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Abstract
Mouse models carrying Disc1 mutations may provide insights into how Disc1 genetic variations
contribute to schizophrenia (SZ) susceptibility. Disc1 mutant mice show behavioral and cognitive
disturbances reminiscent of SZ. To dissect the synaptic mechanisms underlying these phenotypes,
we examined electrophysiological properties of cortical neurons from two mouse models, the first
expressing a truncated mouse Disc1 (mDisc1) protein throughout the entire brain, and the second
expressing a truncated human Disc1 (hDisc1) protein in forebrain regions. We obtained whole-cell
patch voltage clamp recordings to examine how altered expression of Disc1 protein changes
excitatory and inhibitory synaptic transmission onto cortical pyramidal neurons in the medial
prefrontal cortex in 4–7 month-old mDisc1 and hDisc1 mice. In both mDisc1 and hDisc1 mice,
the frequency of spontaneous EPSCs was greater than in wild-type littermate controls. Male mice
from both lines were more affected by the Disc1 mutation than were females, exhibiting increases
in the ratio of excitatory to inhibitory events. Changes in spontaneous IPSCs were only observed
in the mDisc1 model and were sex-specific, with diminished cortical GABAergic
neurotransmission, a well-documented characteristic of SZ, occurring only in male mDisc1 mice.
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In contrast, female mDisc1 mice showed an increase in the frequency of small-amplitude sIPSCs.
These findings indicate that truncations of Disc1 alter glutamatergic and GABAergic
neurotransmission both commonly and differently in the models and some of the effects are sex-
specific, revealing how altered Disc1 expression may contribute to behavioral disruptions and
cognitive deficits of SZ.
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1. Introduction
Schizophrenia (SZ) is a multifactorial psychiatric condition characterized by both positive
and negative symptoms (Tamminga and Holcomb, 2005). Although the etiology of SZ
remains poorly understood, the disease has a clear genetic component, with a heritability
thought to exceed 75% (Wexler and Geschwind, 2011). Major efforts have identified genetic
risk factors, but few have demonstrated strong biological support (Moens et al., 2011;
Sanders et al., 2008). One notable exception is the gene Disrupted-in-Schizophrenia-1
(Disc1). A positive association between SZ and a chromosomal translocation (1:11)
disrupting the Disc1 gene on chromosome 1 was reported in a Scottish family with a high
rate of SZ, depression, and bipolar disorder (Millar et al., 2000). Since this discovery,
studies have supported a central role for common Disc1 genetic variation in conferring
susceptibility to psychiatric disease (Cannon et al., 2005; Hashimoto et al., 2006; Moens et
al., 2011; Thomson et al., 2005)

Disc1 encodes the Disc1 protein, which acts as a cytosolic scaffold protein required for
processes such as neurogenesis, neuronal migration, dendritic growth, and synaptic
maintenance (Brandon et al., 2009; Brandon and Sawa, 2011; Hayashi-Takagi et al., 2010;
Jaaro-Peled et al., 2009; Porteous et al., 2011). In mutation carriers, either
haploinsufficiency (conferring reduced functional Disc1 expression) or dominant-negative
effects of the mutated Disc1 may form the basis for susceptibility to psychiatric disorders
(Hikida et al., 2007; Porteous et al., 2006; Sawa and Snyder, 2005).

Genetic animal models have been designed to elucidate how Disc1 mutations produce the
pathophysiology of psychiatric illnesses. These models include mice with abolished
expression of the full-length mouse Disc1 (mDisc1) protein (Koike et al., 2006), and mice
expressing a truncated human Disc1 (hDisc1) protein (Hikida et al., 2007; Li et al., 2007;
Pletnikov et al.,2008). These mice exhibit disturbances in sensorimotor gating,
hyperactivity, cognitive deficits, depression, and altered social interactions (Kvajo et al.,
2008; Pletnikov et al., 2008).

