors between
those on and those off medication (Table 1), indicating that the
detected increase in schizophrenia is not a medication effect.
PSD95 in CA3 was increased in the schizophrenia cohort (t=2.53,
df=20, p=0.02) (Figure 1B), and no differences were detected in
PSD95 protein levels between schizophrenia cases on and off
medication, again suggesting no influence of treatment on this
protein (Table 1). No changes in GAD67 protein were detected in
CA3 in the overall schizophrenia cohort (Figure 1C) or between
schizophrenia cases on and off medication (Table 1).

Several other related proteins found within glutamatergic
synapses were quantified in CA3 in an exploratory manner
contrasting schizophrenia and comparison cases, including
GluN2A, GluAl, GluA2, and synaptic remodeling proteins
(Figure 2A). No differences were detected between schizo-
phrenia and comparison cases in any of the key proteins
related to glutamate receptor subunits, including GluN1,
GluN2a, GluAl, and GluA2. In other signaling proteins, no
differences between the schizophrenia and comparison
cases could be detected in concentrations in CA3 tissue,
including pCREB/CREB, SAP102, Racl, ERK1/2, and cofilin.
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Hippocampal CAl Plasticity-Related Proteins

in Schizophrenia

In order to establish whether these molecular changes in
schizophrenia were confined to CA3, we examined the same
proteins in CAl. No increase in the GluN2B-containing
NMDA receptor (GluN2B/GluN1) protein could be detected
in the overall schizophrenia cohort (Table 2), and GIuN1 in
CALl did not differ between schizophrenia and comparison
cases (Figure 2B). Neither were any differences detected
in the GluN2B-containing NMDA receptors between the
schizophrenia cases on and off medication. PSD95 in CAl
was higher in the overall schizophrenia cohort, but the dif-
ference fell short of significance (t=1.82, df=20, p=0.084)
(Table 2); the effect was not maintained when matched cases
were compared between schizophrenia cases off medication
and comparison cases. No difference in GAD67 could be de-
tected in CA1 between the overall schizophrenia cohort and
matched comparison cases (Table 2) or between schizophrenia
cases on and off medication.

The same group of postsynaptic candidate signaling pro-
teins was tested in the CAl tissue. In the CAl subfield in
comparison tissue compared with schizophrenia tissue,
no differences could be detected in any of the key pro-
teins related to glutamate receptor subunits, including
GluA1l, GluA2, and GluNI; neither were any between-group
differences detected in other related signaling and struc-
tural proteins, including SAP102, Racl, Cofilin, and ERK1/2
(Figure 2B).

Hippocampal Spine Analysis in CA3 in Schizophrenia

Based on the CA3-selective increases in known markers of
synaptic strength, CA3 tissue from schizophrenia and com-
parison cases was collected and stained using a rapid Golgi
method to determine whether the suggestive molecular
changes in CA3 in schizophrenia were accompanied by mor-
phologic changes in the number of excitatory synapses. Spine
density was significantly elevated in the schizophrenia cases
relative to comparison cases at the three locations (proximal,
peak, and distal) measured on the apical dendritic trunk of
CA3 pyramidal neurons in the stratum radiatum—specifically,
“peak density” (t=4.656, df=8, p=0.001), “50 pm distal to peak”
(t=3.506, df=10, p=0.006), and “50 pm proximal to peak”
(t=2.951, df=10, p=0.015) were elevated in the schizophrenia
tissue compared with the comparison tissue (Figures 3 and
4). The number of thorny excrescences was higher in the
schizophrenia cases as well (t=2.976, df=9, p=0.016) (Table 3).
Using the false-discovery-rate statistic to correct for multiple
comparisons (q=0.10), all of the above contrasts remained
significant. For comparison with the morphometric alter-
ations observed on the apical dendrite (stratum radiatum),
we assessed spine density and dendritic length on the basal
dendrites of CA3 pyramids (stratum oriens) and found several
anatomic measures possibly indicating increased synaptic
strength unchanged between schizophrenia and compari-
son cases. Spine density on 1st- through 4th-order dendrites
did not differ between groups, nor were differences in basal
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FIGURE 1. Hippocampal CA3 Plasticity-Related Proteins in Healthy Comparison Cases and Schizophrenia Cases?
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@ In panel A, GlUN2B-containing NMDA receptors (GUN2B/GluN1) are significantly increased in the schizophrenia cases compared with healthy
subjects in the whole tissue cohort (p=0.018). The horizontal bars represent the group averages. The GluN2B and GluN1 proteins are quantified by
the ratio of protein immunoreactivity to B-tubulin immunoreactivity. In panel B, PSD95 protein is significantly increased in the schizophrenia cases
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B-tubulin immunoreactivity. In panel C, GAD67 did not differ between the healthy subjects and the schizophrenia patients in the whole group
(p=0.640). Protein is quantified by the ratio of GAD67 immunoreactivity to B-tubulin immunoreactivity.

