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Abstract

In this study, the authors sought to replicate the findings of reduced synaptosomal associated protein 25 kDa (SNAP-25) immunoreactivity
in the hippocampus of patients with schizophrenia. The authors also measured N-methyl-D-aspartate (NMDA) receptor 1 (NR1) receptor
subunit to determine if glutamatergic synapses were involved with the loss of SNAP-25. We found 49% less SNAP-25 immunointensity in
the schizophrenic group (n=7) compared to the control (z=8) or bipolar groups (n=4) (P=.004). There was no change in NMDA NR1
levels in the three groups. The authors confirm the previous report of less SNAP-25 immunoreactivity in the hippocampus using a different
cohort of patients with schizophrenia. It also appears that NMDA NRI1 was unchanged, indicating that the overall level of NMDA
glutamatergic synapses in hippocampus is normal. These data add to evidence suggesting that in schizophrenia the molecular pathology of

the hippocampus involves presynaptic components.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

The hippocampus is a structure responsible for informa-
tion processing and memory formation (Zola-Morgan and
Squire, 1990). Pathology in the hippocampus is implicated
in the altered cognitive functioning seen with schizophrenia
(Kuperberg and Heckers, 2000). One of the consistent
neuroimaging findings supportive of this hypothesis is
decreased hippocampus volume (Copolov et al., 2000).
To identify the cellular pathology responsible for the
volume loss, studies have measured neuron number and
neuropil components such as axon and dendrite densities.
The results of these studies are contradictory (Harrison,
1999). Half of the studies find changes in neuronal mor-
phology or loss of neurons and half find no pathology.
However, the consensus is that if cell loss is involved the
loss is not due to necrosis.

Abbreviations: NMDA, N-methyl-D-aspartate; NR1-5, NMDA recep-
tors 1—5; PMI, postmortem interval, SNAP-25, synaptosomal associated
protein 25 kDa.
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In a molecular approach to identify pathology, investiga-
tors measured specific neuronal proteins and mRNA that may
be involved with schizophrenia. Using these approaches,
both glutamatergic neurotransmission and presynaptic syn-
aptic vesicular docking proteins have been implicated in
schizophrenic pathology of the hippocampus. There appears
to be diminished amounts of presynaptic components and
some types of glutamate receptors subunits (Browning et al.,
1993; Eastwood et al., 1995; Eastwood and Harrison, 2000;
Vawter et al., 1999; Webster et al., 2001; Meador-Woodruff et
al., 2001; Kerwin and Meldrum, 1990; Tsai et al., 1995; Gao
et al., 2000).

Glutamatergic neurotransmission involves several types
of receptors that may be involved with some aspects of
schizophrenia symptomatology (Javitt et al., 1997). One of
the receptor subtypes that is specifically implicated is the
ionotropic N-methyl-p-aspartate (NMDA) receptor. The
functional receptor is heteromeric and composed of at least
one NMDA receptor 1 (NR1) and one or more of the NR2
subunits (Masu et al., 1993). The NMDA receptor in the
hippocampus is found predominately though not exclusively
in the postsynaptic area of apical dendrites and soma
(Kohama and Urbanski, 1997; Conti et al., 1999; Petralia
et al., 1994). When this receptor is activated, it produces
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symptoms found in schizophrenia (Bunney et al., 1995). In
tissue from patients with schizophrenia NMDA receptor
binding is intact and the NR1 subunit mRNA in some areas
may be reduced (Gao et al., 2000).

Synaptosomal associated protein 25 kDa (SNAP-25) is a
protein that is involved with regulated exocytosis (Bark et
al., 1995) and is located on the presynaptic nerve terminus
(Oyler et al., 1989). In a study of the level of this protein in
the hippocampus of patients with schizophrenia, Young et
al. (1998) found that SNAP-25 was reduced.

Brain lesion studies offer some reference to understand
these findings. In dopaminergic systems when the presy-
naptic cell is lost, the postsynaptic receptors may either up-
regulate (Creese et al., 1977; Zhang et al., 2001) or down-
regulate (Levesque et al., 1995). In the hippocampus,
lesions of the perforant pathway lead to loss of the presy-
naptic afferent components. Morphologically, there is initial
loss of axons and dendrites followed by reactive sprouting
in an attempt to reconnect (Matthews et al., 1976). These
cellular changes are reflected in protein changes. Following
the lesion, presynaptic SNAP-25 initially decreases then
increases (Geddes et al., 1990). Postsynaptically, the
NMDA glutamate receptors are lost (Nicolle et al., 1997).
Some time later, with sprouting, the receptors increase
(Adams et al., 2001; Gazzaley et al., 1997). However,
dendritic sprouting does not reach prelesion levels at 90
days posttrauma (Nieto-Sampedro et al., 1982). This obser-
vation suggests that the morphology stabilizes but does not
entirely correct the damage. If a cell loss process occurs in
schizophrenia, postmortem analysis of the presynaptic and
postsynaptic components may show similar results as the
lesions studies excluding gliosis.