At present, the effects of mutant Disc1 expression on the functional properties of cortical
neurons remain unknown. We used electrophysiological methods to examine how
expression of truncated Disc1 protein alters membrane properties and synaptic transmission
in cortical pyramidal neurons from the medial prefrontal cortex, a brain region crucial to
most pathophysiological hypotheses of SZ, in mDisc1 and hDisc1 mouse models.
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2. Methods
2.1. Animals

Two genetic mouse models were used. In the first model, a 129S6/SvEv mDisc1 allele with
a 25-bp deletion variant in exon 6 that resulted in the introduction of a premature
termination codon in exon 7 was transferred into the C57BL/6J background, resulting in a
strain that expresses truncated mDisc1 (Koike et al., 2006; Kvajo et al., 2008). The second
model, hDisc1, expresses truncated human Disc1 protein and was created by breeding
B6;SJL-Tg(TRE-CMV-hDISC1) founders with single transgenic (control) B6;CBA-
Tg(Camk2a-tTA)1Mmay/j mice (The Jackson Laboratory, Bar Harbor, ME, USA) to
generate double transgenic mutant mice of the hybrid B6;SJL;CBA background (Pletnikov
et al., 2008). Expression of mutant hDisc1 was limited to forebrain regions including the
cerebral cortex, hippocampus, and striatum. mDisc1 mice and wildtype (WT) littermates
were obtained from breeding colonies at the University of California, Los Angeles (UCLA).
Transgenic hDisc1 mice and single transgenic CAMKII tTA littermates used as controls
were obtained from breeding colonies at the Johns Hopkins University School of Medicine
in Baltimore, Maryland and shipped to UCLA. All mice were examined at 4–7 months of
age and compared with age-matched WT littermates (mDisc1) or controls (hDisc1). All
procedures were performed in accordance with the Public Health Service's Guide for Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Use Committee at UCLA. Mice were individually housed on a 12 h light-dark cycle, and
food and water were available ad libitum. Mice were genotyped twice, once at weaning and
again after experimentation. There were no significant differences in body weight between
WT and mutant mice of the same sex.

2.2. Slice preparation
Mice were anaesthetized using isoflurane, decapitated, and the brain rapidly removed to ice-
cold dissection artificial cerebrospinal fluid (ACSF), containing 130 mM NaCl, 3 mM KCl,
26 mM NaHCO3, 1.25 mM NaHPO4, 10 mM glucose, 5 mM MgCl2 and 1 mM CaCl2;
aerated with 95% O2/5% CO2 (pH = 7.2; 290–300 mOsm/L). The brain was trimmed and
glued to the stage of a vibrating microtome (model VT1000S; Leica), and 300 µm coronal
slices of the cerebral cortex were cut. Slices were stored and allowed to recover at room
temperature in a chamber submerged in oxygenated standard ACSF (same composition as
dissection ACSF, except that MgCl2 and CaCl2 were 2 mM) for at least 1 h before
experimentation.

2.3. Electrophysiology
We performed whole-cell patch clamp recordings from layer II/III pyramidal cells of the
medial prefrontal cortex. Neurons in layers II/III of the prefrontal cortex are critically
involved in working memory and in SZ models a reduction of gamma oscillations along
with a loss of parvalbumin interneurons occurs selectively in superficial but not deep
cortical layers (Cunningham et al., 2006). Furthermore, the inputs to and the morphology of
cortical layer II/III pyramidal cells have been shown to undergo pathophysiological
alterations in SZ (Hill et al., 2006; Lewis and Gonzalez-Burgos, 2000; Pierri et al., 2001).
Pyramidal neurons were visualized with infrared videomicroscopy and differential
interference contrast optics and identified by somatic size and typical basic membrane
properties (Cummings et al., 2009). Recordings were made with borosilicate glass
micropipettes filled with a cesium methanesulfonate (CsMeth)-based internal solution
containing 125 mM cesium methanesulfonate, 4 mM NaCl, 3 mM KCl, 1 mM MgCl2, 9
mM EGTA, 8 mM Hepes, 5 mM MgATP, 1 mM Tris/GTP, 10 mM di sodium
phosphocreatine and 0.1 mM leupeptin (pH = 7.2; 270–280 mOsm/L). In some experiments
QX-314 (4 mM) was included in the internal solution to prevent Na+ channel activation
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when holding at depolarized membrane potentials. Voltage clamp recordings were
performed using a Multiclamp 700B patch-clamp amplifer (Molecular Devices, Sunnyvale,
CA). During electrophysiological recordings, slices were continuously perfused in 95%
O2/5%CO2 ACSF at a flow rate of ~2 ml/min at room temperature.

