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The reduced expression of the Sp4 gene in Sp4 hypomorphic mice resulted in subtle vacuolization in the hip-
pocampus as well as deficits in sensorimotor gating and contextual memory, putative endophenotypes for
schizophrenia and other psychiatric disorders. In this study, we examined both spatial learning/memory
and hippocampal long-term potentiation (LTP) of Sp4 hypomorphic mice. Impaired spatial learning/
memory and markedly reduced LTP were found. To corroborate the functional studies, the expression of
N-methyl-D-aspartate (NMDA) glutamate receptors was investigated with both western blot and immunohis-
tochemical analyses. The reduced expression of the Sp4 gene decreased the level of the NR1 subunit of
NMDA receptors in Sp4 hypomorphic mice. In human, SP4 gene was found to be deleted sporadically in
schizophrenia patients, corroborating evidence that polymorphisms of human SP4 gene are associated
with schizophrenia and other psychiatric disorders. Impaired NMDA neurotransmission has been implicated
in several human psychiatric disorders. As yet, it remains unclear how mutations of candidate susceptibility
genes for these disorders may contribute to the disruption of NMDA neurotransmission. Sp4 hypomorphic
mice could therefore serve as a genetic model to investigate impaired NMDA functions resulting from
loss-of-function mutations of human SP4 gene in schizophrenia and/or other psychiatric disorders.
Furthermore, aberrant expression of additional genes, besides NMDAR1, likely also contributes to the behav-
ioral abnormalities in Sp4 hypomorphic mice. Thus, further investigation of the Sp4 pathway may provide
novel insights in our understanding of a variety of neuropsychiatric disorders.

INTRODUCTION

Sp4, a member of the Sp1 family of transcription factors,
recognizes GC-rich sequences readily identified in the ‘CpG
islands’ around the promoters of a variety of genes (1). In
contrast to the ubiquitous expression pattern of the Sp1
gene, the Sp4 gene is expressed restrictively in the nervous
system (2,3). The complete absence of the Sp4 gene impaired
postnatal development of the hippocampal dentate gyrus by
reducing cell proliferation, dendritic growth and dendritic
arborization in Sp4 null mutant mice (4). The incomplete sup-
pression of Sp4 expression, however, resulted in highly

branched dendrites during the maturation of in vitro-cultured
cerebellar granule neurons (5). The activation of glutamate
receptors was reported to cause degradation of Sp4 proteins
(6). The reduced expression of the Sp4 gene in Sp4 hypo-
morphic mice resulted in subtle vacuolization in the hippo-
campus as well as deficits in sensorimotor gating and
memory, putative endophenotypes for schizophrenia and
other psychiatric disorders (3,7–11). Here, we found that
the reduced expression of Sp4 gene dramatically decreased
the expression of NMDAR1, markedly reduced long-term
potentiation (LTP) in hippocampal CA1 and impaired the for-
mation of spatial memory.
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Impaired N-methyl-D-aspartate (NMDA) neurotransmission
has been suggested to cause prefrontal cognitive deficits in
schizophrenia (12). This theory is based on the observation
that acute administrations of non-competitive NMDA receptor
antagonists, such as PCP and ketamine, induce schizophrenia-
like symptoms in healthy people and worsen some symptoms
in schizophrenia (13–15). Recently, patients with anti-
NMDA-receptor encephalitis (anti-NMDAR1) were found to
display many schizophrenia-like symptoms and/or loss of
memory (16,17). Current antipsychotics have little effect on
improving cognition in schizophrenia patients (18). These
treatment-resistant cognitive deficits contribute substantially
to functional disability (19).

Mouse hypoglutamatergic models for schizophrenia have
been developed with the deletion of nmdar1 gene (20–22).
These mutant mice displayed deficient sensorimotor gating
and memory, and served as valuable genetic models for biologi-
cal studies on schizophrenia. However, genetic evidence to
suggest human NMDAR1 as a susceptibility gene for schizo-
phrenia and other psychiatric disorders is lacking in either
genome-wide association studies (GWAS) or copy-number
variation (CNV) studies. Therefore, impaired NMDA functions
are more likely indirect effects of the primary susceptibility
genes in the pathogenesis of schizophrenia. During the examin-
ation of spatial learning/memory deficit in Sp4 hypomorphic
mice, we found that NMDAR1 expression was remarkably
reduced. Our analysis of the CNV database revealed that
human SP4 gene was deleted sporadically in patients with
schizophrenia. Our studies therefore suggested that Sp4 hypo-
morphic mouse represent a novel hypoglutamatergic model
for psychiatric diseases, including schizophrenia.