*p<0.05.

dendritic length detected at any branch order, or overall
(Figure 3, Table 3).

DISCUSSION

In this study, we contrasted tissue from healthy and schizo-
phrenia cases on molecular and anatomic markers of syn-
aptic plasticity within the CA3 hippocampal subfield, and
produced evidence of altered plasticity in CA3 characterized
by an increase in GluN2B-containing NMDA receptors and
PSD95 protein and an increase in spine density. We did not
observe changes in these cellular and molecular markers
in CAL The increases in GluN2B-containing receptors, the
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early developmental variant of the NMDA receptor, and in
PSD95 protein occur without indication of AMPA receptor
subunit alterations. The GluN2B/GluN1 increase in CA3 was
present in the entire schizophrenia cohort, without any dif-
ference between cases on and off antipsychotic medication,
indicating that this is a disease effect and not a chronic med-
ication effect. These data are consistent with our previous
report of increased BDNF mRNA in CA3 in schizophrenia,
which also points to an increase in excitatory signaling in CA3
(20). The mossy fiber innervations in CA3 contact both the
excitatory pyramidal neurons at thorny excrescences and in-
hibitory interneurons by way of en passant synapses, and these
innervations have inverse effects on CA3 excitation (25). Thus,
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strengthened transmission at the pyramidal
cell and reduced inhibitory control of local
interneurons occur together, augmenting
CA3 pyramidal cell excitation from two sites,
advantaging feed-forward excitation (26). Un-
controlled feed-forward excitation may be the
cerebral process that fuels hyperassociation,
false memories, and psychotic mental events.

Golgi staining was used to examine the
morphologic correlates of these molecular

LIET AL

TABLE 1. Hippocampal CA3 Concentrations of the Hypothesized Proteins in
Schizophrenia Cases On and Off Medication?

On Medication (N=10)

Off Medication (N=11)

Protein Mean SD Mean SD p

GIuN2B/GluN1 0.47 0.16 0.39 0.17 0.302
PSD95 1.09 0.42 0.92 0.21 0.243
GAD67 0.52 0.05 0.48 0.10 0.242

2 The concentrations of the hypothesized proteins in CA3, which were significantly higher for
healthy comparison cases than for schizophrenia cases, did not differ significantly between the
schizophrenia cases on and off medication, even with Bonferroni correction.

changes in pyramidal cell architecture in
schizophrenia. Two distinct cellular regions of the CA3
pyramidal dendritic tree were examined: the proximal
apical and basal dendrites corresponding to the CA3
stratum radiatum and the CA3 stratum oriens substrata,
respectively. The anatomic changes show a clear increase in
spine density limited to the stratum radiatum, at the apical
trunk of pyramidal CA3 neurons, but not in the stratum
oriens at the insertions of the recurrent collaterals. An in-
crease was detected in the number of mossy fiber receptive
sites, the thorny excrescences, in the stratum radiatum. The
presence of greater spine density in the stratum radiatum is
consistent with and could represent the morphologic man-
ifestation of increased GluN2B-containing NMDA receptors
in CA3 in schizophrenia, particularly as the GluN2B subunit
advantages long-term potentiation (27, 28). Increased spine
density in CA3 is also compatible with the molecular find-
ings of elevated PSD95, as overexpression of this protein
has been shown to elevate spine density in hippocampal
cultures (29). Increased spine number is regularly observed
following long-term potentiation-mediated increases in
synaptic strength at excitatory synapses (30, 31). These
changes are compatible with evidence from the electron
microscopy study of Kolomeets et al. (32) showing that the
specific number of mossy fiber/CA3 synapses is reduced,
an effect that would lead to an increase in excitability and
synaptic strength in CA3 itself through metaplasticity
mechanisms. The specificity of morphometric abnormalities
to sublayer components of the dendritic tree is intriguing
and suggests that there may be a complex pattern of pa-
thology in hippocampal subfields and their sublayers that
could be related to afferent input patterning. Future studies
may target morphometric features of the distal apical den-
drites, which receive perforant path afferent input from the
entorhinal cortex to further address sublayer specificity as
well as extend the morphologic studies to substrata of the
CAl region.

