
Neurobiology of Disease

S-SCAM, A Rare Copy Number Variation Gene, Induces
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Accumulating genetic evidence suggests that schizophrenia (SZ) is associated with individually rare copy number variations (CNVs) of
diverse genes, often specific to single cases. However, the causality of these rare mutations remains unknown. One of the rare CNVs found
in SZ cohorts is the duplication of Synaptic Scaffolding Molecule (S-SCAM, also called MAGI-2), which encodes a postsynaptic scaffolding
protein controlling synaptic AMPA receptor levels, and thus the strength of excitatory synaptic transmission. Here we report that, in a
transgenic mouse model simulating the duplication conditions, elevation of S-SCAM levels in excitatory neurons of the forebrain was
sufficient to induce multiple SZ-related endophenotypes. S-SCAM transgenic mice showed an increased number of lateral ventricles and
a reduced number of parvalbumin-stained neurons. In addition, the mice exhibited SZ-like behavioral abnormalities, including hyper-
locomotor activity, deficits in prepulse inhibition, increased anxiety, impaired social interaction, and working memory deficit. Notably,
the S-SCAM transgenic mice showed a unique sex difference in showing these behavioral symptoms, which is reminiscent of human
conditions. These behavioral abnormalities were accompanied by hyperglutamatergic function associated with increased synaptic
AMPA receptor levels and impaired long-term potentiation. Importantly, reducing glutamate release by the group 2 metabotropic
glutamate receptor agonist LY379268 ameliorated the working memory deficits in the transgenic mice, suggesting that hyperglutama-
tergic function underlies the cognitive functional deficits. Together, these results contribute to validate a causal relationship of the rare
S-SCAM CNV and provide supporting evidence for the rare CNV hypothesis in SZ pathogenesis. Furthermore, the S-SCAM transgenic
mice provide a valuable new animal model for studying SZ pathogenesis.
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Introduction
Schizophrenia (SZ) is a devastating psychiatric disorder that af-
fects nearly 1% of populations worldwide. SZ is characterized by
the manifestation of common symptoms of positive (hallucinations,
delusion, and disorganized thought), negative (social withdrawal,
apathy, and emotional blunting), and cognitive dysfunction (defi-
cits in working memory, attention, and executive function; Pearl-
son, 2000; Nuechterlein et al., 2004; Tandon et al., 2009). One of
the more consistently reported clinical aspects of SZ is gender
difference, which exists in most features of the illness (Abel et al.,
2010). Typically, men show a higher incidence (�1.5-fold) and
experience a more severe course of the disease, as shown by the

earlier onset of disease symptoms, more severe deficits in cogni-
tive function, and poorer prognosis. Conversely, women with SZ
function at relatively higher levels and show better responses to
treatments. Physiological bases of the sex difference remain unclear,
but accumulating evidence suggests a protective role of estrogens
against this disorder (Begemann et al., 2012; Wu et al., 2013).

SZ has a strong genetic component. Linkage and candidate
gene association studies have identified several genes, including
Neuregulin 1 (NRG1; Stefansson et al., 2002), ErbB4 (Mei and
Xiong, 2008), and Disrupted In Schizophrenia (DISC1; Millar et
al., 2000). The causality of these susceptibility genes has been
established by multiple lines of genetic animal models showing
SZ-related endophenotypes (Jones et al., 2011). However, these
mutations have low prevalence and are associated with specific
populations, indicating the genetically heterogeneous nature of
the disease (Mowry and Gratten, 2013). Recent genome-wide
genetic studies lend strong support to the hypothesis that indi-
vidually rare copy number variations (CNVs) of various genes
contribute to SZ pathogenesis (Walsh et al., 2008; Karlsson et al.,
2012). However, genetic animal models addressing the causality
of rare CNVs have not been reported.

A duplication of the Synaptic Scaffolding Molecule (S-SCAM)
gene is one of the rare CNVs found in SZ (Walsh et al., 2008).
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S-SCAM is a scaffolding protein involved in the synaptic protein
organization and plays an essential role in the maintenance of
AMPA receptors at synapses (Hirao et al., 1998; Stan et al., 2010;
Danielson et al., 2012). S-SCAM interacts with various synaptic
proteins including neuroligins (Sumita et al., 2007) and ErbB4
(Buxbaum et al., 2008). Notably, mutations in ErbB4 and neu-
roligins are also found in SZ (Mei and Xiong, 2008; Sun et al.,
2011). In addition, common variants (single nucleotide poly-
morphisms) in S-SCAM genes are associated with increased risk
for cognitive impairment in individuals with SZ (Koide et al.,
2012). Therefore, considering these facts, it is likely that the
S-SCAM gene mutations contribute to the pathogenesis of SZ. To
test the hypothesis, we generated a transgenic (Tg) mouse model
that overexpresses S-SCAM, mimicking the human conditions of
S-SCAM gene duplication.

In the present study, we report that the S-SCAM Tg mice
exhibit morphological features and sex-dependent selective be-
havioral deficits, which are reminiscent of SZ. We also show that
hyperglutamatergic function and impaired long-term potentia-
tion (LTP) are associated with the cognitive deficits in the mutant
mice. Therefore, these results suggest that S-SCAM gene duplica-
tion in humans has relevance to SZ pathogenesis.

Materials and Methods
Transgene construction and generation of S-SCAM Tg mice
For generation of CaMKII�–S-SCAM transgene construct, a 3.9 kb myc-
S-SCAM cDNA fragment was first cloned into the EcoRV and SphI sites
of pNN265 vector to add a 5� intron and a 3� intron plus a poly(A) signal
from SV40. A 5.3 kb NotI fragment from the myc-S-SCAM/pNN265
plasmid was cloned into the NotI site of pMM403, which contains the 8.5
kb of the mouse CaMKII� promoter. After SfiI digestion, a 13.8 kb
linearized fragment was gel purified and injected into C57BL/6J oocytes
to generate Tg mice ( performed by The Jackson Laboratory). The Tg
founders were bred with wild-type (WT) C57BL/6J mice. All experimen-
tal procedures involving the mice were approved by the Institutional
Animal Care and Use Committee of the Medical College of Wisconsin.

Genotyping of Tg Mice by PCR
Genomic tail DNA was used for genotyping Tg animals by PCR. The
following primers were used: forward primer 5�-AAG CTC GTC AGT
CAA GCC GGT TC-3� at position �139 of the first ATG in the CaMKII�
gene; and reverse primer 5�-GCA GGT CCT CCT CGC TGA TAA GC-3�
targeting the myc tag on the transgene, resulting in a 470 bp band. As a
positive control for PCR on genomic DNA, primers for the murine
interleukin-2 precursor gene were mixed into the reaction, resulting in a
320 bp band (forward primer 5�-CTA GGC CAC AGA ATT GAA AGA
TCT-3�; reverse primer 5�-GTA GGT GGA AAT TCT AGC ATC ATC
C-3�). The PCR conditions were as follows: 94°C for 30 s, 55°C for 30 s,
and 72°C for 30 s, for 35 cycles.