Spontaneous excitatory and inhibitory postsynaptic currents (sEPSCs and sIPSCs,
respectively) were recorded, filtered at 1 kHz and digitized at 100–200 µs using Clampex
10.2 in gap-free mode (Molecular Devices). To assess basic membrane properties and
sEPSCs, cells were voltage-clamped at −70 mV. Cell membrane capacitance was
determined from a depolarizing step voltage command (10 mV) using the membrane test
function integrated in the pClamp10 software.

To more completely isolate glutamate receptor-mediated sEPSCs, bicuculline methobromide
(BIC, 5 µM) was applied in order to block y-aminobutryric acid type A (GABAA) receptor-
mediated currents. This concentration of BIC completely abolishes sIPSCs in cortical
pyramidal neurons (Cummings et al., 2009). To isolate sIPSCs membranes were stepped to a
holding potential of+10 mV and currents were recorded in regular ACSF. No glutamate
receptor antagonists were used for this experiment as this would have precluded estimation
of glutamate-GABA ratios and also because quinoxaline derivatives such as CNQX and
NBQX alter sIPSC frequency (Brickley et al., 2001; McBain et al., 1992). Nevertheless,
after addition of BIC no spontaneous synaptic activity was observed at +10 mV indicating
that glutamate synaptic events did not contribute to sIPSCs at this holding potential.

Spontaneous EPSCs and IPSCs were analyzed offline using the automatic detection protocol
within the Mini Analysis program (Justin Lee, Synaptosoft, version 6.0) and subsequently
checked manually for accuracy. The threshold amplitude for the detection of an event (5 pA
for EPSCs; 10 pA for IPSCs) was set above the root mean square noise (<2 pA at Vhold =
−70 mV and <4 pA at Vhold = +10 mV). Event kinetic analysis used the Mini Analysis
Program, and EPSCs and IPSCs with peak amplitudes between 10–50 pA and 10–100 pA,
respectively, were grouped, aligned by half-rise time, and normalized by peak amplitude. In
each cell, grouped events were averaged to obtain rise times, decay times, and half-
amplitude durations. We calculated the ratio of excitatory to inhibitory events by dividing
the frequency of sEPSCs by the frequency of sIPSCs for each cell.

2.4. Statistical analyses
Values in figures and text are means ± SEMs. Differences between group means were
assessed with appropriate Student's t-tests (unpaired), or Mann-Whitney Rank Sum Test
when distributions were not normal, and two-way analyses of variance (ANOVA) with one
repeated measure (RM), followed by Bonferroni post hoc tests. Differences were considered
statistically significant if p<0.05. Microsoft Excel and Sigma Stat 3.5 were used to perform
all statistical analyses.

3. Results
3.1. mDisc1 mice

We first examined electrophysiological properties of cortical prefrontal pyramidal neurons
from WT (n=39 mice, 22 male and 17 female) and mutant (n=29 mice, 22 male and 7
female) mice (average age was 159±3 and 162±4 days, respectively). Layer II/III pyramidal
neurons of the infralimbic region of the medial prefrontal cortex were voltage clamped using
CsMeth as the internal solution (n=55 cells from WT and n=58 cells from mutant mDiscl
mice). There were no consistent differences in average cell membrane capacitance, input
resistance, and time constant either when cells from males and females were combined or
when they were separated by sex.
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Glutamate receptor-mediated synaptic currents were significantly altered. At Vhold = −70
mV, the majority of spontaneous synaptic events are mediated by glutamatergic a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) and the contribution of
inhibitory currents is negligible, as this holding potential is very close to the Cl− reversal
potential (where Vrev for Cl− is ~−60 mV with CsMeth). Cells from mDiscl mice showed a
significant increase in mean frequency of sEPSCs (p=0.034, Table 1, Figure 1A, inset).
Amplitude-frequency histograms were significantly different between the genotype groups
(F(9,234)=3.18, p=0.001). Post hoc comparisons showed a significant increase in the
frequency of sEPSCs at the 5–10 pA amplitude bin (p<0.001). A significant leftward shift
occurred in the cumulative distributions of inter-event intervals (IEIs) (F(29,725)=2.26,
p<0.001), and post hoc comparisons demonstrated significant differences in the 700–800 ms
interval bins (p=0.042–0.047), suggesting that excitatory events occur more frequently in
mutant cortical pyramidal cells. Analyses of sEPSC kinetics (e.g., rise time, decay time, and
half-amplitude duration) showed no significant group differences (not shown).