RESULTS

We previously demonstrated that Sp4 hypomorphic mice dis-
played subtle vacuolization in hippocampus and deficits in
sensorimotor gating and contextual memory. However, it
was unknown what molecular mechanism underlies these phe-
notypes. To extend the characterization of hippocampus-
dependent memory and understand the underlying molecular
mechanisms, we focused our studies on the hippocampal
CA1 region where the Sp4 gene is expressed abundantly (3).

Deficient spatial learning/memory
in Sp4 hypomorphic mice

Hippocampal CA1 plays an essential role in the formation of
spatial memory. To understand the role of Sp4 expression in
CA1, we examined Sp4 hypomorphic mice in the Barnes
maze test for spatial memory, chosen because these mice
float and engage in thigmotaxis in the Morris water maze
(unpublished data). The Barnes maze is essentially a land-
based version of the Morris water maze. A mouse test
cohort, consisting of sex- and age-matched siblings with the
same genetic background, was first examined for their
general health. No abnormalities were found (Supplementary
Material). In the Barnes maze, their performance was
measured as the number of errors, escape latency and strategy.
The Sp4 hypomorphic mice made significantly more errors

than either their wild-type or heterozygous siblings
(F(2,42) ¼ 13.5, P , 0.0001; Fig. 1A). Consistent with their
higher number of errors, the Sp4 hypomorphic mice exhibited
longer escape latencies than either wild-type or heterozygous
mice (F(2,42) ¼ 7.8, P , 0.005; Fig. 1B). Further analysis
found that the Sp4 mutant mice spent most of their time ran-
domly searching for the target hole with little improvement
in performance, while wild-type and heterozygous mice gradu-
ally adopted a spatial strategy moving directly to the target
hole during the 12 consecutive sessions (Fig. 1C). After the
12 sessions, a probe test was conducted with the target hole
blocked off. The Sp4 hypomorphic mice spent significantly
less time in the target quadrant than their sibling wild-type
and heterozygous mice (F(2,42) ¼ 10.0, P , 0.0005;
Fig. 1D). To examine the potential contribution of non-
cognitive activities, the locomotor activities were compared
between wild-type and Sp4 hypomorphic mice in the Barnes
maze. A 5 × 5 grid was superimposed onto the Barnes maze
video data and line crossings (all four paws) on trial 2 were
assessed. In order to control for differences in time on the
maze, the crossings per minute were calculated. There was
no genotypic difference in activity levels on the Barnes
maze (F(2,39) ¼ 0.600, ns; Fig. 1E). In addition, there were
no differences between wild-type and Sp4 hypomorphic
mice in head tracking in the optomotor test of vision,
suggesting the absence of impaired visual ability in the Sp4
mutant mice. No differences were found either in anxiety-like
behavior in the light/dark transfer test. Activity levels and
exploration were assessed in the light/dark transfer test, the
object exploration test, the social interaction test and in no
case were there genotypic differences in these measures.
Taken together, our results therefore suggest that Sp4 hypo-
morphic mice have a specific deficit in spatial learning/
memory, which is unlikely contaminated by non-specific
differences in behavioral output.

To further examine whether Sp4 hypomorphic mice may
exhibit additional cognitive deficits, a Y-maze test was
employed. Sp4 hypomorphic mice appeared somewhat more
active than their wild-type littermates, exhibiting an increased
number of entries (F(2,73) ¼ 4.4, P , 0.05). The spatial alter-
nation of the mutant mice was not, however, significantly differ-
ent from that of their wild-type littermates in the Y-maze test
(F(2,73) , 1, ns; Fig. 2), suggesting that short-term memory
is relatively spared in the Sp4 hypomorphic mice.