Histological staining
Four-month-old mice were anesthetized and perfused transcardially in
PBS with 4% paraformaldehyde and 4% sucrose. The brains were re-
moved and post-fixed in the same perfusion solution overnight, then
immersed sequentially in a 20% sucrose solution for 6 h and a 30%
sucrose solution overnight. The tissues were mounted in Tissue-Tek
O.C.T. compound and sliced with a cryostat into 30-�m-thick sections.
Some sections were stained with cresyl violet to evaluate histopathology
of the brain. Adjacent sections were used for immunostaining. For im-
munofluorescence, the sections were incubated with mouse anti-
parvalbumin (PV; 1:1000, clone PARV-19; Sigma) and rabbit anti-NeuN
antibodies (1:400; Millipore) or rabbit anti-vasoactive intestinal peptide
(VIP; 1:200; Immunostar) overnight at 4°C. The sections were then in-
cubated with Alexa Fluor 488 (1:250; Invitrogen) and Cy3-conjugated
(1:400; Jackson ImmunoResearch) secondary antibodies. For lateral ven-
tricle (LV) size analysis, serial coronal sections (two to three per animal)
of cresyl violet-stained brains (0.1 � 0.05 mm from bregma) were used

for calculating the average LV area, in which the largest LV areas in the
mouse brain atlas are shown. The LV area was determined by tracing
the edge of the LV using MetaMorph software (Molecular Devices),
and the combined area sizes of two LVs (left and right) were used for
analysis. The numbers of PV-stained and NeuN-stained cells were deter-
mined by averaging the number of cells in the designated areas (�0.1
mm 2 for CA1 and CA3; �0.4 mm 2 for cortex) of two adjacent brain
sections (�1.7 � 0.2 mm from bregma) per animal.

1,1�-Dioctadecyl-3,3,3�,3�-tetramethylindocarbocyanine
perchlorate labeling
Two-month-old mice were anesthetized and perfumed transcardially
with 1.5% paraformaldehyde in PBS. The brains were removed and post-
fixed in the same solution for 1 h. Vibratome sections of 250 �m were
prepared and subjected to “Diolistic” labeling. The 1.7 �m tungsten
beads (Bio-Rad) were coated with 1,1�-dioctadecyl-3,3,3�,3�-tetra-
methylindocarbocyanine perchlorate (DiI) crystals (Invitrogen) and
shot into fixed sections with a Helios gene gun (Bio-Rad). Sections were
kept in PBS at room temperature (RT) for 24 h, and then post-fixed in
4% paraformaldehyde in PBS at RT for 1 h and mounted for confocal
microscopy. Spine densities were analyzed from the secondary branches of
apical dendrites of neurons that are at similar distances from the soma. Spine
density was calculated by taking an average value measured from 10 to 24
dendritic segments (�20 �m in length) per each brain region of an animal.

Confocal microscopy and image analyses
Image acquisition was performed using a Nikon C1 plus laser scanning
confocal microscope with a 60� objective lens (numerical aperture 1.4).
Acquired z-series stack images were converted to projection images (with
maximal projection option) for analysis using MetaMorph software or
in-house custom-written software. Images were analyzed in a double-
blind manner.

Electrophysiology
Transverse hippocampal slices (300 �m thick) were prepared as de-
scribed previously (Pan et al., 2009). Briefly, after decapitation, slices
were prepared at 4 – 6°C in a solution containing the following (in mM):
220 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgSO4, 26 NaHCO3,
10 glucose, and 1 sodium ascorbate. The slices were transferred to and
stored in artificial CSF (in mM: 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1 MgCl2,
1.25 NaH2PO4, 26 NaHCO3, 10 glucose) at room temperature for �1 h
before recordings were made. All solutions were saturated with 95% O2

and 5% CO2. Field EPSPs (fEPSPs) recordings were made by placing a
glass pipette filled with the 1 M NaCl (1–2 M�) in the stratum radiatum
of the CA1 region of the hippocampal slices, and fEPSPs were evoked by
stimulation of the Schaffer collateral/commissural pathway with a bipo-
lar tungsten electrode (WPI). Input– output curves were generated by
plotting the fEPSP slope against the presynaptic fiber volley amplitude
following incremental stimulus intensities. For LTP experiments, stable
baseline fEPSPs were recorded for at least 30 min at an intensity that
induced �40% of the maximal evoked response. High-frequency stim-
ulation (two trains of 100 Hz for 1 s with 20 s intertrain intervals) was
used to induce LTP. All recordings were performed at 32 � 1°C by using
an automatic temperature controller.

Statistical analysis
When comparing data from two groups, an unpaired t test, assuming
unequal variance, was used. For behavioral analyses, two-way ANOVA
and Tukey’s post hoc test were used. Statistical significance was set at � 	
0.05. Data were presented as the mean � SEM, and n represents the
number of animals used in each group.

Western blotting
For analysis of levels of different proteins, the forebrains for 4-month-old
mice were homogenized in buffered sucrose (0.32 M sucrose, 4 mM

HEPES, pH 7.4, 1 mM MgCl2, 0.5 mM CaCl2, 0.5 mM DTT, 1 mM PMSF,
and complete protease inhibitor mixture; Roche). Homogenates were
spun 10 min at 800 � g, and the resulting supernatant was spun for 15
min at 9200 � g. The pellet was collected as a synaptosomal fraction and
resuspended in buffered sucrose. The proteins were then resolved by 7%
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or 10% SDS-PAGE, transferred to a PVDF membrane, and probed with
the following antibodies: mouse anti-myc (clone 9E10; Santa Cruz Bio-
technology), rabbit anti-MAGI2 (Sigma), mouse anti-NSF (clone NSF-1;
Calbiochem), mouse anti-pan-SAPAP [clone N127/31; University of
California, Davis (UCDavis) /National Institutes of Health (NIH) Neu-
roMab], mouse anti-pan-Shank (clone N23B49; UCDavis/NIH Neuro-
Mab), mouse anti-PSD95 (clone K28/43; UCDavis/NIH NeuroMab),
rabbit anti-GluA1 (Calbiochem), rabbit anti-GluA2/3 (Millipore Biosci-
ence Research Reagents), mouse anti-NMDAR1 (BD PharMingen),
mouse anti-NMDAR2B (clone N59/36; UCDavis/NIH NeuroMab), rab-
bit anti-ErbB4 (C18, sc-283, Santa Cruz Biotechnology), and rabbit-anti-
GAPDH (D16H11; Cell Signaling Technology).