Spontaneous IPSCs were recorded at +10 mV (Table 1, Figure 1B). No statistically
significant differences occurred in the mean frequency of sIPSCs or the amplitude-frequency
histograms. The difference between mDisc1 and WT cumulative distributions of IEIs
approached statistical significance (F(l,34)=3.70,p=0.063). Post hoc analysis of IEI
cumulative distributions demonstrated significant differences in the 900–1700 ms intervals
(p=0.038–0.050), suggesting that inhibitory events occur less frequently in mutant cortical
cells. Table 1 summarizes sEPSC and sIPSC average frequencies and amplitudes.

When analyzed for potential sex differences, cells from male mutants demonstrated a
significant decrease in the frequency of sIPSCs (Figure 2A, p=0.039). Amplitude-frequency
histograms were significantly different (F(9,162)=2.26,p=0.021), and post hoc comparisons
revealed that mutant cells had a significantly lower frequency of events at the 10 and 15 pA
bins (p<0.001, p=0.01). The difference between male mDisc1 and WT cumulative
distributions of IEIs approached statistical significance (F(l,18)=3.80,p=0.067). Post hoc
analysis demonstrated significant differences in the 500–1400 ms intervals (p=0.024–0.043),
suggesting that cortical inhibitory events occur less frequently in mutant males. In contrast, a
trend towards an increase in the frequency of sIPSCs occurred in cells from female mutants
(Figure 2B, p=0.095). Amplitude-frequency histograms approached statistical significance
(F(1,14)=3.20,p=0.095). Post hoc analysis demonstrated that female mutants have a
significantly higher frequency of sIPSCs at the 10and 15 pA bins (p=0.031, p=0.009). A
significant leftward shift occurred in the cumulative distributions of IEIs (F(29,406)=3.24,
p<0.001), and post hoc comparisons demonstrated significant differences in the 200–1200
ms interval bins (p=0.002–0.038). This suggests that less frequent GABAergic input onto
cortical pyramidal cells occurs in male mutants, but more frequent GABAergic input onto
cells occurs in female mutants. The kinetics of spontaneous inhibitory events also were
examined. No differences were found when both sexes were combined. However, when the
sexes were separated, a significant decrease in the decay time occurred in cells from mutant
females (WT females: 21.0±1.7 ms, mDisc1 females: 15.8±1.0 ms, p=0.039).

We also calculated the ratio of excitatory to inhibitory events by dividing the frequency of
sEPSCs by the frequency of sIPSCs (frequency of events recorded at −70 mV in BIC/
frequency of events recorded at +10 mV ACSF) for each cell. Overall, the mean excitation/
inhibition ratio was significantly higher in mutant cells (p=0.036, Figure 3A). We then
compared cells from WT and mutant littermates of the same sex. Mutant cells from males
displayed a significantly higher excitation/inhibition ratio (p= 0.013, Mann-Whitney Rank
Sum Test), suggesting an increase in the relative contribution of excitatory inputs to
pyramidal neurons.
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3.2. hDisc1 mice
In this model, 9 control (4 male and 5 female) and 14 mutant (8 male and 6 female) mice
were examined. Average age was 160±5 and 165±4 days respectively. The membrane
properties of cortical pyramidal neurons (layers II/III) in slices from mutant mice (n=46
cells) and control littermates (n=33 cells) were measured in voltage clamp mode. There were
no consistent significant differences in capacitance, input resistance, and time constant
between control and mutant mice.