Impaired LTP in the hippocampal CA1

LTP in the hippocampal CA1 has been studied extensively for
its role in the formation of spatial memory (23,24). Because
the mouse Sp4 gene is expressed abundantly in the CA1
region (3), we examined whether reduced Sp4 expression
might impair the formation of LTP in the CA1 region of the
hippocampus in Sp4 mutant mice. Six pairs of sibling wild-
type and Sp4 hypomorphic mice were used for electrophysio-
logical recording in the hippocampal CA1. Field potentials
were evoked by stimulation of Schaffer collateral/commissural
afferents and recorded in the stratum radiatum of CA1. To
examine synaptic transmission, different stimulation intensi-
ties were applied, and the resultant field potentials were
recorded. There was no difference in their input/output ratio,
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suggesting that Sp4 hypomorphic mice had normal synaptic
neurotransmission (Fig. 3A). Paired-pulse facilitation (PPF)
was also examined and no difference was found, indicating
the absence of pre-synaptic abnormalities in the Sp4 hypo-
morphic mice (Fig. 3B). Nevertheless, LTP was markedly
impaired in the hippocampal CA1 of the Sp4 hypomorphic
mice in comparison with the wild-type mice, when a high-
frequency train of stimuli was delivered to the afferent fibers
(Fig. 3C). NMDA receptors have been shown to be essential
for the generation of LTP in the hippocampal CA1 region
and in the formation of spatial memory (23). These data there-
fore prompted the hypothesis that the Sp4 gene plays an
important role in the NMDA receptor-mediated signaling
pathway in the hippocampal CA1 region.

Decreased expression of NMDAR1 (NR1) protein

As our first step to understand the role of the Sp4 gene in the
NMDA receptor-signaling pathway, we examined whether
Sp4 might regulate the expression of NMDA receptors.

NMDA receptors are tetrameric proteins consisting of two
core NR1 subunits and two NR2 subunits coming from differ-
ent NR2 family genes NR2A, NR2B, NR2C and NR2D
(25,26). The expression of the NR1 protein in both the hippo-
campus and cortex of Sp4 hypomorphic mice was decreased to
about 40–50% of the level in wild-type mouse brain (Fig. 4A
and B). Nevertheless, no significant difference was found in
the expression of four NR2 subunits (2A, 2B, 2C, 2D)
(Fig. 4A). Due to the absence of abnormal synaptic trans-
mission in our electrophysiological recordings, we did not
analyze the expression of all non-NMDA receptor subunits
except GluR1 in the Sp4 hypomorphic mice. As expected,
we did not observe differential expression of GluR1 between
wild-type and Sp4 hypomorphic mice (Fig. 4A). To assess
the regional distribution of the down-regulation of NR1
expression in brain, we conducted immunohistochemical
staining on mouse brain sections. As expected, a striking
reduction of NR1 was confirmed in both the hippocampus
and cortex of Sp4 hypomorphic mice in comparison with wild-
type sibling mice (Fig. 4C). Moreover, it appeared that the

Figure 1. Impaired spatial learning of Sp4 homozygous mice in the Barnes maze. A test cohort consisting of 6-month-old sibling mice with 16 wild-type (8 males
and 8 females), 16 heterozygous (8 males and 8 females) and 13 Sp4 homozygous mice (7 males and 6 females) was used in the Barnes maze test. No sex effect
was found. The combined data were therefore presented: (A) the number of times the mouse pokes its nose into, or hovers its head over a circular hole that does
not contain the escape chamber; (B) the time between the initiation of the trial and the entrance of the mouse into the escape chamber; (C) the percent of mice
using spatial cues to locate the location of the escape chamber, i.e. running directly to the escape chamber in each session; (D) after the 12 sessions, the escape
chamber was removed and the time that each mouse spent in the target quadrant and in each other quadrant was recorded; (E) locomotor activities measured by
line-crossing on trial 2. ANOVA was used for the statistical analysis, followed by post hoc Student’s t-tests as appropriate (∗P , 0.05, ∗∗P , 0.01, ∗∗∗P ,