Behavioral tests
All behavioral tests were performed with age-matched littermates of 3- to
5-month-old animals of either sex.

Open field test. Each individual mouse was placed at the center of a
circular arena (50 cm diameter), and the movement of the mouse was
recorded for 30 min by a video camera controlled by the Ethovision XT 8
program (Noldus Inc.).

Elevated plus maze test. The maze consists of four arms in the form of a
plus sign: two open arms (30 � 5 cm) and two closed arms of the same
size, also with an open roof, but enclosed by a wall (15 cm high). The
maze is elevated 40 cm above the floor. Each mouse was placed in
the center of (5 � 5 cm) of the maze facing one of the open arms. During
the 5 min test period, the movement of the mouse was recorded by a
video camera, mounted centrally above the plus maze, controlled by the
Ethovision XT 8 program.

Three-chamber social preference test. The apparatus is a rectangular,
three-chamber box made from clear Plexiglas. Each chamber measures
20 cm (length) � 40 cm (width) � 22 cm (height). Each dividing wall has
a square opening (5 � 8 cm) to allow access into each chamber. A cylin-
drical wire cage (galaxy pencil cup, 7 cm diameter) was used as an inan-
imate object. In the first 10 min session, the test mouse was placed in the
center of the empty three-chamber box for habituation. The mouse was
allowed to freely explore each chamber. In the second 10 min session, an
age- and gender-matched C57BL/6J mouse (S1) that had never been
exposed to the test mouse was placed in one of the two wire cages. The
wire cage on the other side remained empty. Then the test mouse was
placed in the center and allowed to freely explore the chamber for 10 min.
In the last 10 min session, a second age- and gender-matched C57BL/6J
stranger mouse that had never been exposed to the test mouse was placed
in one wire cage, which previously served as an empty cage. The test
mouse was placed in the center and allowed to freely explore the chamber
for 10 min. Now the test mouse would have the choice between a mouse
that was already familiar (S1) and a new stranger mouse (S2). The move-
ment of the mouse was recorded by a video camera controlled by the
Ethovision XT 8 program.

Nesting behavior test. Mice were housed individually and provided
with cotton nestlet square (5 � 5 cm; Ancare) 1 h before the onset of the
dark phase. Nests were assessed on next morning, and the quality of the
nest was scored on a 5-point rating scale based upon the scale of Deacon
(2006) as follows: (1) the nestlet did not noticeably touch (� 90% intact);
(2) the nestlet was partially torn up (50 –90% remaining intact); (3) the
nestlet was mostly shredded without an identifiable nest site; (4) an iden-
tifiable but flat nest; and (5) a well defined nest with walls higher than the
height of the mouse body.

Acoustic startle response and prepulse inhibition. Experiments were per-
formed using the Startle Reflex System (MED Associates). Each unit
consisted of a small animal holder on a movement-sensitive platform
through which the movement of the mouse was transmitted and con-
verted into a voltage signal. To measure acoustic startle response, each
mouse was kept in the animal holder for 5 min with 65 dB background
white noise for acclimation. Then 13 startle stimuli (20 ms white noise)
ranging from 70 to 130 dB with 5 dB increments were delivered every
20 s. For measurement of the prepulse inhibition (PPI), after a 5 min
acclimation period, during which the mouse only received 65 dB of white
background noise, the test session began with 10 trials consisting of single
40 ms, 120 dB white-noise startle stimuli. The sessions then continued

with 56 trials, which consisted of random delivery of eight sets of 120 dB
pulse-alone trials; a null trial, during which no stimuli were delivered;
prepulse-alone trials; and prepulse trials. Prepulse trials included a single
120 dB pulse preceded by 20 ms nonstartling prepulse stimuli of 68, 71,
77, and 82 dB for 100 ms. The percentage of PPI was calculated as [(startle
response with the prepulse � response to the middle eight 120 dB pulses)/
response to the middle eight 120 dB pulse] � 100. The last 10 trials were
single 40 ms, 120 dB pulse-alone startle stimuli. The trials were delivered with
an average interval of 15 s.

Y-maze spontaneous alternation. The Y-maze apparatus, made of
Plexiglas, had three equally spaced arms (120°, 37 � 7.5 � 12.5 cm).
Specific motifs were decorated on the walls of each arm, thus allowing
visual discrimination, although extramaze cues of the room were also
visible from the maze. Each mouse was placed at the end of one arm and
allowed to freely explore the apparatus for 5 min. The arms were labeled
A, B, or C, and the sequence of arm entries was manually recorded. Entry
into an arm was defined as the body and the tail of the mouse being
completely within the arm. Spontaneous alternation was defined as suc-
cessive entries into each of the three arms on an overlapping triplet set
(e.g., ABC, BCA, CAB). The percentage of spontaneous alternation per-
formance (SAP) was defined as the ratio of actual alternation (total al-
ternations) to possible alternations (total arm entries �2) � 100.

Forced swim test. The forced swim test was performed in a transparent
Plexiglas cylinder (10 cm in diameter � 15 cm in height) filled with water
(22 � 2°C) to a 10 cm depth. Once the mouse was place into the cylinder,
behavior over a 6 min period was recorded with a Noldus EthoVision XT
video behavior recognition system. The duration of immobility for the last 4
min of the test session was measured to evaluate depression-like behavior.

Sucrose consumption test. Individually housed mice were used for the
test. No previous food or water deprivation was applied before the test.
To reduce a possible stress response to novelty, mice were presented
with two water bottles containing water or 2% sucrose solution for 3 h
before the start of the test. Five hours later, mice were given a free choice
between two bottles, one with water and another with 2% sucrose. The
placement of the bottles on the left or right sides was determined ran-
domly, and bottle locations were switched at 12 h intervals to prevent the
possible effects of a side preference in drinking behavior. The consump-
tion of the water and sucrose solution was measured daily during a 4 d
period. The preference for sucrose was calculated as the percentage of the
sucrose solution consumed of the total amount of liquid drunk, as fol-
lows: sucrose preference 	 [V(sucrose solution)/(V(sucrose solution) 
 V(water)] �
100%, where V is volume.