Mutant cells exhibited a significant increase in mean frequency of sEPSCs (Table 1, Figure
4A, p=0.036). Amplitude-frequency histograms were significantly different
(F(9,216)=2.65,p=0.006), and post hoc comparisons revealed a significant increase in the
frequency of events between 5–15 pA in amplitude in mutant cells (p<0.001,p=0.003). A
significant leftward shift occurred in the cumulative distributions of IEIs (F(29,696)=1.60,
p=0.024), andpost hoc comparisons demonstrated significant differences in the 200–2900
ms interval bins (p=0.001–0.045). In contrast, event kinetics were similar between mutant
and control groups.

The data were then analyzed for sex differences. In cells from hDiscl males, a significant
increase in sEPSCs (Table 1, Figure 5A, p=0.035, Mann-Whitney Rank Sum Test) and a
significant difference in the amplitude-frequency histogram occurred (F(9,99)=3.59,
p<0.001). Post hoc comparisons demonstrated a significant increase in the frequency of
events between 5–15 pA in mutants (p<0.001, p=0.017). A significant difference occurred in
the cumulative distributions of IEIs (F(l,l 1)=7.14, p=0.022), and post hoc analysis
demonstrated significant differences in the 200–2400 ms interval bins (p=0.007–0.042). No
significant differences were observed between female hDisc1 and control cells in the mean
frequency of sEPSCs, amplitude-frequency histograms, IEI distributions, or event kinetics
(Table 1, Figure 5B).

No significant differences were observed between mutant and control cells in the mean
frequency of sIPSCs, amplitude-frequency histograms, IEI distributions, or event kinetics
(Table 1, Figure 4B). Spontaneous IPSC frequencies did not differ in the presence of
glutamate receptor antagonists (WT: 4.3±0.7 Hz, n=16. hDisc1: 5.3±0.9 Hz, n=20) and no
significant sex differences were observed.

The excitation/inhibition ratio was similar between mutant and control cells (Figure 3B,
p=0.484). However, when cells from male mutants were compared with those from control
littermates, a significantly higher ratio occurred in the mutant group (Figure 3B, p= 0.035,
Mann-Whitney Rank Sum Test).

4. Discussion
The main finding of the present study was significantly elevated frequency of sEPSCs in
pyramidal neurons from superficial layers of the medial prefrontal cortex from mutants
expressing either truncated mouse or human Disc1 protein. In particular, increased
excitatory input to pyramidal neurons of mutant males appeared to be a consistent feature of
both models. In contrast, when both sexes were considered, neither model demonstrated
differences in the mean frequency of sIPSCs. As these characteristics were not unique to
either model, our data suggest that an increase in cortical excitation is one factor
contributing to functional alterations caused by truncated Disc1 expression. The similarity
between the hDisc1 and mDisc1 data is consistent with the idea that the truncated Disc1
protein acts as a dominant negative, resulting in loss-of-function consequences (Ross et al.,
2006; Sawa and Snyder, 2005).
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4.1. Cortical Excitation
Elevated excitatory drive was observed in both models. Male mutants appeared to be more
severely affected by Disc1 truncation, as both male mDisc1 and hDisc1 mice showed a
significant increase in the excitation/inhibition ratio, and hDisc1 mice exhibited a significant
increase in the frequency of AMPAR-mediated sEPSCs. An increase in spine density may
contribute to the increased frequency of EPSCs seen in both models, as the great majority of
excitatory input occurs on spines. However, an increase in membrane area generally results
in greater cell membrane capacitance and reduced input resistance, changes that we did not
observe based on electrophysiological measures. This, in conjunction with lack of changes
in average sEPSC amplitude and kinetics, suggest that presynaptic mechanisms could play a
principal role.

