
Dysbindin-1 loss compromises NMDAR-dependent synaptic
plasticity and contextual fear conditioning:
Dysbindin-1 loss compromises synaptic plasticity and memory.

W. Bailey Glen Jr.1,*, Bryant Horowitz2,*, Gregory C. Carlson3, Tyrone D. Cannon4, Konrad
Talbot3, J. David Jentsch5,6,7, and Antonieta Lavin1,7

1Dept. of Neurosciences, Medical University of South Carolina, Charleston, SC
2University of California, Department of Neurology, Los Angeles, California, United States
3Center for Neurobiology and Behavior, Department of Psychiatry, University of Pennsylvania,
Philadelphia, PA
4Yale University, Psychology and Psychiatry New Haven, Connecticut, United States
5Depts. of Psychology and Psychiatry and Biobehavioral Sciences, University of California, Los
Angeles, CA
6Staglin IMHRO Center for Cognitive Neuroscience, Semel Institute for Neuroscience and Human
Behavior, University of California, Los Angeles, CA
7Consortium for Neuropsychiatric Phenomics, University of California, Los Angeles, CA

Abstract
Variation in the gene DTNBP1 encoding the protein dysbindin-1 is often associated with elevated
risk for schizophrenia and with cognitive deficits prominent in that disorder. Because impaired
function of the hippocampus is thought to play a role in these memory deficits and because
NMDAR-dependent synaptic plasticity in this region is a proposed biological substrate for some
hippocampal-dependent memory functions in schizophrenia, we hypothesized that reduced
dysbindin-1 expression would lead to impairments in NMDAR-dependent synaptic plasticity and
in contextual fear conditioning. Acute slices from male mice carrying 0, 1 or 2 null mutant alleles
of the Dtnbp1 gene were prepared, and field recordings from the CA1 striatum radiatum were
obtained before and after tetanization of Schaffer collaterals of CA3 pyramidal cells. Mice
homozygous for the null mutation in Dtnbp1 exhibited significantly reduced NMDAR-dependent
synaptic potentiation compared to wild type mice, an effect that could be rescued by bath
application of the NMDA receptor co-agonist glycine (10 μM). Behavioral testing in adult mice
revealed deficits in hippocampal memory processes. Homozygous null mice exhibited lower
conditional freezing, without a change in the response to shock itself, indicative of a learning and
memory deficit. Taken together, these results indicate that a loss of dysbindin-1 impairs
hippocampal plasticity which may, in part, explain the role dysbindin-1 plays in the cognitive
impairments of schizophrenia.
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Introduction
Schizophrenia is a relatively common neuropsychiatric disorder characterized not only by
positive and negative symptoms, but also by debilitating cognitive deficits significantly
limiting psychosocial function (Green et al., 2000; Lesh et al., 2011). The disorder is highly
heritable, and a number of promising candidate susceptibility genes have emerged in the last
decade (Ayalew et al., 2012; Gejman et al., 2010). A firm understanding of the biological
mechanisms by which these genetic risk factors cause cognitive deficits in schizophrenia
could identify molecular targets for treating those deficits, which are largely refractory to
current medications (Fumagalli et al., 2009; Goff et al., 2011; Tcheremissine et al., 2012).

Of the putative schizophrenia risk genes, the gene encoding dysbindin-1 (dystrobrevin-
binding protein-1 or DTNBP1 (Guo et al., 2009; Talbot, 2009b) has been the target of
considerable study. DTNBP1 lies within the chromosome 6p24-22 susceptibility locus
(Straub et al., 2002; Straub et al., 1995). After discovery of this susceptibility locus through
linkage analyses, twenty studies have reported associations between schizophrenia and
DTNBP1 SNPs or haplotypes, though the specific risk variants identified have been
inconsistent across studies/populations (Ayalew et al., 2012; Talbot, 2009b; Voisey et al.,
2010). Although the association of DTNBP1 variants with schizophrenia has not met the
criteria for significance (p<10−8) in genome-wide association studies (GWAS), a more
recent analysis based on GWAS and other genetic and gene expression studies in humans
and animals concluded that DTNBP1 is indeed among the top susceptibility genes for
schizophrenia (Ayalew et al., 2012). Indeed, DTNBP1 risk SNPs are more common in a core
subset of schizophrenia cases distinguished by earlier adult onset, more chronic course, and
more prominent cognitive deficits and clinical symptoms (Wessman et al., 2009).