These outcomes, including the increase in spines, an in-
crease in PSD95, and the increase in GluN2B-containing
NMDA receptors in CA3, are consistent with alterations in
excitatory signaling in the hippocampus in CA3. This could
represent an increase in neuronal excitability and long-term
potentiation within CA3; moreover, we have previously sug-
gested (18) this as a model of altered metaplasticity dynamics in
CA3, based on reduced afferent stimulation from the dentate
gyrus, elevated sensitivity, and increased direct stimulation from
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FIGURE 2. Exploratory Testing of Proteins in Hippocampal CA3
and CA1 Subfields in Healthy Comparison Cases and
Schizophrenia Cases®
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the entorhinal cortex. Alternatively, or in addition, there could
be an increase in silent synapses in CA3, which would prime the
synapse for an increase in experience-dependent plasticity
with synaptic “unsilencing.” Silent synapses are identified
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TABLE 2. Hippocampal CA1 Concentrations of GluN2B-Containing NMDA Receptor, PSD95, and GAD Protein in Healthy Comparison
Cases and Schizophrenia Cases?

Comparison Cases Schizophrenia Cases Comparison Cases, Paired Schizophrenia Cases, Off
(N=21) (N=21) Subgroup® (N=11) Medication (N=11)

Protein Mean SD Mean SD p Mean SD Mean SD p
GIuN2B/GIluN1  0.56 0.35 0.65 0.41 0.34 0.64 0.37 0.64 0.28 0.99
PSD95 1.46 1.06 2.05 0.75 0.084 175 124 191 0.73 0.72
GAD67 0.86 0.19 0.83 0.20 0.70 0.88 0.18 0.79 0.28 0.31

@ The CA1 concentrations of the three target proteins that were tested in CA3. In CAL1 tissue, GluUN2B-containing NMDA receptor, PSD95, and GAD67 were not
altered in schizophrenia, in either the whole cohort or in the off-medication schizophrenia subgroup; primary comparisons were not significant with the
Bonferroni correction.

P This is the subgroup of comparison cases paired with the off-medication schizophrenia cases.

FIGURE 3. Montages of Representative CA3 Pyramidal Neurons From a Healthy Comparison Case and a Schizophrenia Case?

@ Images A and B are from a healthy comparison case and from a schizophrenia case, respectively. These images further illustrate the increased spine
density on the apical dendrite in schizophrenia. The boxes indicate the enlarged sections of apical and basal dendrites shown in the bottom row of
images: images C and D are apical dendrite and basal dendrite, respectively, from a healthy comparison case; images E and F are apical dendrite and
basal dendrite, respectively, from a schizophrenia case. Scale bars for images A and B, 50 um; for images C—F, 10 pm.

in laboratory preparations as synapses that exhibit NMDA-  are important during development (33-35). Recent studies
receptor-mediated electrical responses but no evidence of  have identified the generation of silent synapses in the mature
AMPA-receptor-mediated transmission; silent synapses  brain during salient in vivo experiences (36). It is thought that
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strong in vivo experiences—
which, we suggest, might include
acute psychotic experiences
in schizophrenia—could se-
lectively sensitize a neural
circuit by generating silent
synapses as a basis for robust
increases in synaptic plasticity
with relevant subsequent ex-
perience (36). This interpre-
tation is consistent with the
presentation of psychosis, as
most individuals with schizo-
phrenic psychosis retain a pro-
pensity to psychosis after an
initial psychotic episode and
many show a cyclic recurrence
of psychotic manifestations.
The alteration in CA3 plas-
ticity conditions with an ini-
tial psychotic episode could
create a vulnerability to new
excitatory input within CA3
after a florid psychosis, which
could generate “runaway” ac-
tivity within the recurrent col-
lateral projections that would
diminish prediction error mech-
anisms, increase associations,
and allow false memory for-
mation with psychotic content.
Both of these interpretations
are consistent with emerging
schizophrenia genetics, which
converge not only on strong
risk genes like NRG1 (which
shows an altered NRGI frag-
ment in hippocampus [37]),
DISCI, and CHRNA? (38), but
also on functional gene net-
works, including those modify-
ing glutamate, synaptic function,
and neuronal plasticity. The
15q13-14 locus, which is im-
plicated in schizophrenia,
includes the alpha-7 nicotinic
receptor promoter (38); be-
cause cholinergic innervation
is differentially directed to
CA3 within the human hip-
pocampus (39) and largely
localized to CA3 interneurons

(40), a loss of cholinergic capacity and subsequent fail-
ure of interneuronal inhibition could support CA3 hy-
peractivity. Also, a genetically manipulated mouse based
on the 22qll1.2 schizophrenia risk deletion shows an
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FIGURE 4. Spine Density Along the Apical Dendrite in CA3 in Healthy Comparison Cases and

Schizophrenia Cases®
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2 Spine density along the apical dendrite (stratum radiatum) is significantly higher at three locations: the point
of peak spine density and 50 um distal and proximal to the peak. The number of thorny excrescences also
shows a significant elevation in the schizophrenia cohort.

*p<0.01.