0.001).
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expression of NR1 was decreased across the whole brain. The
Sp family of transcription factors had been suggested to regu-
late the Nmdar1 gene expression by binding to the GC-rich
region in the promoter (27,28). We therefore conducted quan-
titative RT–PCR assays to examine whether the level of the
Nmdar1 mRNA expression was decreased in the hippocampus
of the Sp4 hypomorphic mice. No difference was found in
Nmdar1 mRNA expression between wild-type and Sp4 hypo-
morphic mice (Fig. 4D). The differential expression of
NMDAR1 proteins could result from the expression of differ-
ent Nmdar1 mRNA isoforms by alternative splicing and/or
different 5′- and 3′-untranslated regions (UTRs) between wild-
type and Sp4 hypomorphic mice. We therefore examined all
possible alternative splicing and both 5′- and 3′-UTRs of
NMDAR1 mRNA between wild-type and Sp4 hypomorphic
mice by using RT–PCR but did not observe any differences
(Supplementary Material, Fig. S1).

SP4 deletion in sporadic patients with schizophrenia

Despite mounting evidence for impaired NMDA functions in
schizophrenia, genes encoding NMDA receptors do not
display significant genetic associations with the disease. Con-
sidering that Sp4 regulates NMDAR1 expression, we would
expect that the reduced expression of human SP4 gene
might decrease the expression of human NMDAR1, which
could contribute to the susceptibility for developing schizo-
phrenia. With the advancement of technologies, large-scale
genome-wide CNV scan has been conducted in thousands of
patients and controls. After analyzing the data from 3391
schizophrenic patients, SP4 deletion was found in two spora-
dic patients (29) (http://pngu.mgh.harvard.edu/isc/isc-r1.cnv.
bed.). No deletion or duplication was found in 3181 controls.
The two SP4 deletions, with the sizes of 108 and 120 kb,
respectively, excised the first three exons as well as the
5′-flanking regulatory region of SP4 gene (Fig. 5). The del-
etions therefore constitute lose-of-function mutations of the
SP4 gene. The two nearest genes, SP8 and DNAH11, were
located 557 and 85 kb away from the deletions, respectively,
suggesting SP4 as the only physically affected gene.

DISCUSSION

Sp4 transcription factors, restrictively expressed in neuronal
cells, play important roles in hippocampal development and
neurogenesis (4,5). In this study, we found that Sp4 hypo-
morphic mice displayed impaired spatial learning/memory,
mimicking a cognitive deficit seen in schizophrenia (30–32).
In addition to a spatial learning/memory deficit in the
Barnes maze, Sp4 hypomorphic mice also displayed learn-
ing/memory deficits in both contextual fear conditioning and
passive avoidance tests (3). Sp4 hypomorphic mice did not
display a deficit in short-term memory, however, since they
performed normally in the Y-maze task. The impaired
hippocampus-dependent memories in these different memory
paradigms are consistent with hippocampal abnormalities in
Sp4 hypomorphic mice. However, there is a discrepancy in
anxiety-related behaviors from two different tests. We did
not observe increased anxiety-like behavior of Sp4 hypo-
morphic mice in light/dark transfer test in contrast to our pre-
vious report of increased anxiety-like behavior suggested in
open field tests (3). Such inconsistencies between different
tests for anxiety have been reported in other mutant mice,
and attributed to different sets of overlapping genes for multi-
dimensionality of anxiety (33–36).

Reduced NMDAR1 expression

Our further molecular studies revealed that the reduced
expression of Sp4 remarkably decreased the expression of
NMDAR1 throughout mouse brain, including hippocampus.