Consistent with a role for DTNBP1 in schizophrenia, abnormal dysbindin-1 gene and/or
protein expression has been reported in the dorsolateral prefrontal cortex (DLPFC) and
hippocampal formation (Talbot et al., 2004; Talbot et al., 2011; Tang et al., 2009a; Weickert
et al., 2008; Weickert et al., 2004). While the existence and direction of the gene expression
abnormalities in the DLPFC is controversial (Fung et al., 2011; Tang et al., 2009a; Weickert
et al., 2004), dysbindin-1 protein reductions in schizophrenia are consistently seen in the
DLPFC and hippocampal formation (Talbot et al., 2004; Talbot et al., 2011; Tang et al.,
2009a).

Dysbindin-1 is expressed fairly ubiquitously throughout the brain in dopaminergic and
glutamatergic neurons, including pre- and postsynaptic elements of glutamatergic cells
(Talbot et al., 2006; Talbot et al., 2011; Talbot, 2009b). Amongst its functions, dysbindin-1
is involved in the control of pre-synaptic release of glutamate (Chen et al., 2008; Jentsch et
al., 2009; Numakawa et al., 2004; Saggu et al., 2013) and is hypothesized to regulate
synaptic NMDA receptor expression and function (Harrison and Weinberger, 2005;
Karlsgodt et al., 2011). Such changes in glutamatergic transmission could potentially
account for memory impairments on tasks such as the Morris water maze, Barnes circular
maze, and the t-maze in mice with deletion mutations in Dtnbp1 resulting in loss of
dysbindin-1 mRNA and protein, (Bhardwaj et al., 2009; Cox et al., 2009; Jentsch et al.,
2009; Takao et al., 2008).

Given evidence that hippocampal dysfunction mediates some aspects of cognitive loss in
schizophrenia (Boyer et al., 2007; Harrison, 2004) and that NMDAR-dependent plasticity of
glutamatergic synapses is a proposed synaptic mechanism for memory-related
processes(Bear, 1996; Citri and Malenka, 2008), we hypothesized that genetic loss of
dysbindin-1 expression would compromise NMDA receptor-dependent synaptic plasticity in
the hippocampus. We further hypothesized that positive allosteric modulation of the NMDA
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receptor complex would lessen these synaptic plasticity deficits. To test these hypotheses,
we have performed field recordings of hippocampal field CA3 Schaffer collateral
projections in mice carrying 1 or 2 null protein alleles of the Dtnbp1 gene (Li et al., 2003)
and their wild-type littermates. Finally, we hypothesized that loss of dysbindin-1 would
impair behavioral measures of hippocampal dependent learning. Due to a number of studies
examining more conventional hippocampal dependent learning tasks, we hypothesized that
dysbindin-1 deficient mice would also show impairments in contextual fear conditioning.

Methods
(More extensive methods are available in the supplementary materials)