In this study, we sought to replicate the findings of
Young et al. (1998). The authors also hypothesized that if
a cell loss process is involved with schizophrenia, both
presynaptic and postsynaptic proteins will be reduced com-
pared to normal controls. To test this hypothesis, we
measured the level of SNAP-25 and NMDA NRI1 glutama-
tergic receptor subunit in hippocampus of patients who had
schizophrenia.

2. Methods
2.1. Postmortem hippocampal tissue

The collection and preparation of the hippocampal tissue
has been previously reported (Vawter et al., 1998b). Briefly,
the tissue was obtained from the National Institute of Mental
Health Neuroscience Center at Saint Elizabeth’s Hospital
brain collection. A neuropathologist examined the brain
tissue to identify gross structural abnormalities. Psychiatric
diagnosis was made by retrospective chart review by two
psychiatrists using Diagnostic and Statistical Manual of
Mental Disorders (DSM-III-R) criteria (Williams et al.,
1992). 1.5 cm coronal slabs through the entire cerebrum

of each human brain were rapidly dissected from the
amygdala through the posterior hippocampus (Kleinman et
al., 1995). The hippocampus proper then was dissected out
from the adjacent entorhinal cortex or parahippocampal
gyrus on a platform cooled with dry ice. The right and left
hippocampi from each brain were dissected, and the bilat-
eral hippocampal tissue was combined for each subject. The
dissected tissue was frozen on dry ice and stored at — 80 °C.

Membrane extracts of human hippocampus was prepared
as described (Takamatsu et al., 1994), with slight modifica-
tions (Vawter et al., 1998a,b). Frozen pulverized whole
hippocampal tissue ~ 0.50 g was suspended in 10 ml of
cold 0.05 M Tris-buffered saline (TBS, pH 7.4) with
protease inhibitors: antipain (4 pg/ml), pepstatin A (2 pg/
ml), aprotinin (2 pg/ml), leupeptin (2 pg/ml) and phenyl
methyl sulfonyl fluoride (0.1 pg/ml). The solution was
homogenized (Tissumizer, Tekmar, Cincinnati, OH) for
5 x 10 s pulses in a 4 °C ice bath and 30 s cooling interval
between pulses. The homogenate was centrifuged for 30
min at 42,000 x g at 4 °C. The clear supernatant with visible
lipid removed was the “cytosolic” fraction. The pellet was
resuspended and washed with cold TBS-protease inhibitor
cocktail and recentrifuged at 42,000 x g for 30 min at 4 °C.
The supernatant was discarded and the pellet was extracted
in cold TBS + protease inhibitor + 1% NP-40 detergent. The
solution was stirred at 4 °C for 30 min and then centrifuged
at 42,000 x g for 30 min. The supernatant was labeled
“membrane extract.” Protein concentration was measured
bicinchoninic acid assay (Pierce).

The brain pH was determined from cerebellar tissue
(0.4—0.8 g) that was homogenized in 10 times the tissue
volume in ddH,O (pH 7.0). The homogenate pH was
measured with a calibrated pH meter.

2.2. Western blotting

Eighty micrograms of the crude membrane fraction was
electrophoresed on a 7.5% SDS-PAGE gel, run for 5.5 h at
40 mA and cooled to 4 °C. Protein from the gels was then
electroblotted to Hybond supersupported 0.45 pm nitro-
cellulose membrane (Amersham) in a semidry transfer
apparatus (Bio-Rad). Membranes were cut in half and the
upper half containing the NMDA NR1 protein was blocked
in phosphate-buffered saline (PBS) and 5% nonfat powered
milk for 4 h at 4 °C. The membrane was then washed twice
in PBS with 0.1% Tween-20 (PBS-T) for 20 min at room
temperature (RT). The NMDA NR1 antibody (clone 54.1;
Zymed) reacts specifically with a band at 103 kDa and does
not cross-react with NMDAR2, NMDAR3, NMDAR4 and
NMDARS. Anti-NMDA NR1 was diluted 1/500 in PBS-T
with 1% bovine serum albumin (BSA) and 2.5% nonfat
powered milk and incubated for 16 h at 4 °C with the
membrane. The membranes were then washed as before and
incubated in a 1/1000 dilution with the secondary goat
antimouse antibody conjugated to horseradish peroxidase
(HRP) for 40 min at RT with shaking. The membranes were
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washed and the antigen antibody complex was visualized
with enhanced chemiluminescence (Amersham). The band
intensity was measured with NIH Image Software v.1.69
from a scanned image (Alpha Innotech) of the membrane.
Relative values of NMDA NR1 were determined by com-
paring the immunointensity of the unknown sample to that
of a standard curve. The standard curve was made by
applying 20—80 pg of control crude brain extract to the
same gel as the experimental samples. Units of measure are
immunointensity per microgram total protein.