Delay-cued and contextual fear conditioning. The fear-conditioning
chamber is a soundproof box equipped with a speaker for delivering
tones, a ventilation fan for providing air circulation and white noise, a
house light, and a removable stainless steel grid floor for equally distrib-
uted delivery of a mild foot shock, controlled by Freezeframe software
(Coulbourn Instruments). During training, each mouse was placed into
a conditioning chamber and kept in the chamber for 2 min (habituation
period). A tone (auditory cue, 80 dB) was then presented for 30 s, the last
2 s of which coincided with a single foot shock (0.7 mA). Each mouse
received three tone and shock pairing trials with an intertrial interval of
90 s. Animals were removed from the chamber 120 s after receiving the
last shock. The contextual fear-conditioning test was performed 24 h
after training in the same chamber, and freezing was scored for 5 min.
Cued conditioning was conducted 48 h after training. Contextual cues
were altered in multiple ways, such as covering the grid floor and walls with
rough black plastic sheets, inserting a piece of black plastic sheet bent to form
a vaulted wall, using near-infrared light instead of white light, and changing
the olfactory cue. The session consisted of a 3 min period of free exploration
followed by a 3 min period of the identical auditory conditioning stimulus
(80 dB). Freezing was scored during both 3 min segments.

Drug administration. Clozapine was obtained from Sigma-Aldrich and
dissolved in 0.1N HCl in physiological saline solution. The acidity was
adjusted to pH 5.5 by adding NaOH solution. An equivalent concentra-
tion of saline and HCl mixture, pH 5.5, served as vehicle control. Cloza-
pine (3 mg/kg) was administered by intraperitoneal injection in a volume
of 6 ml/kg 30 min before the commencement of the behavioral tests.
LY379268 (3 mg/kg) was dissolved in sterile saline solution and admin-
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istered by intraperitoneal injection in a volume of 4 ml/kg once per day
for 5 d before the behavioral tests.

Results
Generation of S-SCAM Tg mice
To mimic the conditions of S-SCAM gene duplication, we gen-
erated Tg mice carrying extra copies of S-SCAM cDNA. We used
a CaMKII� promoter to drive transgene expression in the excit-
atory neurons of the forebrains from postnatal stages to the adult
stage (Fig. 1A; Tsien et al., 1996). Genotyping of founders and
their progenies were performed by PCR using a specific set of prim-
ers designed to detect transgene integration, as exemplified in Figure
1B. A specific 470 bp PCR product was detected only in genomic
DNA samples prepared from the tails of Tg mice but not from the
WT mice, indicating the integration of the transgene in the genome.
Western blotting of synaptosomal fractions (P2) of brain tissue ex-
tracts using anti-myc antibody confirmed the forebrain-specific ex-
pression of the transgene, as myc-S-SCAM was undetectable in the

cerebellum (Fig. 1C). The S-SCAM Tg mice showed increased levels
of S-SCAM protein expression (�1.5-fold) compared with WT
mice, as determined by S-SCAM-specific antibody (Fig. 1D,E).

Altered synaptic protein compositions in S-SCAM Tg
mouse brains
Via its scaffolding function, S-SCAM can influence the protein
compositions of synapses (Danielson et al., 2012). We therefore
examined the effect of S-SCAM overexpression on the synaptic
protein composition in vivo by Western blotting of synaptosomal
fractions (biochemically isolated synaptic termini) prepared
from the forebrains of Tg mice (Huttner et al., 1983; Lee et al.,
2001). Compared with WT animals, both male (Tg-M) and fe-
male Tg (Tg-F) mice showed marked increases in the synapto-
somal protein levels of GluA2/3 subunits of AMPA receptors
without changes in the amounts of the GluA1 and NMDA recep-
tor subunits, GluN1 and GluNB2 (Fig. 1D,E). These are consis-

Figure 1. Generation of S-SCAM Tg mice and changes in synaptosomal protein levels. A, Schematic representation of the S-SCAM transgene construct. Myc-tagged S-SCAM cDNA was placed
under the control of a CaMKII-� promoter. Arrows indicate the positions of PCR primers used for genotyping. B, PCR genotyping of S-SCAM Tg mice using the transgene specific primer set indicated
in A, and control primer set for mouse interleukin-2 precursor. C, Forebrain-specific expression of S-SCAM transgene, determined by Western blot analyses of total protein extracted from forebrain
(FB) and cerebellum (CBL) of WT and Tg animals. D, Western blot analysis of various synaptic proteins in the synaptosomal fractions prepared from the forebrain of 4-month-old WT siblings and
S-SCAM Tg mice. M, Male; F, female. E, Quantitative analyses of the Western blot data, normalized to WT mice, are presented as the mean � SEM. WT-M, Tg-M, WT-F, and Tg-F mice. n 	 4 – 6 per
group, *p � 0.05, **p � 0.01, t test. F, Western blot analysis of various synaptic proteins in the total homogenate of the forebrain of 4-month-old WT siblings and S-SCAM Tg mice.
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tent with GluA2-specific scaffolding function of S-SCAM
(Danielson et al., 2012). S-SCAM Tg mice also showed a large
increase in SAPAPs and a significant decrease in Shank levels (Fig.
1D,E; p � 0.05), which are also consistent with our previous
findings from cultured hippocampal neurons (Danielson et al.,
2012). Notably, S-SCAM Tg mice showed a specific reduction in
the �1 subunit but not in the �2 subunit of GABAA receptors
(GABAARs), an effect also reported in human SZ (Glausier and
Lewis, 2011). Both male and female Tg mice showed similar qual-
itative changes of synaptic protein profiles, but male Tg mice
showed a significantly larger increase in GluA2/3 levels (p �
0.05). Importantly, the total levels of all examined proteins were

not significantly altered in S-SCAM Tg forebrains (Fig. 1F).
Therefore, these changes in synaptosomal protein compositions
in Tg mice are highly likely due to altered accumulation and/or re-
moval of these proteins at synapses, rather than reflecting their over-
all expression levels. In summary, S-SCAM overexpression in vivo
altered the composition of synaptic scaffolding proteins and, most
importantly, increased synaptosomal AMPA receptor levels.