Animals
The sandy mice used in these experiments were maintained on two backgrounds, DBA/2J
(Figure 1&2) and C57Bl/6J (all other figures); in either case, the mice carry a 38.129 kb
deletion in the Dtnbp1 gene, excising exons 6 and 7 that code for 52 amino acids in the
coiled coil domain of dysbindin-1 (Li et al., 2003), resulting in partial dysbindin-1
reductions in heterozygous animals and total loss of the protein in homozygous animals (Li
et al., 2003; Talbot, 2009a). Genotyping was performed according to methods described in
Jentsch et al. (Jentsch et al., 2009). Experiments were performed at three different locations:
the Medical University of South Carolina, the University of California at Los Angeles, and
the University of Pennsylvania. The majority of slice electrophysiology experiments were
performed at the Medical University of South Carolina on 35–50 day old male wild-type
(dys +/+), heterozygous (dys +/−), and homozygous mutant (dys −/−) littermates. Studied
performed at the University of Pennsylvania (Figure 3E–F) used male 90–120 days old dys
+/+ and dys −/− mice on the C57Bl/6J background (n=4 per group). Behavioral studies
leading to figures 5 and 6 were performed at the University of California at Los Angeles on
male dys +/+, dys +/− and dys −/− mice on the C57Bl/6J background (n=16 per group). All
experimental protocols were approved by the relevant Institutional Animal Care and Use
Committees and were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals.

Electrophysiology
MUSC – Field Recordings—Mice were deeply anesthetized and the brain was rapidly
removed and dissected into an ice-cold high-sucrose and cut in 300 μm horizontal sections.
Slices were placed in an incubation chamber filled with room temperature artificial
cerebrospinal fluid (ACSF) for 15–30 minutes. All solutions were constantly oxygenated
with 95% O2/5% CO2.

Slices were next transferred to a recording chamber perfused with recording ACSF at room
temperature. Stimulating electrodes were pulled from theta glass (WPI TST150-6) with an
overall tip diameter of ~ 5 μm. Recording and stimulating electrodes were filled with
recording ACSF. The recording electrode was placed in the stratum radiatum of
hippocampal field CA1, and the stimulating electrode was placed 200–400 μm away from
the recording electrode, stimulating Schaffer collateral projections originating from CA3.
Field recordings were amplified using an Axopatch 200B amplifier. Data was acquired,
stored and analyzed using Axograph X (www.axograph.com).

Square pulse stimulations were applied using a stimulator and a photoelectrically isolated
unit. A paired-pulse protocol was delivered (0.2 msec pulses of ~25 μA with a 50 ms inter-
stimulus interval) every 30 s until baseline responses stabilized (~30 min). An input/output
curve (1–150 μA) was taken following stabilization, and baseline recordings were obtained
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for 10 min at half maximal stimulation (20–40 μA). Recordings that showed greater than
10% change across the baseline in either the stimulation artifact or the field excitatory
postsynaptic potential (fEPSP) were excluded from analyses. Following baseline acquisition,
long-term potentiation (LTP) was induced with either tetanization or theta burst stimulation
(TBS). The tetanization protocol (0.2 msec pulses at 100 Hz for 1sec) was applied 3 times,
20 s apart. The TBS protocol (0.2 msec pulses at 100Hz for 40ms) was applied 4 times, 200
ms apart. In pharmacological experiments, glycine (10 μM) was dissolved in ACSF, bath
applied before recording began, and maintained throughout the experiment.

UPENN - Field Recordings—Mice were anesthetized with isoflurane and decapitated;
their brains were removed and were blocked in ice-cold ACSF. Hippocampal slices were cut
at 350 μm with a vibrating tissue slicer. After preparation, slices were transferred into
standard ACSF. Slices were transferred to a static interface chamber and warmed for 30 min
and then maintained at room temperature for up to 6 h. A slice was transferred to an
interface recording chamber for each experiment and superfused with warm (32 to 34 °C)
oxygenated ACSF. Schaffer collateral stimulation was performed by an electrode placed
near the border of CA1 and CA3 in stratum radiatum. Baseline stimulation was delivered
every 30 seconds, tetanic stimulation was 100Hz for one second and was set to produce 30
to 40% of maximal fEPSP amplitude. To record field responses, a patch electrode filled with
oxygenated ACSF and an Axoclamp 2D amplifier (Molecular Devices, Sunnyvale, CA) was
used.

Behavior
Contextual-fear conditioning—All behavioral testing was assessed with Med
Associates equipment (St Albans, VT). The fear-conditioning experiments were conducted
in two distinctive contexts (A and B) with variable sensory features.