The lower half of the membrane containing the SNAP-25
band was blocked in 5% nonfat powered milk in TTBS (TBS
with 0.1% Tween) for 1 h at RT with shaking. The membrane
was then washed 2 times for 10 min in TTBS at RT with
shaking. Following this step, the membrane was incubated in
a 1/5000 dilution of anti-SNAP-25 antibody (SMI 81,
Sternberger Monoclonals) in TTBS for 1 h at RT. Follow-
ing two more washes, the membrane was incubated with
1/10,000 goat antimouse HRP conjugated IgG (Zymed) for
1 h and then washed as before. Visualization was similar to
NMDA NRI1. Relative quantitation was determined by the
same procedure as NMDA NR1, but immunodetection was
with the SMI-81 antibody (Thompson et al., 1998).

2.3. Statistical analysis

The potential confounding factors of postmortem interval
(PMI), brain pH and age at the time of death were compared
in separate analysis of variance (ANOVA). Gender differ-
ences were compared using the Pearson x? test. Differences
of NMDA NRI1 and SNAP-25 levels between all groups
were determined by ANOVA using PMI and storage time as
covariants (ANCOVA).

3. Results

There were no differences between groups for gender
(x*=2.37, df=2, P=31), age [ F(2,15)=0.111, P=.89] and
pH [F(2,15)=1.5, P=.25] as shown in Table 1. PMI was
significantly shorter in the schizophrenia group [ F(2,15)=
4.0, P=.04]. The tissue storage time was considered as a
potential confound since the freezer time was different
between the three diagnostic groups [F(2,16)=19.41,
P=.00005]. However, the controls and schizophrenia groups
were not significantly different in storage time ( P=.43), while
the bipolar group was stored longer compared to controls or
schizophrenia groups (P <.0005 for both comparisons).

In the control group, one patient had a detectable level of
lidocaine, one with phensuximide and one with morphine.
Two patients with schizophrenia showed positive levels of
antipsychotic drugs at the time of death. Additionally, one
had doxepin and one had nortriptyline. The bipolar group
had one individual with detectable alcohol, serax and nardil.
In 3 of the total 19 patients, no toxicological information is
available (2 =biolar, 1 =schizophrenia).

Table 1
SNAP-25 and NMDA NR1 Western blot measurements and demographic
characteristics

Group
Control Bipolar Schizophrenia
(n=38) illness (n=17)
(n=4)
Brain pH (£S.D.) 6.2+0.35 6.4+0.08 6.57+0.25
Tissue storage time 112.5£15.7 196.3+3.7° 127.2+32.3
(months £S.D.)
PMI (hours£S.D.) 254+13.8 29.6+7.4 12.5+8.2°
Age (year+S.D.) 49.1+£13.6 48.3+11.8 52.3+19.3
Gender (M =males, M=5,F=3 M=1, F=3 M=5,F=2
F = females)
Ethnicity 6/2 1/3 2/5
(Black/Caucasian)
NMDA NRI (relative 0.85+0.35 0.96+0.12 0.84+0.3
immunoreactivity
units+S.D.)
SNAP-25 (relative 1.13+£0.4 1.18+£0.09 0.58+0.2°

immunoreactivity
units£S.D.)

? Bipolar group is more than the control and schizophrenia groups
(P=.00005).

® Schizophrenia group is less than the control and bipolar groups
(P=.04).

¢ Schizophrenia group is less than control or bipolar groups ( P<.004).

