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BRIEF REPORT
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Abstract
Objectives. Disrupted in schizophrenia 1 (DISC1) is considered the most prominent candidate gene for schizophrenia. In
this study, we aimed to characterize behavioural and brain biochemical traits in a mouse expressing a dominant negative
DISC1mutant (DN-DISC1). Methods. DN-DISC1 mice underwent behavioural tests to evaluate object recognition, social
preference and social novelty seeking. ELISA was conducted on brain tissue to evaluate BDNF levels. Western blot was
employed to measure BDNF receptor (TrkB) and cannabinoid receptor CB1. Results. The mutant DISC1 mice displayed
deficits in preference to social novelty while both social preference and object recognition were intact. Biochemical
analysis of prefrontal cortex and hippocampus revealed a modest reduction in cortical TrkB protein levels of male mice
while no differences in BDNF levels were observed. We found sex dependent differences in the expression of cannabinoid-1
receptors. Conclusions. We describe novel behavioural and biochemical abnormalities in the DN-DISC1 mouse model of
schizophrenia. The data shows for the first time a possible link between DISC1 mutation and the cannabinoid system.
Key words: DISC1, animal model, schizophrenia, BDNF, CB1
Abbreviations: DISC1, disrupted in schizophrenia 1; BDNF, brain-derived neurotrophic factor

Introduction
Disrupted in schizophrenia gene 1 (DISC1) is
considered a top candidate gene for schizophrenia
(Ayalew et al. 2012). The gene was originally identified in a Scottish family in which a balanced translocation (1;11) segregated with major psychiatric
illness (Millar et al. 2000). The DISC1 gene is located
at the translocation site in chromosome 1. More
recently, basic research studies have shown its role in
neuronal differentiation, neurogenesis, synaptic
strength and other key processes in the development
and homeostasis of the brain (Brandon and Sawa
2011). Importantly, though originally linked to
schizophrenia, DISC1 was shown to be involved in

the pathophysiology of other neurodevelopmental
disorders affecting social behaviour, including autism
(Kilpinen et al. 2007).
Various labs have generated mouse models
harbouring DISC1 mutations (Jaaro-Peled 2009).
These mice were characterized for distinct abnormal
behavioural endophenotypes including deficits in
prepulse inhibition, hypersensitivity to stimulants,
depressive-like behaviour, and impaired social
behaviour. Importantly, studies have shown that
expression of mutant DISC1 in forebrain restricted
manner (under the control of the CamKII promoter)
is sufficient to produce such behavioural abnormalities (Hikida et al. 2007; Pletnikov et al. 2007).
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In the current study, we aimed to further characterize
the mice harbouring a DISC1 mutant in specific
forebrain areas, which results in dominant negative
DISC1 (DN-DISC1) mouse model (Pletnikov et al.
2007). Specifically, we aimed to analyze the impact
of DN-DISC1 mutation on BDNF and cannabinoid
pathways, which were reported to play a role in the
pathophysiology of schizophrenia (Muller-Vahl and
Emrich 2008; Favalli et al. 2012).

Methods
Animals
DN-DISC1 mice were generated from breeding
tetracycline-responsive element mutant DISC1 mice
(kindly donated by Mikhail Pletnikov and Akira
Sawa from Johns Hopkins University, USA) and
transgenic mice expressing tetracycline-controlled
transactivator protein (tTA) under regulatory control of the forebrain-specific calcium-calmodulindependent kinase II (Camk2a), established and
maintained on a mixed B6;CBA genetic background
(Jackson Laboratory, Sacramento, CA, USA). Mice
were genotyped and expression of both mutant
DISC1 and CamK2 was verified. Mice from the
same litters harbouring only the TRE-mutant DISC1
were used as controls. For all behavioural experiments, male mice aged 8–10 weeks were used. Thereafter, mice were sacrificed and brains were dissected
for future tissue analysis. All animal experiments and
protocols were approved by the Committee for Animal Research at Tel Aviv University.
Behavioural tests
Analysis of all tests was conducted using the Ethovision
8 platform (Noldus, Wageningen, The Netherlands) for
the analysis of animal behaviour from video files.
Open field
Mice were put in the arena (50 cm2) and videotaped
for 20 min.
Novel object recognition test
Test was conducted according to known protocols
(Ibi et al. 2009). Briefly, after two consecutive days
of habituation to the arena (50 cm2) for 20 min, mice
were put in an arena harbouring two identical objects
(object A  A) for 10 min. Three hours later, one
object was replaced (object A  B) and animals were
put in the arena again for 5 min. After 24 h, B object
was changed again and animals were put in the arena
for another 5 min (object A  C).