Fear was measured as mean percent time spent freezing to a tone or to a conditioned context
(percentage of total time possible). Freezing is defined as complete cessation of movement
and was measured using the Med Associates Near Infrared Video fear-conditioning system.

Habituation: Mice were habituated for 7 consecutive days. During this time they were
transferred from the vivarium to the holding room for 1 h. For the first 15 min, they were
left alone in the room. Over the next few minutes, each mouse was picked up by their tail,
handled for at least 10 s, and then placed into a clean and empty 500 mL glass beaker.

Acquisition—Day 1: The mice were transferred from the vivarium into a quiet anteroom.
They were individually placed in the context A chamber, and testing began immediately.
There was a 4-min baseline followed by a 30-s tone played at 70 dB (2800 Hz). During the
final 2 s of the tone, a 0.5 mA foot shock was delivered to the mice. This was followed by a
2 min post-shock period with no further programmed stimuli.

Context Fear Test—Day 2: The mice were taken from the vivarium and put in a quiet
anteroom. They were then transferred to the context A chamber for a period of 8 min. No
tones or shocks were presented.

Fear Generalization Test—Day 3: The mice were taken from the vivarium and placed in a
quiet anteroom. From there, they were placed into the context B chambers for 8 min in the
absence of tone and shock.
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Statistical Analyses
Electrophysiology—Statistical analyses were performed in Predictive Analytics Software
(PASW) Statistics 18 (http://www.spss.com/). In the primary analysis, two-way repeated
measures ANOVAs were performed, with time being a within-subjects factor and genotype
being a between-subjects factor. Degrees of freedom (df) were corrected in by the
Greenhouse-Geisser method in cases where the assumption of sphericity was violated.
Tukey’s HSD post hoc analysis was performed when significant time x genotype
interactions were found. Analysis was performed on recordings from each slice.

Further analysis was performed in order to examine early and late components of synaptic
plasticity. Average responses for each recording were taken for the first five and last ten
minutes. One way ANOVA and Tukey’s HSD post hoc or Student’s t-test were used when
appropriate.

Behavior—One-way ANOVAs were used to compare the percentage of time spent
freezing in each context (A and B) between genotypes. The shock burst was measured as the
maximum burst of activity captured by the Med Associates program. During the acquisition
phase, freezing before and after the foot shock was measured. During the context fear test,
the overall percentage of time spent freezing was measured for each mouse. During the fear
generalization test, the overall percentage of time spent freezing was measured for each
mouse.

Results
Electrophysiology

We first measured evoked synaptic plasticity under control conditions in DBA/2J dys +/+ (9
animals/19 recordings), dys +/− (11 animals/20 recordings), and dys −/− (10 animals/20
recordings) slices from sandy mice on the DBA/2J background (Figure 1). Under baseline
conditions, no differences were observed in fEPSP slope between groups (dys +/+
=596.07±54.64 mV/s; dys +/− =605.15±76.02 mV/s; dys −/− =573.33±70.89 mV/s).
Tetanization, however, induced a lasting change in the maximum slope of the fEPSP (Figure
1A). Representative traces of field recordings from a dys +/+ mouse are presented in Figure
1B. Statistical analysis revealed a significant genotype x time interaction. (F[8,224]=2.05,
p=0.04). A significant effect of genotype on fEPSP slope was also found (F[2,56]=4.54,
p<0.01). Post hoc comparisons showed a decrease in post-tetanization evoked field
responses in the dys −/− vs. dys +/+ mice (p=0.01), but not between the latter and dys +/−
mice. No differences were observed in baseline excitability as measured by I/O curve (data
not shown).