TABLE 3. Spine Density and Dendritic Length in Hippocampal CA3 in Healthy Comparison Cases
and Schizophrenia Cases On Medication®

Comparison Cases

Schizophrenia Cases,
On Medication

Structure Mean SD Mean SD p
Spine density (spines/um)
Stratum radiatum
Proximal 0.68 0.06 0.82 0.10 0.015
Peak 0.91 0.03 1.07 0.08 0.001
Distal 0.74 0.05 0.88 0.08 0.006
Number of thorny 17.3 41 29.2 9.3 0.016
excrescences
Stratum oriens
1st order 0.37 0.07 0.38 0.07 0.73
2nd order 0.49 0.11 0.45 0.03 0.51
3rd order 0.54 0.10 0.56 0.06 0.66
4th order 0.56 0.09 0.61 0.08 0.30
Dendritic length (um)
Stratum oriens
1st order 29.3 95 285 8.4 0.88
2nd order 96.0 26.2 90.9 26.7 0.75
3rd order 163.5 473 172.3 73.5 0.81
4th order 87.5 84.8 126.0 74.3 0.44
Total length 4495 137.0 473.0 118.9 0.77

2 Histological examination of spine density shows significant increases in number of spines in schizophrenia at all three
locations examined on the CA3 apical dendrite in the stratum radiatum. The number of thorny excrescences is also

increased in schizophrenia.

increase in hippocampal high-frequency synaptic trans-
mission, increased long-term plasticity, and exaggerated
dendritic spines (41), suggesting these as disease elements in
schizophrenia.
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The CA3 subfield changes in schizophrenia tissue de-
scribed here may provide the molecular and cellular sub-
strate supporting hippocampal hyperactivity in vivo that has
been well described in schizophrenia patients—that is, hy-
peractivity represented by increased hippocampal cerebral
blood flow (3, 42) and blood volume (12). These molecular
alterations were not seen in CAl, suggesting that the in vivo
hippocampal hyperactivity that has been reported in CAl is
propagated downstream from CA3 (12). The dynamic char-
acteristics of NMDA receptor membrane insertion, removal,
and translocation within neural synapses allow for their in-
volvement in alterations of synaptic strength (43, 44), recog-
nizing that the regulation of synaptic strength at the mossy
fiber-CA3 pyramidal cell synapse is unique and complex (26,
33). This change could contribute to psychosis manifestations
through pathological “pattern separation” (45) and/or “pat-
tern completion” computations (46-48).

In this study, we examined NMDA receptor subunits only
in hippocampal subfields. A large literature exists on these
subunits in other schizophrenia-affected brain regions (49)
and in whole hippocampus (50), prefrontal cortex (51),
thalamus (52), cerebellum (53), and substantia nigra (54).
Changes, especially in the prefrontal cortex, have been var-
iable across studies (55-57). The relationship between the
molecular changes reported here in hippocampal subfields
and the neocortical anatomic and molecular neuropathology
of schizophrenia reported elsewhere (58, 59) is not clear. These
changes could be independent, correlated, or interdependent,
a question important for future investigation. The coexistence
of both hippocampal hyperactivity (plausibly associated with
psychosis) and prefrontal cortical hypoactivity (plausibly as-
sociated with cognitive impairment) could be functionally
linked if the hyperexcitatory efferents from the hippocampus
to prefrontal cortical targets fell primarily onto the affected
populations of cortical inhibitory interneurons, contributing
to the dysregulation of GABA inhibitory control of prefrontal
pyramidal neurons.

A classic hypothesis for hippocampal hyperactivity in
schizophrenia has been disinhibition of hippocampal pyra-
midal cells by a reduction in the inhibitory GABA-mediated
modulation of pyramidal cell firing (60). Cell-counting studies
in the hippocampus contrasting schizophrenia and bipolar
disorder patients with healthy subjects have reported meta-
bolic (61) and molecular (2) alterations in bipolar disorder,
largely sparing the hippocampus in schizophrenia, although
previous studies found inhibitory deficits in the hippocam-
pus in schizophrenia (62, 63). Yet, in our study, in neither
CA3 nor CAL tissue from schizophrenia cases did we detect
reductions in GAD67 protein. Further research is clearly needed
to examine subtle effects of changes in inhibitory GABA mod-
ulation in CA3.

In summary, these data show changes in schizophrenia in
the GluN2B-containing NMDA receptor in CA3 of the hip-
pocampus and not in CAl, along with consistent increases in
PSDO95 and in pyramidal cell spine number. These findings
are consistent with increased neuronal excitability in CA3
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and/or with an increase in silent synapses in CA3 in schizo-
phrenia, conditions that could plausibly underlie mani-
festations of psychosis in the illness. The findings have
implications for potential molecular markers in the illness,
for novel medication targeting with further confirmation,
and for use in modeling schizophrenia psychosis in animal

paradigms.
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