Although we did not examine the morphology of individual neurons, previous studies in the
mDiscl model demonstrated morphological alterations in dentate granular cells but not in
medial prefrontal cortical neurons (Kvajo et al., 2008). In the hDiscl model, prenatal
expression of the mutant protein was associated with increased spine density in the temporo-
parietal cortex (Ayhan et al., 2011). Similarly, Disci knockdown induced increased spine
density in newborn neurons of the dentate gyrus in the adult hippocampus (Duan et al.,
2007). However, in other models carrying missense mutations a significant reduction in
spine density in both frontal cortex and hippocampus were reported (Lee et al., 2011),
consistent with observations in postmortem human SZ tissue (Glantz and Lewis, 2000).
Interestingly, in primary cortical neuronal cultures, short-term reduction of Disci expression
through RNA interference leads to a transient outgrowth of spines, but long-term
suppression leads to spine shrinkage (Hayashi-Takagi et al., 2010). Overall, these studies
suggest that changes in spine density and morphology after mutant Disci expression are
region-specific and time-dependent. Thus, it can be speculated that initial increases in spine
density and sEPSC frequency may lead, after long-term expression of mutant Disci, to
excitotoxic effects of glutamate and consequent reductions in spine density.

A major hypothesis of SZ proposes that hypofunction of the N-methyl-D-aspartate receptor
(NMDAR) underlies the pathophysiology of SZ (Coyle, 2006; Jentsch and Roth, 1999).
Such hypofunction may generate alterations in other glutamate receptors as a compensatory
mechanism, and vice versa (Zavitsanou et al., 2002). AMPARs are the primary mediators of
fast EPSCs in the central nervous system and studies have documented increased ligand
binding to AMPARs in the cortex of schizophrenics, possibly due to increased glutamate
release and/or activation of non-NMDA postsynaptie glutamate receptors to counter the
proposed hypofunetion of the NMDAR (Dracheva et al., 2005). Other studies performed in
postmortem tissue from SZ patients have documented an increase in proteins involved in the
forward trafficking of AMPARs, leading to an upregulation of AMPARs in frontal regions
(Hammond et al., 2010). Our finding that AMPAR-mediated glutamatergie
neurotransmission is increased in the Disci mouse models is consistent with other major
findings suggesting increased glutamatergie activity in SZ and in the presence of the Disci
mutation. For instance, an earlier report correlated spine enlargement in cortical neurons
with an increase in surface expression of GluRl subunits and in EPSCs following Disci
knockdown (Hayashi-Takagi et al., 2010). Another electrophysiological study of the effects
of truncated Disc1 expression similarly found enhanced EPSC frequency in mutant animals
(Maher and LoTurco, 2012). In these studies, this increase occurred mostly in miniature
EPSCs, suggesting presynaptic influences.

If NMDAR hypofunetion occurs in the Disci models, it is possible that AMPAR function is
increased in the prefrontal cortex as a compensatory mechanism. We have previously
demonstrated that mice with NRl knockdown display an increase in AMPAR-mediated
currents in striatal cells (Jocoy et al., 2011). In an electrophysiological study of deep-layer
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pyramidal neurons from mice with insufficient levels of dystrobrevin binding protein-1
(dysbindin or DTNBP1), NMDA-evoked currents and NMD A receptor subunit 1 (NRl)
expression were reduced, while no differences were found in AMPA-evoked currents
(Karlsgodt et al., 2011). In contrast to the present study, these cells also demonstrated
reductions in spontaneous EPSCs (Jentsch et al., 2009). Thus, it is possible that alterations in
glutamatergic transmission depend on the gene risk factor expressed, as well as
methodological differences.

4.2. Cortical Inhibition
Although inhibitory neurotransmission displayed unique characteristics in each model,
neither model demonstrated significant changes in the mean frequency of sIPSCs when
sexes were combined. In the mDisc1 model, there was a significant decrease in the number
of short- to medium-interval events, suggesting a decrease in the probability of GAB A
release, but the mean frequency of sIPSCs was unaffected. The hDisc1 model failed to
reveal changes in inhibitory neurotransmission. This difference between both models may
relate to the fact that in mDisc1 mice the mutant protein is expressed in projection neurons
and interneurons, whereas in the hDisc1 mice the expression is restricted only to pyramidal
neurons.