Given the observed genotype x time interaction, we compared averaged responses recorded
during the first 5 min (short term plasticity: STP) and the final 10 min of LTP in the three
genotypic groups. ANOVA revealed significant differences in both STP (F[2,56]=4, p=0.03)
and LTP (F[2,56]=4, p=0.02). Post hoc test of the STP time bin revealed significant
differences between dys +/+ and dys −/−, but not between dys +/+ and dys +/−, mice
(p=0.03; mean percent change from baseline ± SEM for dys +/+ =68.26±17.77%; dys +/−
=58.08±16.41%; dys −/− =54.20±14.97%; Figure 1C). Moreover, a significant decrease in
LTP in dys −/− vs dys +/+ mice (p=0.02) and between dys +/− and dys −/− mice (p=0.02)
was also found; dys +/+ =21.37±13.30%; dys +/− =19.95±10.96%; dys −/− =12.21±5.5%;
Figure 1D).

We next assessed if the impairments in synaptic plasticity observed in mutant mice could be
rescued by positive allosteric modulation of NMDA receptor function via bath application of
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the NMDA receptor co-agonist glycine (10 μM; Figure 2A) on a C57Bl/6J background. As
reported above, lasting synaptic plasticity was induced, and a significant genotype x time
interaction was observed (F[6,157]=2.6, p=0.02). However, in the presence of glycine, there
were no differences among the genotypes (F[2,49]=0.45, p=0.64) as confirmed by post hoc
analyses (dys +/+ Gly vs. dys +/− Gly p=0.81; dys +/+ Gly vs. dys −/− Gly p=0.62; dys +/−
Gly vs. dys −/− Gly p=0.95). Comparisons were made within genotype between treated and
untreated recordings, revealing a rescue of LTP in dys −/− mice (t[19.2]=2.29, p=0.034; dys
−/− =12.21±5.54%; dys −/− Gly =22.81±16.25%; Figure 2C).

These data show that complete but not partial loss of dysbindin-1 is associated with
decreased long-term synaptic plasticity, and that this decrease can be recovered by
augmentation of NMDA function. Considering previously published results (Tang et a.,
2009) directly contradict those presented here, we performed additional studies in order to
further confirm our results and attempt to explain the discrepancies.

We repeated the previous experiment in sandy mice on the C57Bl/6J background to
determine if the effects observed above are strain-specific (Figure 3A–C). Given the absence
of significant effects in the heterozygous sandy mice on the DBA2/J background, we studied
only dys +/+ (6 animals/17 recordings) and dys −/− mice (10 animals/20 recordings).
ANOVA revealed a genotype x time interaction similar to that seen in the mice on the DBA/
2J background (F[2,82]=3.35, p=0.03; Figure 3A). T-tests confirmed that dys −/− mice on
the C57Bl6/J background showed reduced STP (t[35]=2.13, p=0.04; dys +/+
=69.08±35.43%; dys −/− =44.03±35.96% Figure 3B) and LTP (t[35]=2.32, p=0.03; dys +/+
=27.30±20.25%; dys −/− =13.23±16.68% Figure 3C) when compared to dys +/+ mice.
Combined with the studies of sandy mice on the DBA/2J background, these results show a
clear decrease in synaptic plasticity in dysbindin-1-null mice independent of genetic
background.

For further confirmation a small independent study (n=4 in each group) was also performed
at the University of Pennsylvania examining synaptic plasticity in dys +/+ and dys −/− mice
on the C57Bl/6J background (Figure 3D–E). Using a single stimulation tetanization on older
mice (90–120 days) revealed a dramatic reduction in STP (t[6]=2.45, p=0.004; dys +/
+.=68.33±5.93%; dys −/− =32.44±5.65%; Figure 3D) and LTP (t[3]=3.18, p=0.047; dys +/+
=163.78±52.59%; dys −/− = −11.57±11.66%; Figure 3E).

Since a previous study reported that LTP induced by theta burst stimulation (TBS) is
increased, rather than decreased, in CA1 of sandy homozygotes on a C57Bl/6J background
(Tang et al., 2009b), we also tested such mice and littermate controls using the TBS
stimulation protocol. We could not replicate those findings. In our studies, both STP and
LTP were induced following TBS in dys +/+ and dys −/−, but no significant group
differences were observed (Figure 4A–C).