SZ-related morphological and cellular abnormalities in
S-SCAM Tg mice
WT and S-SCAM Tg mice were indistinguishable by their body
weights and overall external appearance. Anatomical examina-

Figure 2. S-SCAM Tg mice show morphological and physiological endophenotypes associated with SZ. A, Cresyl violet staining of coronal sections of WT-M and Tg-M mice. Scale bar, 1 mm. B,
Enlarged LVs and normal cortical thickness in male Tg mice (top). Analysis of the LV size (left) and quantification of the thickness of cerebral cortex (right) were shown in the bottom. n 	 7 and n 	
4 for each male and female group, respectively. ***p � 0.001, t test. Line a and b denote the measurement for the thickness of cerebral cortex. Scale bar, 1 mm. C, Spine morphology of CA1
hippocampal neuron apical dendrites in WT and Tg mice, visualized by DiI staining. Scale bar, 5 �m. The quantification of spine densities of neurons in the CA1 and CA3 of hippocampus and
somatosensory cortex layer III (CTXIII) of WT and Tg mice is shown in the right panel. n 	 5– 6 per genotype. *p � 0.05, **p � 0 0.01, t test. D, Immunostaining of PV in WT-M and Tg-M mouse
brains (red, anti-NeuN; green, anti-PV). Scale bar, 100 �m. Quantification of the density of PV-stained neurons in stratum pyramidale layer of CA1 and CA3 of the hippocampal formation (HPC) (left)
and various layers in somatosensory cortex (right) is shown below. n 	 6 per group. **p � 0.01, ***p � 0.001, t test. E, Normal numbers of total neuronal cells in the CA1 and CA3 areas of
hippocampus and somatosensory cortex of WT and Tg mice, measured by counting the number of NeuN
 cells. n 	 6 per group. All data were presented as the mean � SEM.
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tion of the Tg mouse brains showed that S-SCAM Tg mice (�3
months old) have normal layer formation and cytoarchitecture of
the cerebral cortex and hippocampus (Fig. 2A,D).

Individuals with SZ frequently display common neuropatho-
logical markers, including enlargement of the LV (McCarley et
al., 1999; Narr et al., 2001) and reduction in dendritic spine den-
sity (Glausier and Lewis, 2013), which were often also observed in
the animal models of SZ (Hikida et al., 2007; Pletnikov et al.,
2008; Barros et al., 2009). Consistent with these findings,
S-SCAM Tg mice showed a significantly enlarged LV (�1.5-fold;
p � 0.01), compared with WT mice (Fig. 2B). Notably, Tg-M
mice showed greater alterations in the LV size than Tg-F mice
(176 � 8% vs 142 � 13%, Tg-M vs Tg-F; p � 0.05). In contrast,
the thickness of frontal cortex was normal in Tg mice (Fig. 2B).
“DiOlistic” labeling of neurons (Gan et al., 2000) revealed a sig-
nificant decrease in the dendritic spine densities of principal neu-
rons in the CA1 and CA3 regions of hippocampal formation (p �
0.05), and also in layer III of somatosensory cortices of S-SCAM
Tg mice of both sexes (Fig. 2C).

PV expressing (PV
) neurons (basket and chandelier cells)
belong to a subset of GABAergic interneurons, which are present
in the cortex and the hippocampus. These interneurons play piv-
otal roles in the synchronized neural activity for working memory
function (Lewis et al., 2005; Marín, 2012). Individuals with SZ
frequently showed reduced numbers of PV
 GABAergic in-
terneurons (Benes et al., 1991; Reynolds and Beasley, 2001; Reyn-
olds et al., 2002). S-SCAM Tg mice of both sexes showed
significantly reduced numbers of PV-stained neurons in the stra-
tum pyramidale layer of hippocampal CA1 and CA3 regions, and
in layer III and layer V of somatosensory cortex (Fig. 2D). In
contrast, the numbers of VIP
 interneurons in Tg mice were not
significantly different from those in WT mice [63 � 7 vs 60 � 7
per mm 2, female WT (WT-F) vs Tg-F, in the CA1; 54.5 � 4 per
mm 2 for both genotypes in the cortex; p � 0.7, t test]. Further-
more, S-SCAM Tg mice showed no obvious difference from WT
mice in the number of total neuronal cells (determined by NeuN
staining) in the hippocampal formations (CA1 and CA3 areas)
and somatosensory cortex (Fig. 2E).

Figure 3. S-SCAM Tg mice exhibit SZ-related positive-like behavioral symptoms. A, Locomotor hyperactivity of Tg-M mice in the novel open field test. Total distances traveled in a 30 min session
are shown. n 	 10 –12 per group. **p � 0.01, t test. B, Normal locomotor activity of Tg-F mice in the novel open field test. n 	 12 per group. C, Impaired PPI of the acoustic startle responses of
S-SCAM Tg mice. The percentage of inhibition of the startle response was shown at four prepulse sound levels. n 	 8 –14 per group. *p � 0.05, **p � 0.01, two-way ANOVA. D, Normal acoustic
startle responses of Tg animals, measured with startle stimuli of varying white noise intensities (70 –130 dB). n 	 8 –10 per group. E, Suppressive effect of clozapine (Clo; 3 mg/kg) on the
hyperactivity of Tg-M mice in the open field test. Sal, Saline control. n 	9 –12 per group. **p �0.001, two-way ANOVA. F, Ameliorating effect of clozapine on the PPI deficit of male Tg mice. n 	10 –12 per
group. **p � 0.01, two-way ANOVA. All data were presented as the mean � SEM. G, Clozapine improves the PPI of female Tg mice. n 	 5 per group. *p � 0.05, **p � 0.01, two-way ANOVA.
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SZ-related behavioral alterations in S-SCAM Tg mice
Since SZ is defined by behavioral symptoms, we next examined
whether S-SCAM Tg animals exhibit SZ-like behavioral endo-
phenotypes. We used age-matched (3- to 5-month-old) litter-
mates of WT and Tg animals for the behavioral characterization.

In open field tests, Tg-M mice traveled significantly farther
than WT littermates (Fig. 3A), indicating locomotor hyperactiv-
ity in response to novelty, which models positive symptoms of SZ
in rodents (Jones et al., 2011). In contrast, female Tg mice exhib-
ited normal locomotor activity (Fig. 3B). PPI, the attenuation of
startle response by a preceding nonstartling prepulse stimulus, is
widely used to measure sensorimotor gating in humans and ro-
dents, and patients with SZ show deficits in PPI (Braff and Geyer,
1990). Both male and female Tg mice showed deficits in PPI (Fig.
3C). Importantly, the impaired PPI was not due to hearing loss of
Tg mice, as they show acoustic startle responses that are similar to
those in WT littermates (Fig. 3D).

Currently prescribed antipsychotic drugs attenuate the posi-
tive symptoms of SZ. Therefore, we reasoned that antipsychotic
drugs may have therapeutic effects on the SZ-related positive
symptoms in the S-SCAM Tg mice. To test this idea, we treated
the Tg and WT male mice with clozapine, an atypical antipsy-
chotic drug. In the open field test, clozapine treatment signifi-

cantly reduced the locomotor activity of male Tg mice, but not
WT mice (Fig. 3E). In the PPI test, clozapine treatment had no
effect on the WT control mice. However, clozapine significantly
restored the PPI of the Tg-M mice at prepulse levels of 77 and 82
dB (Fig. 3F), and improved the PPI of Tg-F mice at all prepulse
levels (Fig. 3G). Thus, the SZ-related positive symptoms ob-
served in S-SCAM Tg mice are reversible by treatment with
antipsychotic drugs. These results demonstrate the pharma-
ceutical (predictive) validity of the S-SCAM Tg mice as an SZ
animal model.