For protein loading, we initially determined that the
optimal range was in the range of 20—80 pg of total protein
in order to quantitatively assess NMDARI1 and SNAP-25.
For each immunoblot, a standard preparation of human
occipital cortex was loaded on each gel in ascending protein
load (10, 20, 30, 40 and 50 pg). We assayed 50 g of total
protein for each unknown sample. The densitometry of
these readings for each gel indicated linear results for
micrograms of protein loaded within the 10—50 pg range
and the ECL reaction (>.97 for NMDARI and »>.9 for
SNAP-25 standard curves).

The authors compared the level of SNAP-25 and NMDA
NR1 across diagnostic groups with PMI as the cova-
riant. The level of NMDA NRI1 protein was not signifi-
cantly different between groups [ F(2,15)=0.14, P=.87,
control =0.85+0.35, bipolar illness=0.96+0.12 and
schizophrenia=0.84 +0.3, relative immunointensity]. In
contrast, there was a significant difference in mean level of
SNAP-25 immunointensity between groups [ F(2,15)=8.2,
P=.004, control=1.13 +0.4, bipolar illness=1.18 £0.09 and
schizophrenia=0.58 £0.2] (Fig. 1). Two individuals in the
schizophrenia group were treated with neuroleptics before
death. Because of the presence of this mediation, the
ANCOVA was rerun without these subjects. The SNAP-25
difference remained significant [ F(2,13)=7.8, P=.009].

The correlation between SNAP-25 and freezer time was
low (r=-—.06) for all combined groups. For individual
groups, the correlations between freezer time and SNAP-
25 for bipolar (r=.27, P=.72), schizophrenia (r=— .54,
P=21) and controls (r=.31, P=.45) were all modest but not
significant. The correlations for the schizophrenia and con-
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Fig. 1. Relative NMDA NR1 and SNAP-25 immunoreactivity. Horizontal bars represent mean values.

trol groups taken together were r=— .26, P=.35, indicating
that freezer time might influence samples, as greater
decreases of SNAP-25 with increasing freezer storage time
might be seen in the schizophrenia group. The SNAP-25
analysis of covariance was calculated and the group effect for
diagnosis remained significant [ F(1,12)=10.23, P=.007].

4. Discussion

We demonstrate SNAP-25 immunointensity is 49% less
and NMDA NRI is equivalent in the hippocampus of the
schizophrenia group by Western blotting. In the bipolar
group, the levels of both SNAP-25 and NMDA NR1 were
similar to controls. Several potentially confounding issues
affect the interpretation of these data. The first is the small
number of subjects in the bipolar group. The small number
of subjects in this group may have caused us to under-
estimate the differences between the groups and commit a
type 2 statistical error. Secondly, the PMI was significantly
shorter in schizophrenia than the other three groups, and
the tissue storage time was longer in the bipolar group.
The authors accounted for these differences by using PMI
and storage time as covariants in the statistical analysis. If
protein degradation were responsible for the results, we
would anticipate that the shorter PMI would lead to an
increase in SNAP-25 in the schizophrenia. We did not see
this. We also found consistent levels of NMDARI
between groups, suggesting that our protein loading and
degradation was not different between groups. Another
suggestion that cellular degradation was not a significant
factor in our results was the uniform brain pH in all
groups. Finally, medication use may alter protein levels. In
two members of the schizophrenic group, neuroleptics
were used. When these samples were removed from the
analysis, the differences remained significant, suggesting

that neuroleptics did not affect the SNAP-25 level. Pre-
clinical studies also suggest that neuroleptic exposure does
not influence SNAP-25 expression (Nakahara et al., 1998;
Eastwood et al., 1997) and may lower NMDA NR1 (Chen
et al., 1998).

Young et al. (1998), using an ELISA assay of whole
hippocampi, measured SNAP-25 and did not find a statist-
ically significant reduction. In this study, SNAP-25 was
identified with SP-12 a polyclonal antibody. The lack of
significance in the ELISA assay may be due to the different
tissue preparation techniques or binding properties of the
SP-12 compared with SMI-81 used in the current report
(Honer et al., 1997). This group did find statistically
significant reductions in subregions, subiculum, CAl,
CA3, CA4 and dentate gyrus using a quantitative immuno-
cytochemical method. The authors speculate that their find-
ings may represent a localized disconnection of the
entorhinal cortex innervation of the hippocampus.