Taken together, these experiments performed on the DBA/2J and show a clear decrease in
synaptic plasticity in response to tetanic stimulation in dysbindin-1-null mice independent of
genetic background which can be recovered through augmentation of NMDA function.
However, LTP was not decreased in dysbindin-1 null mice following TBS stimulation.

Contextual Fear Conditioning
For the acquisition phase, a one way ANOVA examined baseline freezing during the four
minutes prior to the CS-US pairing (tone-shock). There was no significant differences
between groups (F[1, 32]=0.085, p>.05) (Figure 5A). Subsequently, to measure sensitivity
of animals to the foot shock, ANOVA was used to examine the shock-evoked activity burst
between genotypes. The absence of a shock x genotype interaction (F[2,45]=1.29; p<.05)
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(data not shown) indicated that all groups responded to the shock with an equivalent
unconditional response locomotor activity. Post-shock freezing (conditional response) was
measured as it is indicative of hippocampal-dependent short-term memory for the shock
event; ANOVA revealed a main effect of genotype (F[2,45]=37.44; p>.05; Figure 5B).
Simple comparisons revealed that dys +/+ mice froze significantly more than dys −/−
(M=4.82; p<.05).

Twenty-four hours later, the mice were exposed again to context A in the absence of tone
and shock. ANOVA revealed a main effect of genotype (F[2,45)=5.98; p<.01; Figure 6).
Simple post hoc analyses revealed that dys +/+ mice froze significantly more
(mean=39.15%) than both dys +/− (M=28.35%; p<.05) and dys −/− (M=22.61%; p<.01). In
contrast, in a test of fear generalization, the mice were placed in context B for 8 minutes, 48
hours after the shock paradigm. ANOVA revealed no main effect of genotype in the new
context (F[2,45]=1.786; p>.05) (data not shown).

Discussion
Our current findings are consistent with a growing literature implicating dysbindin-1 in
regulating glutamatergic (Chen et al., 2008; Jentsch et al., 2009; Numakawa et al., 2004;
Saggu et al., 2013; Tang et al., 2009b), and dopaminergic (Hattori et al., 2008; Iizuka et al.,
2007; Ji et al., 2009; Lutkenhoff et al., 2012; Murotani et al., 2007; Nagai et al., 2010;
Papaleo et al., 2012) neurotransmitter systems affecting synaptic plasticity and associated
cognitive processes known to be dysfunctional in schizophrenia. The data presented here
specifically shed light on a putative mechanism by which dysbindin-1 deficits in
schizophrenia may contribute to impaired NMDAR-dependent hippocampal synaptic
plasticity and related behaviors. Synaptic plasticity likely plays a role in the development of
positive and negative symptoms, as well as cognitive deficits (Javitt and Zukin, 1991;
Jentsch and Roth, 1999; Kantrowitz and Javitt, 2009b). Proponents of the dysconnection
theory of schizophrenia have argued that impaired plasticity may lead to dysfunctional
connectivity between and within brain regions, thereby contributing to symptom expression
(Stephan et al., 2006; Stephan et al., 2009). In fact, cognitive deficits are inarguably a core
feature of schizophrenia (Elvevag and Goldberg, 2000; Lewis and Gonzalez-Burgos, 2008),
with the degree of cognitive impairment being one of the best predictors of outcome for
affected individuals (Green, 1996). While long-term memory deficits do not fully explain
the loss of cognitive function in schizophrenia, the underlying cellular and molecular
mechanisms behind synaptic plasticity, such as reduced NMDA function, are likely critical
to the etiology of the disease state.