Because social withdrawal represents one of the most promi-
nent negative symptoms in SZ patients, we evaluated social be-
haviors in S-SCAM Tg mice using the three-chamber test (Moy et
al., 2004). In the initial habituation session, Tg mice and their WT
littermates did not exhibit a side preference for the left or right
chamber (Fig. 4A). During the subsequent sociability session,
both WT and Tg male mice spent significantly more time and
sniffed more in the chamber containing an S1 mouse than in the
chamber containing an empty wire cage (Fig. 4B,C). WT-F mice
also displayed a significant preference for the chamber containing
the S1 mouse, whereas S-SCAM Tg female mice did not (Fig.
4B,C), indicating impaired sociability of female Tg mice. In the
social novelty session, male WT (WT-M) mice showed a strong

Figure 4. S-SCAM Tg mice exhibit SZ-related negative-like behavioral symptoms. A–E, Three-chamber social preference tests showing impaired sociability of Tg-F mice and impaired social
novelty of Tg-M mice. n 	 11–19 per group. ***p � 0.001, **p � 0.01, *p � 0.05, two-way ANOVA. A, Time spent in each empty side chamber during the initial habituation session of in the three
chamber tests. B, Time spent in the side chambers containing either an empty cup (E) or an S1 mouse. C, Average sniffing time of Tg and WT mice during the sociability session of the three chamber
tests. D, Time spent in the side chambers containing either an S1 or an S2 mouse. E, Average sniffing time of Tg and WT mice during the social novelty session of the three chamber tests. F, Impaired
nesting behavior of Tg-F mice. Representative pictures of the cages of WT and Tg mice (top), and the quality score of the nests (bottom) were shown. n 	 12–15 per group. ***p � 0.001, t test.
G, H, Anxiety-like behavior of Tg-M mice in elevated plus maze test. Time spent in open and closed arms during a 5 min trial (G) and number of entries to open and closed arms (H ). n 	 9 –14 per
group. **p � 0.01, t test. I, Anhedonia-like behavior of Tg-F mice in sucrose preference test. The preference for sucrose solution (2%) over water was measured over the 4 d test period. **p � 0.01,
t test. J, Normal behavior of S-SCAM Tg mice in forced swim tests. Immobile time during the last 4 min of the test is shown. n 	 10 –13 per group. All data were presented as the mean � SEM.

1898 • J. Neurosci., February 4, 2015 • 35(5):1892–1904 Zhang et al. • S-SCAM and Schizophrenia Pathogenesis



preference for an S2 over an S1 mouse, but Tg male mice did not
have such preference for social novelty (Fig. 4D,E), suggesting
deficits in social recognition and social memory. However, fe-
male Tg mice showed normal social novelty responses (Fig.
4D,E). To further corroborate the abnormal social behavior of
S-SCAM Tg mice, we examined nest-building behavior in the
mice, which is an activity shared by all members of the home cage
and thus is regarded as a behavioral measure of social interaction.
Although both sexes of WT control and male Tg mice usually
formed an identifiable nest in a distinct location in the cage,
female Tg mice did not form distinguishable nests and tended to
scatter pieces of nesting material over the floor (Fig. 4F). These
results are consistent with the results of three-chamber tests and
indicate impaired sociability of female Tg mice.

Next, we investigated whether S-SCAM Tg mice show
anxiety- and depression-like behavior, which are the most com-
mon psychiatric comorbidities in patients with SZ (Tandon et al.,
2009). In the elevated plus maze (EPM) test, male Tg mice spent
significantly less time in the open arms and more time in the
closed arms compared with WT mice (Fig. 4G), which is consis-
tent with increased anxiety-like behavior. In contrast, female Tg
mice spent a comparable amount of time in the open arms with
WT littermates (Fig. 4G), suggesting normal anxiety levels in the

female Tg mice. In the EPM tests, the total numbers of arm en-
tries were similar between WT and Tg mice (Fig. 4H). In sucrose
consumption tests, female Tg mice showed slightly reduced su-
crose preference compared with female WT mice (Fig. 4I). On
the other hand, in the forced swim test, S-SCAM Tg mice showed
a similar immobility to that of WT littermates (Fig. 4J).

SZ patients display various forms of cognitive deficits, most
prominently working memory. To study the cognitive function
of Tg mice, we assessed spatial working memory using spontane-
ous alternation behavior in the Y-maze (Hughes, 2004). Male Tg
mice displayed significantly worse spontaneous alternation per-
formance than WT littermates (Fig. 5A). In contrast, female Tg
and WT mice exhibited similar spontaneous alternation perfor-
mance in the Y-maze. The number of entries into each arm was
not significantly different regardless of sex and genotype among
mice (Fig. 5B). These results suggest that male Tg mice, but not
female Tg mice, have impaired working memory. In the contex-
tual and cued fear-conditioning test, a paradigm to assess asso-
ciative learning and reference memory (Zeng et al., 2001; Nadel
and Hardt, 2011), both male and female Tg mice had normal
contextual and cued fear conditioning (Fig. 5C,D). Therefore,
S-SCAM Tg mice have sex (male)-specific selective (working)
memory impairments.

Figure 5. Deficits in the cognitive function of S-SCAM Tg mice. A, Impaired spatial working memory of Tg-M mice in Y-maze task. The percentage of correct SAPs during a 5 min trial was shown.
n 	 11–15 per group. **p � 0.01, t test. B, Number of entries to each arm in the Y-maze test. C, D, Normal contextual and cued fear conditioning in S-SCAM Tg mice. No genotype difference was
found in freezing scores in the post-training session (day 1), contextual conditioning (day 2; C), and cued response (day 3; D) for both male and female mice. n 	 11–13 per group. *p � 0.05, **p �
0.01, ***p � 0.001, two-way ANOVA.
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Enhanced glutamatergic synaptic transmission and
sex-specific impairment of synaptic plasticity in S-SCAM Tg
mice
GluA2/3 subunit levels in the synaptosomes were significantly
increased in S-SCAM Tg mice (Fig. 1D,E). This suggested that
elevated synaptic AMPA receptor levels and hyperglutamatergic
synaptic transmission may be associated with the cognitive defi-
cits of the mutant animals. To investigate this possibility, we
examined synaptic transmission at the Schaffer Collateral–CA1
synapses. Recordings from acute hippocampal slices of young
adult Tg mice (3– 4 months old) showed significantly increased
AMPAR-mediated fEPSPs in the stratum radiatum at all stimu-
lation intensities tested, compared with those from age-matched
WT littermates (Fig. 6A). Intriguingly, male Tg mice showed a
much greater increase of fEPSPs than female Tg mice. This is

consistent with the larger increase of synaptosomal GluA2/3 lev-
els in male Tg mice than in female mice (Fig. 1E). Additionally,
male Tg mice had significantly reduced hippocampal LTP in-
duced by two trains of high-frequency stimulation (100 Hz, 1
min, 20 s intervals; Fig. 6B). In contrast, surprisingly, female Tg
mice showed normal hippocampal LTP (Fig. 6B), despite the
change (albeit smaller than male) in basal glutamatergic trans-
mission. Thus, S-SCAM Tg mice showed male-specific impair-
ments in hippocampal LTP.