Social preference and social recognition
(preference to social novelty) test
Social behaviour was evaluated as previously reported
using the three chamber paradigm (Nadler et al.
2004). Briefly, after two consecutive days of habituation, the test mouse was put in the arena for 10 min
limited to the central zone; thereafter, an unfamiliar
mouse was introduced into one chamber of the
arena, and the test mouse was free to explore all of
the arena chambers for another 10 min to evaluate
social preference. Lastly, another unfamiliar mouse
was introduced to the vacant chamber, allowing the
test mouse to explore the arena for another 10 min
in which preference to social novelty was evaluated.
Tissue processing
After sacrifice, brains were removed and dissected
for prefrontal cortex and hippocampus. Thereafter,
tissue was cryopreserved in 80°C. Consequently,
protein was extracted as previously reported (Barzilay
et al. 2011).
Enzyme-linked immunosorbent assay (ELISA)
Quantification of total BDNF levels in the protein
extract was conducted as previously described
(Barzilay et al. 2011) using BDNF ELISA kit
(Millipore, Billerica, MA, USA).
Western blot
Protein expression levels were assessed as previously
described (Barzilay et al. 2011). The following antibodies were employed: anti-TrkB (Santa Cruz, CA,
USA, cat. Num. sc-8316) 1:1000 in blocking buffer,
anti-CB1 (Proteintech, Chicago, IL, USA, cat. num.
17978-1-AP) and anti-actin (Biomeda, Burlingame,
USA). Expression was normalized to actin.
Statistic analysis
Mann–Whitney U-test was used to determine if
there were significant differences between experimental and control groups. The significance level of
P  0.05 was used for all statistical analyses.
Results
Performance of DN-DISC1 male mice
in behavioural tests
In the open field arena, DN-DISC1 mice did
not differ in their total locomotor activity from
control mice, as observed by total distance moved
(Figure 1A). No difference was observed in total
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In the social preference test, analysis of the duration
of time spent in each chamber revealed that DNDISC1 mice displayed similar preference pattern
towards the social stimulus versus the inanimate object.
However, when confronted with the option to explore
a novel mouse over a now familiar mouse (which the
test mouse was allowed to explore for the previous part
of the test), DN-DISC1 mice showed significantly
reduced preference towards the novel mouse compared to control mice (Figure 1C, DN-DISC1 mice
spent 66.75  3.21% of time exploring novel mouse
versus 54.11  1.66% in controls, P  0.005).
Evaluation of BDNF and TrkB levels
No differences in total BDNF levels were detected
in the prefrontal cortex (Figure 2A) or in the hippocampus (Figure 2B) of DN-DISC1 mice compared with control. Analysis of the BDNF receptor
TrkB revealed significantly decreased levels in the
cortex of DN-DISC1 mice (Figure 2C, 64.1  6.67%
compared to controls, P  0.005), while no difference in TrkB was found in the hippocampus between
the two groups (Figure 2D).
Evaluation of CB1 expression

Figure 1. Behavioural tests of male DN-DISC1 (n  13) and
control (n  8) mice. (A) Open field: total distance moved (in cm)
in the open field arena over 20 min. (B) Novel object recognition
test: ratio of the time spent investigating a novel object divided
by total time spent investigating familiar and novel object. Test
was conducted after 3 and 24 h from the training session. Results
represent % of time spent near novel object out of total time
spent either near novel or familiar object. (C) Three chamber
social test: ratio of the time spent investigating a mouse divided
by total time spent investigating a social and an inanimate
stimulus (social preference), or ratio of the time spent
investigating an unfamiliar mouse divided by the time spent
investigating a familiar and an unfamiliar mouse (social novelty
preference), **P  0.005.

time spent in the centre of the arena during the open
field test, 6.76  3.9 in DN-DISC1 mice and
7.76  2.36 in control mice (% of time spent in
centre  STD, P-value  0.5898). In the novel object
recognition test, DN-DISC1 mice displayed similar
preference towards the novel object both after 3- or
24-h retention (Figure 1B), as observed by the ratio
between time spent in proximity to the novel object
and the total time spent in proximity either to the
familiar or novel object.

CB1 receptor expression was evaluated in the
prefrontal cortex and hippocampus of mice using
Western blot. Since reports were made suggesting
specific sex effect in the cannabinoid system in
rodents (Fattore and Fratta 2010), we evaluated the
brains of females as well.
In the cortex, we found that CB1 expression was
significantly decreased in females (Figure 3B,
58.27  8.2% compared to controls, P  0.005), while
no statistically significant difference was observed in
the cortex of males (Figure 3A, 84.85  4.81% compared to controls, P  0.056). In the hippocampus,
CB1 expression was significantly lower in males
(Figure 3C, 78.89  3.26% compared to controls,
P  0.05), while not significantly different in females
(Figure 3D 80.06  9.66% compared to controls).

Discussion
DISC1 is the most investigated candidate gene for
susceptibility to severe neuropsychiatric disorders,
specifically schizophrenia (Millar et al. 2000; JaaroPeled 2009; Brandon and Sawa 2011; Ayalew et al.
2012). Mouse models expressing mutant DISC1 are
a useful tool to analyse gene–environment interaction
in the generation of schizophrenia-like endophenotypes (Abazyan et al. 2010, 2013; Nagai et al. 2011;
Haque et al. 2012; Lipina et al. 2013; Niwa et al.
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Figure 2. BDNF and TrkB protein levels in the brains of male DN-DISC1 (n  10) and control (n  8) mice. (A, B) BDNF levels as
measured using ELISA in the prefrontal cortex and hippocampus, respectively (results are presented as mean SEM pg BDNF/mg total
protein). (C, D) TrkB levels as measured using Western blot in the prefrontal cortex and hippocampus, respectively. The intensity of the
bands was standardized to actin. The results are presented as a percentage of the levels of expression measured in control mice. Results
are displayed as mean SEM. **P  0.005.