NMDA hypofunction is likely a critical component in schizophrenia etiology and cognitive
dysfunction (Kantrowitz and Javitt, 2009a; Kantrowitz and Javitt, 2009b). NMDA
antagonists and dopamine agonists are well known for their psychotomimetic properties,
producing schizophrenia-like psychosis in unaffected individuals and exacerbating
symptoms in patients with schizophrenia (Krystal et al., 1994). While dopamine agonists
produce positive symptoms, NMDA antagonism also mimics some of the negative
symptoms and cognitive deficits. Conversely, upregulation of NMDA function by
modulation of the NMDA co-agonist glycine (Thomson, 1989) has proven effective
clinically in the treatment of individuals with schizophrenia (Goff et al., 1999; Heresco-
Levy et al., 2002; Heresco-Levy et al., 1999; Krystal et al., 1994; Tsai et al., 2006). Thus,
regulation of NMDA function may be a critical component of future pharmacological
therapies of schizophrenia (Krystal et al., 2009). Indeed, glycine treatment was found to
restore LTP in dys −/− mice (Figure 2), suggesting a means for overcoming NMDA receptor
hypofunction in the absence of dysbindin-1.
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A recent publication examining NMDA receptor expression and synaptic plasticity in the
hippocampus of dysbindin-1 null mutant mice reported increased LTP in dysbindin-1
deficient mice, inconsistent with the data presented here (Tang et al., 2009b). The primary
methodological difference between that study and ours is the method used to induce LTP:
Tang and colleagues utilized TBS while our study used tetanic stimulation. Both protocols
involve the delivery of stimuli at 100 Hz, but tetanization applies a constant stimulation for
~1 s while TBS alternates several high frequency stimulations with quiescent inter-
stimulation periods. Both protocols involve the activation of post-synaptic NMDA currents.
TBS induces similar levels of plasticity with lower numbers of stimulation through a
priming effect, activating feed-forward disinhibition through GABAB autoreceptors.
Specifically, the initial burst activates presynaptic GABAB receptors, and the following
burst exerts less inhibition, leading to enhanced excitation and NMDA receptor activation
(Davies et al., 1991; Mott and Lewis, 1991; Pacelli et al., 1989; Staubli et al., 1999). While
it was originally claimed that TBS is the more potent and physiological method of inducing
LTP (Larson and Lynch, 1986), this has been contested more recently (Grover et al., 2009;
Hernandez et al., 2005). Moreover, in intact C57Bl/6 mice, tetanization, but not TBS,
induces LTP in CA1 (Buschler et al., 2012) arguing for the validity of tetanization procedure
for inducing synaptic plasticity in CA1 of dysbindin-1 deficient mice. Indeed, we were
unable to demonstrate increases in LTP in dys −/− mice with the TBS protocol. This may be
especially so in the case of dysbindin-1 mutant mice, which exhibit deficits in inhibitory
neuron function (Carlson et al., 2011; Ji et al., 2009) confounding results when using TBS
given its effects on GABAB receptors noted above.

Here we also present evidence for impairments in contextual fear-conditioning, a form of
learning which under normal conditions depends upon hippocampal processing (Maren et
al., 2013). It has been well demonstrated that hippocampal lesion shortly after learning
reduces contextual fear (Anagnostaras et al., 1999; Kim and Fanselow, 1992; Kim and Jung,
2006; Maren et al., 1997; Phillips and LeDoux, 1992). In contrast, hippocampal lesions
performed before (Frankland et al., 1998; Maren et al., 1997) or long after (30+ days)
(Anagnostaras et al., 1999; Kim and Fanselow, 1992; Maren et al., 1997) do not necessarily
disrupt contextual fear conditioning. While dysbindin-1 deficiency did not affect the
unlearned response to the noxious shock, namely the shock-induced activity burst, it did
reduce post-shock freezing measured both within the condition session (Figure 5B) and in an
extinction test the following day (Figure 6). Freezing in both conditions are at least in part
learned responses to the shock and reflect memory processes (Fanselow, 1980). The
reductions in contextual fear conditioning reported here may relate to reduced NMDA-
dependent hippocampal synaptic plasticity in dysbindin-1 deficient mice. There is growing
evidence supporting the relationship between hippocampal synaptic plasticity and contextual
fear conditioning (Abeliovich et al., 1993; Bourtchuladze et al., 1994; Huerta et al., 2000;
Liu et al., 2004). However, it is important to recognize that demonstrating a causal
relationship between synaptic plasticity and memory processes has proven difficult and the
role long-term potentiation in the hippocampus plays in establishing contextual fear
conditioning requires further examination.