LY379268 ameliorates working memory deficits in S-SCAM
Tg mice
To determine whether the hyperglutamatergic function is re-
sponsible for the cognitive functional deficits in S-SCAM Tg
mice, we took advantage of LY379268, a specific metabotropic

Figure 6. Sex-specific alterations of synaptic transmission and synaptic plasticity in S-SCAM Tg mice. A, Enhanced glutamatergic synaptic transmission in adult S-SCAM Tg mice (4 –5 months old).
Left, Representative traces of fEPSPs at Schaffer Collateral–CA1 synapses at different stimulus intensities. Right, Summary graph of input— output relationship of WT and Tg mice. n 	 9 slices from
three mice for WT-M and Tg-M mice; n 	 12 slices from four mice for WT-F mice; n 	 20 slices from seveb mice for Tg-F mice. ***p � 0.001, two-way ANOVA. B, Impaired hippocampal LTP in male
S-SCAM Tg mice. Sample traces of fEPSPs and summary graph of the averaged time course of LTP. Two trains of tetanic stimulation (100 Hz, 1 s; 20 s interval) were applied at the time point of 0 min.
n 	 8 slices from four mice (4 –5 months old) for each group. ***p � 0.001, t test. Error bars represent the SEM.
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glutamate receptor type 2/3 (mGluR2/3) agonist (Monn et al.,
1999), which reduces glutamate release at synapses through the
activation of presynaptic mGluR2/3 (Lorrain et al., 2003; Schobel
et al., 2013). Therefore, the administration of LY379268 is ex-
pected to reduce hyperglutamatergic activity in the S-SCAM Tg
mice. Pretreatment of male WT mice with LY379268 (3 mg/kg)
for 5 d did not affect their spontaneous alternation performance
in the Y-maze (Fig. 7A). In contrast, LY379268 treatment greatly
improved the spontaneous alternation performance of male Tg
mice to a level similar to that of WT mice (Fig. 7A) without
discernable changes in the number of arm entries (Fig. 7B), indi-
cating the restoration of working memory. On the other hand,
LY379268 treatment did not influence the increased locomotor
activity of male Tg mice in the open field test (Fig. 7C), showing
the specific effect of LY379268 on the working memory.

Discussion
In this report, we have shown that the elevation of S-SCAM ex-
pression in the excitatory neurons of forebrain was sufficient to
induce an SZ-like phenotype in mice. The significance of these
findings is multifold.

First, our data provide experimental evidence supporting the
validity of the rare CNV hypothesis in SZ pathogenesis. Recent
genome-wide studies have uncovered numerous CNVs in diverse
genes (Walsh et al., 2008; Need et al., 2009; Malhotra et al., 2011;
Kirov et al., 2012). However, these CNVs are often specific to
single cases or families. Therefore, the intrinsic rarity of CNVs
lays doubt on the causality of these mutations and smears their
implication for SZ etiology. The generation and characterization
of animal models simulating the mutations for an SZ-like endo-
phenotype would provide the most compelling evidence for the
validity of the rare CNV hypothesis. To our knowledge, we pres-
ent the first demonstration that modeling the effects of a single
rare CNV resulted in multiple SZ endophenotypes.

Second, S-SCAM Tg mice offer a new animal model of SZ,
which displays a wide array of SZ-related endophenotypes ob-
served in human SZ (Table 1). A limitation of most animal mod-
els of SZ is the lack of phenotypes associated with negative and
cognitive symptoms of SZ (Jones et al., 2011). In contrast,
S-SCAM Tg mice not only displayed all three domains of behav-
ioral symptoms, including cognitive deficits, but also exhibited
cellular/morphological deficits, consistent with the neurodevel-
opmental model of SZ. In addition, S-SCAM Tg mice showed
unique sexual dimorphism in behavioral deficits and glutamater-
gic synaptic function, which are poorly characterized aspects in
animal models of SZ. Sex differences in an SZ animal model have
been described previously only in an inducible mutant human
DISC1 Tg mouse model (Pletnikov et al., 2008). In this model,
although both male and female mice have normal PPIs and anx-
iety levels, male mice showed hyperactivity and social deficits,
and female mice showed only deficient spatial reference memory.
In contrast, S-SCAM Tg males exhibit more complete SZ-related
symptoms, including deficits in cognitive function (social mem-
ory and spatial working memory). Female S-SCAM Tg showed
PPI deficits and impaired sociability, but normal social and spa-
tial working memory. These are in general consistent with human
conditions—men with SZ experience more severe symptoms and
worse cognitive impairments. Thus, S-SCAM Tg mice offer a new
SZ model for studying SZ pathobiology in manners previously
impossible to approach. For example, one can directly test the
“estrogen hypothesis” (Kulkarni et al., 2012), postulating a pro-
tective role of estrogen in SZ with the S-SCAM Tg model.

Third, SZ is believed to be associated with an excitation/inhi-
bition imbalance, and the hyperactivity of excitatory neurons has
been found in SZ pathogenesis models (Kehrer et al., 2008).
These hyperglutamate models are associated with hypo-NMDAR
function in PV
 interneurons (Marín, 2012). In contrast,

Figure 7. The effect of LY379268 on the working memory deficits of S-SCAM Tg mice. A, LY379268 improves spontaneous alteration performance of Tg-M mice in Y-maze task. The percentage
of correct SAPs during a 5 min trial is shown. n 	 6 per group. **p � 0.01, two-way ANOVA. B, Number of entries to each arm in the Y-maze test. C, Effect of LY379268 on the locomotor activity of
WT-M and Tg-M mice in open field tests. n 	 6 per group. *p � 0.05, two-way ANOVA.