An impaired NMDA neurotransmission, supported by mol-
ecular and electrophysiological observations in Sp4 hypo-
morphic mice, provided a plausible molecular mechanism
for the demonstrated deficits in both memory (23,37) and sen-
sorimotor gating (20,21,38). The reduced expression of
NMDAR1 was unlikely caused by localized subtle vacuoliza-
tion in the hippocampus of adult Sp4 hypomorphic mice,
because the reduction of NMDAR1 expression was also
found in the cortex where no structural abnormalities were
found. It will be interesting to determine whether decreased
NMDAR1 expression could be the primary defect for the
subtle vacuolization, as suggested by Olney et al. (39). It
was surprising that we did not detect a significant difference
of NMDAR1 RNA expression between wild-type and Sp4
hypomorphic mice. There are several possibilities for this dis-
parity. First, our RNA expression analysis was conducted in
the RNA samples prepared from the whole hippocampus.
Sp4 may regulate NMDAR1 RNA expression only in a
small number of specific types of neurons (e.g. interneurons),
which may subsequently result in down-regulation of
NMDAR1 (e.g. NMDAR1 turnover) in a large number of pyr-
amidal neurons via abnormal NMDA neurotransmission net-
working. Second, since mouse Sp4 gene expression starts
around E9 during embryogenesis (2), subtle developmental
abnormalities (although not detected yet) cannot be ruled out
during the development of Sp4 hypomorphic mice, which
might indirectly contribute to down-regulation of NMDAR1
protein expression. Third, the reduced expression of Sp4
gene causes aberrant expression of many downstream
target genes, which somehow results in down-regulation of

Figure 2. Spontaneous alternation in the Y-maze. A test cohort consisting of
32 wild-type, 26 heterozygous and 18 Sp4 homozygous mice was used in the
Y-maze test. There was a significant increase in the number of arm entries
made by the Sp4 homozygous mice in comparison with their wild-type litter-
mates. Nevertheless, there was no significant difference in spontaneous alter-
nation between different genotypes (∗P , 0.05).
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NMDAR1 proteins. Fourth, Sp4 transcription factors may be
involved in post-transcriptional regulation of NMDAR1
expression, such as Y-box proteins which function as both
DNA- and RNA-binding proteins (40). These possible mol-
ecular mechanisms merit further investigation in future
studies.

SP4 as a susceptibility gene for psychiatric disorders

Hippocampal abnormalities, deficient sensorimotor gating and
impairments in learning/memory have been studied exten-
sively as putative endophenotypes for schizophrenia and
other psychiatric disorders. It should be noted, however, that
none of these endophenotypes are specific for any particular
psychiatric disorder. In this study, we found that human SP4
gene was deleted in sporadic schizophrenia patients. Sp4
hypomorphic mice therefore recapitulated several endopheno-
types of schizophrenia, where impaired NMDA neurotrans-
mission has been implicated. There are likely more
downstream effectors other than NMDAR1 that contribute to
the phenotypes in Sp4 hypomorphic mice. However, the Sp4
hypomorphic mouse could represent a valuable model for us
to understand hypoglutamatergic function, one of the key fea-
tures of human schizophrenia and other psychiatric disorders
(13). Although SP4 deletions are rare, subtle alterations of

SP4 gene may contribute to modest risk in the general popu-
lation of schizophrenia and/or bipolar disorder as suggested
in our genetic association studies (41). Recently, GWAS ident-
ified SP4 as a leading candidate susceptibility gene for major
depressive disorder (42,43) which can share the same genetic
mutations with schizophrenia and bipolar disorder (44,45).

Recently, an aberrant over-expression of SP4 transcription
factors was found in the cytoplasm of degenerating neurons
in the post-mortem brains of Alzheimer’s disease patients
(46). It is not surprising that abnormal expression of SP4
may also contribute to Alzheimer’s disease, since NMDA
receptors have been suggested to play important roles in Alz-
heimer’s disease (47). Therefore, we anticipate that the SP4
molecular pathway could play an important role for a range
of psychiatric and neurological diseases characterized by
abnormal NMDA neurotransmission.

MATERIALS AND METHODS

Mouse strains and breeding

The Sp4 hypomorphic mice were generated as described (3)
and maintained in both S129 and Black Swiss backgrounds.
The Sp4 test cohort was generated by breeding the heterozy-
gous Sp4 mice between the two genetic backgrounds. There-
fore, all the test adult mice (about 6 months old) have