Fatemi et al. (2001) looked at hippocampal SNAP-25 in
schizophrenia and bipolar illness. They found reduced levels
of SNAP-25 in several subregions using immunocytochem-
istry. The stratum granulosum was significantly reduced
51% (compared to controls, P=.013) with nonsignificant
reductions in the CA4, stratum moleculare, presubiculum
and subiculum in schizophrenia. In bipolar illness, there was
a significant 45% reduction in the stratum orins and non-
significant reductions in several other areas. Our results take
a different approach and measure the entire hippocampus
rather than individual subregions. With both types of
methodology, there appears to be less SNAP-25 immunor-
eactivity in the hippocampi of individuals with schizophre-
nia, while in bipolar illness we were not able to confirm
their finding. The most likely explanation for not replicating
this finding is the small sample size of our bipolar group. In
schizophrenia, the reduced SNAP-25 immunoreactivity may
represent loss of excitatory axonal connections.
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In support of this hypothesis is the finding of reduced
NMDA NRI mRNA in dentate gyrus and a trend for
reduction in CA3 region (Gao et al., 2000). In the ento-
rhinal cortex, which supplies the major afferent connections
with the hippocampus, NRI mRNA was also reduced
(Hemby et al., 2002). A reduction in mRNA is thought to
indicate a corresponding reduction in the level of the
protein. However, ligand binding of the NMDA receptors
in the total hippocampus is not reduced (Kerwin and
Meldrum, 1990). These authors demonstrate that the
amount of NMDA receptor binding is preserved. Our
current data and the normal glutamate ligand findings
suggest that the total numbers of NMDA receptors are
unchanged in schizophrenia. However, the current study
would have been strengthened by actual measurement of a
presynaptic vesicular glutamate transporters such as human
brain-specific Na *-dependent inorganic phosphate trans-
porter or differentiation-associated Na ' /Pi cotransporter
(Smith et al., 2001). Thus, the interpretation of our findings
could be strengthened by measurement of both pregluta-
matergic and postglutamatergic markers.

Another explanation of our data and that of reduced
volume of hippocampus in schizophrenia is loss of v-
aminobutyric acid (GABA) interneurons. Research in this
area indicates increased GABA, receptors (Benes et al.,
1996), normal levels of glutamate decarboxylase (GADygs),
possible loss of some nonpyramidal neurons (Benes, 1999)
and reduced GABAGg receptors (Mizukami et al., 2000). The
Benes group has repeated the GAD 65 and GAD 67
experiments in a large sample. They did not find significant
reductions of these GABA synthetic enzymes in schizo-
phrenia but did in bipolar illness. They suggest that loss of
interneurons did not account for the pathology found in the
hippocampus in schizophrenia (Heckers et al., 2002). This
area of research merits further attention; however, extensive
loss of GABA interneurons is not apparent.

If there is presynaptic pathology in the neurons innerv-
ating the hippocampus, then some of the projections to or
from the hippocampus may also be deficient. As a con-
sequence, decreased presynaptic protein and mRNA levels
in the temporal and prefrontal cortexes (Mirnics et al., 2000;
Eastwood and Harrison, 1995; Sokolov et al., 2000; Glantz
and Lewis, 1997; Hemby et al., 2002; Karson et al., 1999),
both of which project to and receive efferent projections
from the hippocampus (Shepherd, 1998), could be relevant.
There is also some indication of abnormal SNARE complex
formation in some cases of schizophrenia (Honer et al.,
2002). Further, if some pathways are underfunctioning,
other pathways may be compensating by excessive neuro-
transmitter release. There is some support for this hypo-
thesis. Increased presynaptic proteins and mRNA indicating
excessive neurotransmitter release has been identified in the
prefrontal and cingulate cortex (Thompson et al., 1998;
Gabriel et al., 1997; Perrone-Bizzozero et al., 1996).

The mechanism that is responsible for the decreased
SNAP-25 is unknown. In an earlier study, we showed that

SNAP-25 in the cerebrospinal fluid (CSF) of subjects with
schizophrenia was elevated compared to controls (Thomp-
son et al., 1999a). This finding is opposite of what we found
in the current postmortem tissue. Given that the intracellular
level is reduced and extracellular level is increased may
suggest that membrane integrity is involved. Alternatively,
less SNAP-25 may cause a dysregulation of the vesicular
exocytosis/endocytosis pathway, leading to loss of mem-
brane associated proteins.

5. Conclusion

Two previous reports using quantitative immunocyto-
chemistry reported area-specific hippocampus reductions
of SNAP-25. We now add a third report using a separate
sample and different methodology. By semiquantitative
Western blotting of whole hippocampi, we also show
illness-specific reduction of the presynaptic vesicular dock-
ing protein SNAP-25. This reduced SNAP-25 does not
appear to be due to loss of glutamatergic synapses.
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