Table 1. Summary of behavioral deficits in S-SCAM Tg mice

Behavioral symptoms Behavioral test Modeling Male Tg Female Tg

Positive Open field Psychomotor agitation 1 (Locomotor hyperactivity) Normal
Prepulse inhibition Sensorimotor gating 2 (Deficits) 2 (Deficits)

Negative Sociability (three chamber) Social interaction Normal 2 (Deficits)
Nest building test Social interaction Normal 2 (Deficits)
Elevated plus maze Anxiety 1 (Increased) Normal
Sucrose consumption Anhedonia Normal 2 (Reduced)
Spontaneous alteration (Y-maze) Spatial working memory 2 (Deficits) Normal

Cognitive Contextual and cued fear conditioning Reference memory Normal Normal
Social novelty (three chamber) Social memory/social recognition 2 (Deficits) Normal
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S-SCAM Tg mouse model exhibits hyper-AMPAR function in
excitatory neurons, highlighting the potential importance of
AMPARs and principal neurons in SZ pathogenesis.

Considering the direct interaction of S-SCAM with ErbB4
receptors (Buxbaum et al., 2008), our results suggest the hypoth-
esis that aberrant regulation of the signaling pathway of NRG1–
ErbB4 –S-SCAM leads to SZ pathogenesis (Mei and Xiong, 2008).
This is consistent with the findings that diverse types of SZ-
associated mutations converge on common signaling pathways
(Gilman et al., 2012) and also with the notion that abnormalities
of postsynaptic signaling complexes are involved in the patho-
genesis of SZ (Kirov et al., 2012). However, the hypothesis is not
directly relevant to the current S-SCAM Tg SZ model since the
major expression of ErbB4 seems to be restricted to PV
 in-
terneurons (Yau et al., 2003; Vullhorst et al., 2009; Fazzari et al.,
2010). Nonetheless, endogenous S-SCAM is expressed in both
excitatory and inhibitory interneurons (Sumita et al., 2007), and
the regulatory action of ErbB4 on AMPA receptors has been dem-
onstrated in principal neurons (Li et al., 2007). Furthermore, the
deletion of ErbB4 in PV
 neurons decreased dendritic spines in
excitatory neurons (Yin et al., 2013a), indicating the presence of a
non-cell-autonomous mechanism. Therefore, further studies are
required to determine the functional significance of S-SCAM in
NRG-1-ErbB4 signaling in SZ pathogenesis.

What are the pathological bases of SZ endophenotypes in
S-SCAM Tg mice? S-SCAM Tg mice showed greatly enhanced
excitatory synaptic transmission. The elevation of synaptic
strength was detrimental to the induction of normal synaptic
plasticity, as male S-SCAM Tg mice showed significantly im-
paired LTP, suggesting an occlusion. Thus, in male S-SCAM Tg
mice, it seems that S-SCAM overexpression elevated basal synap-
tic AMPA receptors to such a high level that a partial saturation
occurred. This interpretation is consistent with our findings that
S-SCAM Tg mice showed a specific increase of GluA2/3 levels in
the synaptosomes, and the overexpression of S-SCAM in cul-
tured hippocampal neurons specifically increased both AMPA
receptor-mediated miniature and evoked EPSCs without altering
presynaptic function (Danielson et al., 2012), indicating the in-
volvement of a postsynaptic mechanism. Therefore, S-SCAM Tg
mice represent a unique SZ model of enhanced glutamatergic
function, which is due to a postsynaptic increase of AMPA recep-
tor levels. Furthermore, these in vivo and in vitro findings suggest
a role for S-SCAM in setting the basal levels of synaptic AMPA
receptors and its function as a hypothetical “slot” protein for
AMPA receptors (Sheng and Hyoung Lee, 2003). Importantly,
despite the enhanced basal glutamatergic transmission (albeit to
a lesser degree than in male Tg mice), female Tg mice showed
normal LTP and no deficits in working memory. Therefore, the
impaired synaptic plasticity associated with hyperglutamatergic
function in male S-SCAM Tg mice likely accounts for the cogni-
tive deficits. Directly supporting this notion, reducing glutamate
release by LY379268 ameliorated the working memory deficits of
male S-SCAM Tg mice. It would be important to determine
whether LY379263 treatment restores LTP in the Tg-M mice. The
potential therapeutic application of LY379268 is notable, since
traditional antipsychotic drugs have little therapeutic benefit on
cognitive deficits, although they attenuate positive symptoms.

S-SCAM Tg animals also showed pathological mechanisms
related to interneuron dysfunction (Marín, 2012). They showed
reduced synaptosomal GABAAR �1 levels, consistent with obser-
vation from patients with SZ (Glausier and Lewis, 2011) and
ctoNRG1 SZ model mice (Yin et al., 2013b). The reduction in the
number of PV-stained cells in S-SCAM Tg mice likely contributes

to the decrease, as GABAAR �1 is mainly present at synapses
formed by PV
 interneurons (Rudolph and Möhler, 2006). The
reduction of PV
 neurons has been frequently observed in hu-
man SZ and animal models of SZ (Marín, 2012). Considering
that the S-SCAM transgene is expressed only in excitatory neu-
rons, the reduction in PV-stained interneurons is an unexpected
phenomenon. Interestingly, excess glutamate was sufficient to
reduce the number of PV
 neurons in a repeated ketamine ex-
posure SZ model (Schobel et al., 2013). The decrease in the num-
ber of PV-stained interneurons does not necessarily mean the loss
(death) of PV
 inhibitory neurons and could be also due to the
reduced expression of PV mRNA in these types of interneurons
(Lewis et al., 2012). Distinguishing these two possibilities would
require further intensive investigation. However, we note that the
loss of PV expression enhanced inhibition and increased the
power of gamma oscillation in the hippocampus of PV knock-out
mice (Vreugdenhil et al., 2003). Considering that reduction in the
power of gamma oscillation is associated with working memory
deficits in SZ (Volk and Lewis, 2014), the reduced staining of
PV
 neurons in S-SCAM Tg mice is more likely due to the loss of
PV
 neurons. Given that S-SCAM is a scaffold protein that binds
directly to Axin (Hirabayashi et al., 2004), �-catenin (Nishimura
et al., 2002), Smad3, and activin RIIA (Shoji et al., 2000), alterna-
tive potential possibilities include that abnormal levels of
S-SCAM may influence normal development of PV
 neurons by
perturbing Wnt and TGF-� signaling (Zhou et al., 2003; Paina et
al., 2011).

Excitatory activity can shape GABAergic function (Flores and
Méndez, 2014). For example, activity-induced expression of
Npas4 not only regulates inhibitory synapse formation in excit-
atory neurons, but also changes gene expression programs in
GABAergic neurons (Spiegel et al., 2014). Interestingly, Npas4
knock-out mice exhibited SZ-like behavioral abnormalities
(Coutellier et al., 2012). Therefore, it would be interesting to
study the mechanisms and the potential role of Npas4 in the
functional interaction of excitatory and GABAergic pathways in
S-SCAM Tg mice and other SZ animal models.
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