Figure 3. Electrophysiological recording of mouse hippocampal slices from adult wild-type and Sp4 mutant mice. (A) Input/output curves were constructed by
plotting evoked field excitatory postsynaptic potentials (EPSPs) against different intensities of stimuli. There was no difference in the slope of I/O curve between
the wild-type (n ¼ 6) and Sp4 mice (n ¼ 6). (B) PPF at inter-stimulus interval of 50 ms was quantified as the ratio (P2/P1) of the slope of the fEPSPs evoked by
the second stimulus (P2) versus the first stimulus (P1). There was no difference in the PPF ratios between the wild-type (n ¼ 6) and Sp4 mice (n ¼ 6). (C) LTP
was induced by high-frequency stimulation (4 × 100 Hz) of Schaffer collateral/commissural afferents at time ¼ 0 and quantified by plotting the slope of fEPSPs
against different time points after the high-frequency stimulation (Student’s t-test, P , 0.001).
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common parenting and the same genetic mixed S129/Black
Swiss background as the F1 generation. PCR was used for
Sp4 mouse genotyping as previously described (3). Mice
were housed in a climate-controlled animal colony with a
reversed day/night cycle. Food (Harlan Teklab, Madison,
WI, USA) and water were available ad libitum, except
during behavioral testing. All behavioral testing procedures
were approved by the UCSD and The Scripps Research Insti-
tute Institutional Animal Care and Use Committee prior to the
onset of the experiments. Mice were maintained in American
Association for Accreditation of Laboratory Animal Care
approved animal facilities at the local Veteran’s Adminis-

tration Hospital. This facility meets all Federal and State
requirements for animal care.

Barnes maze

In the Barnes maze test, an opaque Plexiglas disk 75 cm in
diameter was used. Twenty holes, 5 cm in diameter, were
located 5 cm from the perimeter, and a black Plexiglas
escape box (19 × 8 × 7 cm) was placed under one of the
holes. Distinct spatial cues were located all around the maze
and were kept constant throughout the study. On the first
day of testing, a training session was performed, which

Figure 4. Reduced expression of NMDAR1 subunit in Sp4 homozygous mice. (A) Western blot analysis of protein lysates from both hippocampus and cortex in
adult mice. (B) Quantification of NMDAR1 proteins in both hippocampus and cortex. A reduced expression of NMDAR1 proteins was observed in the Sp4
mutant mice (n ¼ 5) in comparison with wild-type mice (n ¼ 5). (C) Immunohistochemical staining of NMDAR1 expression in frozen sections of mouse
brains. NMDAR1 expression was reduced in the hippocampus, cortex and striatum of the Sp4 hypomorphic mice. (D) Quantitative RT–PCR analysis of
NMDAR1 mRNA expression in both wild-type (n ¼ 6) and the Sp4 mutant mice (n ¼ 6). No significant difference was observed in the expression of
NMDAR1 mRNA in the hippocampus.
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consisted of placing the mouse in the escape box and leaving it
there for 1 min. One min later, the first session was started. At
the beginning of each session, the mouse was placed in the
middle of the maze in a 10 cm high cylindrical black start
chamber. After 10 s, the start chamber was removed, a
buzzer (80 dB) and a light (400 lux) were turned on, and the
mouse was set free to explore the maze. The session ended
when the mouse entered the escape tunnel or after 3 min
elapsed. When the mouse entered the escape tunnel, the
buzzer was turned off and the mouse was allowed to remain
in the dark for 1 min. When the mouse did not enter the
tunnel by itself, it was gently put in the escape box for
1 min. The tunnel was always located underneath the same
hole (stable within the spatial environment), which was deter-
mined randomly for each mouse. The platform and escape box
were cleaned with 70% ethanol between mice. Mice were
tested once a day for 12 days for the acquisition portion of
the study. For the 13th test (probe test), the escape tunnel
was removed and the mouse was allowed to explore the
maze freely for 3 min. The time spent in each quadrant was
determined and the percent time spent in the target quadrant
(the one originally containing the escape box) was compared
with the average percent time in the other three quadrants.
This is a direct test of spatial memory because there is
no potential for local cues to be used in the mouse’s
behavioral decision. ANOVA was used for the statistical
analysis, followed by post hoc Student’s t-tests as appropriate
(∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001).