When the data were parsed by sex, several differences were noted. mDisc1 males
demonstrated a significant decrease in sIPSC frequency, especially in the smaller amplitude
bins. mDisc1 females displayed an increase in sIPSC frequency at the smaller amplitude
bins, with a close to significant increase in mean sIPSC frequency, and a significantly
shorter decay time, suggesting that sex-specific postsynaptic influences may be involved in
mediating sIPSC changes.

Neuroanatomical studies of postmortem human brain tissue have indeed provided consistent
evidence that deficient GABAergic transmission may play a role in SZ (Benes and Berretta,
2001). In rodents, deficits in GAB A transmission have been linked to a reduction in
parvalbumin GABAergic interneurons in the hippocampus and medial prefrontal cortex
(Shen et al., 2008). These interneurons are vital to corticolimbic circuitry, providing both
inhibitory and disinhibitory modulation of cortical and hippocampal neuronal circuits
(Benes and Berretta, 2001). The characteristics of male mDiscl inhibitory neurotransmission
are thus consistent with these reports. The divergent trends of female mDiscl mice may form
one basis for the known differential sex-dependent effects of SZ and highlight postsynaptic
influences in mediating these effects. Although still speculative, this increase may be
compensatory, preventing the increase in excitation seen predominantly in males.

Clinical investigations have indicated significant sex differences in SZ. Male schizophrenic
patients show lower premorbid functioning, more serious cognitive deficits, an earlier age at
onset, and a poorer course of illness (Canuso and Pandina, 2007; Han et al., 2012). The
present study demonstrates that, in general, male mutants were more affected than females
by Disci truncation. Our observations that mDiscl and hDiscl males displayed an increase in
excitation, and male mDiscl mice showed a decrease in inhibition provide additional
evidence for sex differences in SZ, and are consistent with previous reports of sexually
dimorphic behavioral deficits in Disci mice (Ayhan et al., 2011; Pletnikov et al., 2008).