2013). In this study, we describe distinct behavioural
and biochemical endophenotypes of the DN-DISC1
mouse model. Our study is the first to directly link an
animal model of DISC1 mutation with aberrant sexdependent expression of CB1 receptors.
In the current study, we chose to focus on social
behaviour since social deficits represent core negative symptoms in schizophrenia, and are specifically
refractory to drug treatment. Methodologically, we
included the open field test and the object recognition test in order to show that motor function and
object recognition are intact, thus enabling assessment of preference to social novelty. Indeed, only
the complete battery of tests allows us to conclude
that DN-DISC1 display impaired social recognition, manifested by specific decrease in preference
towards a novel social stimulus versus a familiar
social stimulus.
When designing our study, we sought to focus on
molecular pathways that are relevant for the
pathophysiology of schizophrenia and that have been
reported to mediate some of the environmental
insults that confer a risk for the emergence of schizophrenia (Le Strat et al. 2009). BDNF/TrkB (Weickert
et al. 2003; Green et al. 2011; Favalli et al. 2012)
and endocannabinoid signalling (Muller-Vahl and

Emrich 2008; Fernandez-Espejo et al. 2009; Bossong
and Niesink 2010) are known to be involved in
the underlying pathophysiology of schizophrenia.
Cannabis abuse is among the most prominent independent risk factors for the development of psychosis
and schizophrenia (Moore et al. 2007). Importantly,
a recent report has pointed to a possible interaction
of the Val66Met BDNF genotype, cannabis abuse
and gender in the context of the age of schizophrenia
onset (Decoster et al. 2011), emphasizing the need
to investigate the relationship between these factors
in appropriate animal models.
Little is known about the interplay between BDNF
and cannabinoid signalling in the context of schizophrenia. Of note, data from mouse (Butovsky et al.
2005) and human (D’Souza et al. 2009) studies suggests that cannabis administration directly affects
BDNF levels. Mechanistically, a few studies which
investigated the interplay between BDNF and cannabinoid system have shown that BDNF controls
brain striatal CB1 function (De Chiara et al. 2010),
and that the lack of CB1 receptor in mice (Aso et al.
2008) or chronic antagonism of CB1 receptors in
rats (Beyer et al. 2010), induces a decrease in hippocampal BDNF levels and manifestation of abnormal neuropsychiatric behavioural phenotypes.
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Figure 3. CB1 protein levels in the brains of male DN-DISC1 (n  10) and control (n  8) mice, and of female DN-DISC1 (n  10)
and control (n  10) mice (A, B) CB1 levels as measured using Western blot in the prefrontal cortex of males and females, respectively.
(C, D) CB1 levels as measured using Western blot in the hippocampus of males and females, respectively. The intensity of the bands was
standardized to actin. The results are presented as a percentage of the levels of expression measured in control mice. Results are displayed
as mean SEM. *P  0.05, **P  0.005.

Aberrant brain BDNF levels were previously
linked to schizophrenia both in the clinical context
(Weickert et al. 2003; Thompson Ray et al. 2011)
and in relevant animal models (Lipska et al. 2001;
Guo et al. 2010). In the current study, we found
no significant differences in BDNF levels in
the cortex or hippocampus of DN-DISC1 mice,
neither in males nor females (data not shown).
However, we did detect significant reduction in
TrkB expression in the cortex of male mice
compared to controls, which suggests that the
expression of DISC1 mutant in the cortex indeed
affects BDNF signalling.
Cortical levels of CB1 mRNA and protein are
reduced in schizophrenia patients (Eggan 2008). In
animal models, CB1 knockout mice are used to
model specific endophenotypes of schizophrenia
(Marongiu et al. 2012). In our study, we found
decreased CB1 levels in the hippocampus (in males)
and in the cortex (in females) compared to controls.
These result are consistent with the known sex effect
on the cannabinoid system (Fattore and Fratta

2010). Importantly, sex-dependent differences were
already reported in DN-DISC1 mice manifested in
differences in monoamine levels (Ayhan et al. 2011)
and in sensitization by methamphetamine (Pogorelov
et al. 2012).
Since BDNF and the cannabinoid system were
reported to mediate distinct aspects of schizophrenia pathophysiology, we suggest that evaluation of
these pathways in the DN-DISC1 animal model
is crucial for future sex, gene and environment
interaction studies in these mice. Future studies
may include early exposure to stress, which is known
to affect BDNF signalling (Smith et al. 1995), or
administration of tetrahydrocannabiol (THC),
which is used as a tool to investigate psychotic disorders in genetically susceptible animal models
(Arnold et al. 2012). To our view, our findings are
important in establishing the DN-DISC1 mouse as
a platform to explore this gene sex environment
interactions in animal models, as an instrument to
identify novel mechanisms and targets in schizophrenia research.
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