Y-maze

A single 5 min test was performed in which each mouse was
placed in the center of the Y. Arm entries were recorded by
video camera, and the total number of arm entries and the
order of entries were determined. Spontaneous alternations
were defined as consecutive triplets of different arm choices.
ANOVA was used for the statistical analysis.

Hippocampal slice recording

Mice were anesthetized with isoflurane, and their brains were
rapidly removed into ice-cold artificial cerebrospinal fluid
(ACSF) gassed with 95% O2/5% CO2. Transverse hippocam-
pal slices (400 mM thick) were cut on a Leica VT 1000S
(McBain Instruments, Chatsworth, CA, USA). Fresh slices

were incubated in chamber with cabogenated ACSF and
recovered at room temperature for at least 1.5 h before they
were transferred to recording chamber. The ACSF was com-
posed of 125 mM NaCl, 25 mM NaHCO3, 3.75 mM KCl,
2 mM CaCl2, 1.2 mM MgCl2, 1.25 mM NaH2PO4 and 10 mM

D-glucose. For electrophysiological recordings, slices were
transferred to a submerged recording chamber, maintained at
room temperature and perfused continuously with ACSF at a
rate of 2–3 ml/min. Field potentials were recorded with extra-
cellular recording electrodes (2–3 MV) filled with ACSF and
placed in stratum radiatum of CA1. Field potentials were
evoked by monophasic stimulation (duration, 200 ms) of
Schaffer collateral/commissural afferents with concentric
bipolar tungsten stimulating electrode (Frederick Haer
Company, Bowdoinham, ME, USA). Stable baseline
responses were collected every 30 s using a stimulation inten-
sity (10–30 mA) yielding 50–60% of the maximal responses.
A Multiclamp-700B amplifier and Digidata 1322A (Molecular
Devices, Union City, CA, USA) were used to record and store
data with pCLAMP 9.2 software (Molecular Devices), respect-
ively. LTP was induced by stimulating afferent fibers at high-
frequency stimulation (HFS: 4 × 100 Hz).

Western blot and immunochemical staining

Mice were anesthetized with carbon dioxide, and the brains
were quickly taken out and put on ice. Hippocampi were
then dissected out on ice. Both hippocampi and cortex were
homogenized by using Dounce Homogenizer in 1X Passive
Lysis Buffer (Promega) supplemented with Protease Inhibitor
Cocktail (Sigma). The protein concentration was measured
with Bradford Assay Kit (Pierce). Fifty microgram of total
proteins were loaded on SDS–PAGE gel (PAGEgel), and
blotted to PVDF membrane (Bio-Rad) after separation with
electrophoresis. The concentration of primary antibodies for
western blot was generally used as recommended by the
manufacturers. In the studies, the following antibodies were
used: mouse monoclonal antibody anti-NMDAR1 (BD Bio-
sciences); Rabbit polyclonal anti-NMDAR2A IgG (abcam);
Rabbit polyclonal anti-NMDAR2B IgG (abcam); Rabbit
polyclonal anti-NMDAR2C IgG (abcam); Rabbit polyclonal
anti-NMDAR2D IgG (abcam); Rabbit polyclonal anti-GluR1
IgG (abcam). The secondary antibodies, HRP-conjugated
anti-mouse IgG and HRP-conjugated anti-rabbit IgG,
were obtained from Amersham and Sigma, respectively.

Figure 5. SP4 deletion in schizophrenia. Human SP4 gene was analyzed in the CNV database from International Schizophrenia Consortium (ISC) (http://pngu.
mgh.harvard.edu/isc/isc-r1.cnv.bed.). Two sporadic patients carried SP4 deletion, and no controls had any SP4 mutations.
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The Image J, free software for image quantification from NIH
(http://rsbweb.nih.gov/ij/), was used for the quantification of
NMDAR1 protein expression. For mouse immunohistochem-
ical staining, frozen sections (20 mm) were cut from mouse
brains fixed by transcardial perfusion of 4% formaldehyde
buffered in PBS and cryo-protected. Mouse monoclonal
antibody anti-NMDAR1 was used as primary antibody with
1:100 dilutions. The VECTASTAIN elite ABC kit (Vector
Laboratories) was used for signal amplification, and DAB
(Roche Diagnostics) was used for color reaction.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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