The primary focus of the present study was on cortical pyramidal neurons. Future studies
will have to address the role of cortical interneurons to better understand the source of
reduced inhibition in mDiscl mice. Identification of cortical interneurons is difficult unless a
fluorescent reporter gene is used. Electrophysiological experiments using Disc1 mutant mice
crossed with animals expressing a fluorescent reporter gene will help identify and
characterize alterations in cortical interneurons.
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4.3. Conclusions
In summary, the present findings demonstrate alterations in the physiology of cortical
pyramidal neurons in two genetic mouse models of SZ produced by Disc1 mutations, which
are specific to males, and emphasize increases in excitation in the presence of truncated
Disc1 expression. The differences between the mDisc1 and hDisc1 models may relate to
regional and cell-type specific differences in Disc1 expression. Taken together, our data
suggest that alterations in glutamatergic and GABAergic neurotransmission may be sex-
specific and contribute to behavioral disruptions and cognitive deficits seen in SZ.
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Figure 1. Glutamatergic and GABAergic synaptic activity in mDisc1 mice
A. Typical voltage-clamp traces of sEPSCs recorded from cortical pyramidal neurons at −70
mV in the presence of 5 µM BIC. mDisc1 mice showed a significant increase in mean
sEPSC frequency (inset) compared to WT mice. Amplitude-frequency histograms indicated
a significant increase in small-amplitude events 5–10 pA (left panel). A significant
difference was observed in the cumulative distributions of IEIs from 700–800 ms (right
panel). B. Typical traces of sIPSCs recorded in ACSF at a holding potential of + 10mV. No
significant differences were observed in mean sIPSC frequency or amplitude-frequency
histograms. Significant differences occurred in the cumulative distributions of IEIs in the
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900–1700 ms intervals. For this figure and subsequent figures, * signifies p<0.05; **
signifies p<0.01; and *** signifies p<0.001.
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Figure 2. Sex differences in mDisc1 GABAergic synaptic activity
A. Typical traces of sIPSCs recorded at +10 mV from male mDisc1 cortical pyramidal
neurons. Note the significant decrease in mean sIPSC frequency (inset). Amplitude-
frequency histograms indicated a significant decrease in small-amplitude events at the 10
and 15 pA bins. A significant difference was observed in the cumulative distributions of IEIs
from 500–1400 ms. B. Typical traces of sIPSCs recorded at +10 mV from female mDisc1
cortical pyramidal neurons, showing a trend towards an increase in mean sIPSC frequency
(inset). Note the significant increase in events at the 10 and 15 pA bins. A significant
difference occurred in the cumulative distributions of IEIs from 200–1200 ms intervals.
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Figure 3. mDisc1 and hDisc1 excitation/inhibition ratios
A. mDisc1 mice showed a significant increase in the excitation/inhibition ratio, suggesting
an increase in the relative contribution of excitatory inputs to pyramidal neurons in mutant
animals. When the ratios were separated by sex, mDisc1 males displayed a significant
increase, while mDisc1 females did not. B. No difference occurred in the excitation/
inhibition ratio in hDisc1 mice. When the ratios were separated by sex, hDisc1 males
showed a significant increase in the excitation/inhibition ratio, while female hDisc1 mice did
not.
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Figure 4. Glutamatergic and GABAergic synaptic activity in hDisc1 mice
A. Typical traces of sEPSCs (−70 mV, with 5 µMBIC) from cortical pyramidal neurons.
hDisc1 mice showed a significant increase in mean sEPSC frequency (inset) and frequency
of events 5–15 pA. A significant difference occurred in the cumulative distributions of IEIs
from 200–2900 ms. B. Typical traces of sIPSCs recorded in ACSF at a holding potential of
+10 mV. No significant differences were observed in mean sIPSC frequency, amplitude-
frequency histograms, or IEI cumulative distributions.
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Figure 5. Sex differences in hDisc1 glutamatergic synaptic activity
A. Typical traces of sEPSCs recorded from male hDisc1 cortical pyramidal neurons. Note
the significant increase in mean sEPSC frequency (inset) and frequency of small-amplitude
events at 5 and 10 pA bins. A significant difference was observed in the cumulative
distributions of IEIs from 200–2400 ms. B. Typical traces of sEPSCs recorded from female
hDisc1 cortical pyramidal neurons. No significant differences were observed in mean sIPSC
frequency, amplitude histograms, or IEI cumulative distributions.
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Table 1

sEPSCs sIPSCs

mDisc1 Frequency (Hz) Amplitude (pA) Frequency (Hz) Amplitude (pA)

WT ♂ 1.1 ± 0.4 16.1 ± 3.7 2.4 ± 0.4 35.3 ± 5.6

Mutant ♂ 1.8 ± 0.3 12.5 ± 1.0 1.3 ± 0.3* 26.3 ± 4.1

WT ♀ 1.2 ± 0.2 11.5 ± 0.8 1.8 ± 0.3 26.6 ± 3.2

Mutant♀ 2.0 ± 0.7 11.1 ± 1.3 2.9 ± 0.6 26.8 ± 1.8

WT ♂+♀ 1.2 ± 0.2 13.0 ± 1.4 2.0 ± 0.2 29.7 ± 2.9

Mutant ♂+♀ 1.9 ± 0.3* 12.2 ± 0.8 1.6 ± 0.3 26.4 ± 3.2

hDisc1

WT ♂ 1.0 ± 0.4 12.2 ± 1.3 2.7 ± 0.4 26.5 ± 1.6

Mutant ♂ 3.9 ± 1.7* 13.2 ± 1.8 4.1 ± 0.7 28.0 ± 2.7

WT ♀ 2.0 ± 0.9 12.9 ± 1.2 5.6 ± 0.7 30.8 ± 4.7

Mutant ♀ 2.9 ± 0.6 14.6 ± 1.6 5.0 ± 0.9 32.8 ± 3.9

WT ♂+♀ 1.4 ± 0.4 12.5 ± 0.9 4.1 ± 0.5 28.6 ± 2.5

Mutant ♂+♀ 3.3 ± 0.7* 14.0 ± 1.2 4.4 ± 0.6 29.7 ± 2.2

*
Denotes p<0.05,

♂
denotes male, and

♀
denotes female.
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