The results presented here provide the first evidence that dysbindin-1 deficiency reduces
NMDA dependent synaptic plasticity. We demonstrate that this deficit in LTP can be
recovered following NMDA enhancement. Finally, we demonstrated impairment in
contextual fear conditioning. Together these results indicate that dysbindin-1 plays a critical
role in synaptic plasticity and NMDA function. Reduced NMDA function and synaptic
plasticity may in turn explain the impairments in spatial working memory found in
dysbindin-1 deficient mice (Cox et al., 2009; Jentsch et al., 2009; Takao et al., 2008) and
offers a mechanism by which dysbindin-1 may affect cognitive function in schizophrenic
patients.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Synaptic plasticity in dysbindin deficient mice following tetanization. A) Field recordings
were made from acute hippocampal slices of P35–50 dys +/+, and dys −/− SDY mice on the
DBA/2J background. ANOVA revealed a significant interaction between time and genotype
(p=0.04). B) Representative traces taken from dys +/+ and dys −/− field recording before
and 55 minutes after tetanization. C) Post Hoc analysis showed significant differences
(p=0.03) between dys +/+ and dys −/− in the average normalized differences in the first 5
minutes (STP). D) Post Hoc analysis showed significant and between dys +/+ and dys −/−
(p=0.02) and between dys +/− and dys −/− (p=0.02) in the last 10 minutes (LTP) of each
recording.
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Figure 2.
Synaptic plasticity in dysbindin-1 deficient mice in the presence of 10μM glycine. A) Field
recordings were made with bath-applied glycine (10μM). A two-way repeated measures
ANOVA revealed a significant interaction between genotype and time (p=0.02). Unlike
control conditions lacking glycine, Tukey’s HSD post-hoc analysis did not reveal any
significant differences between genotypes. B) Average normalized differences for STP are
plotted. Comparisons were made within genotype between treated and untreated recordings.
No significant differences were found. C) Average normalized differences for LTP are
plotted. Comparisons were made within genotype between treated and untreated recordings.
Independent sample t-tests confirmed a significant increase in dys −/− LTP in the presence
of glycine (p=0.03).
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Figure 3.
Synaptic plasticity in dysbindin deficient mice following tetanization on the C57Bl/6J
background. A) The experiment present in Figure 1 was repeated on the C57Bl/6J
background on the DBA/2J background with dys +/+ and dys −/− mice. ANOVA revealed a
significant interaction between genotype and time (p=0.03). B) A student’s t-test showed a
significant differences between dys +/+ and dys −/− in the average normalized differences
for the first 5 minutes (STP) of each recording (p=0.03). C) A student’s t-test revealed
significant differences between dys +/+ and dys −/− in the average normalized differences
for the last 10 minutes (LTP) of each recording (p=0.02). D) The basic finding presented in
figure one was repeated independently at the University of Pennsylvania. Following
tetanization (50–60 min), significantly less STP (p=0.004) and E) LTP (p=0.047) were
observed in dys −/− compared to dys +/+ mice.
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Figure 4.
Synaptic plasticity in dysbindin deficient mice following theta burst stimulation (TBS). A)
Time course of the percent change in fEPSP before and after TBS. No differences were
observed in B) STP or C) LTP magnitude between groups during the last 10 minutes
following TBS stimulation.
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Figure 5.
Freezing during shock association acquisition. A) There were no differences between groups
during the acquisition trial (pre shock). B) Following the foot shock, dys −/− mice showed
significantly less freezing compared to dys +/+ mice.
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Figure 6.
Freezing during contextual fear test. Mice were placed back into the context associated with
shock (A) 24 hours after the acquisition. Significantly less freezing was observed in dys −/−
mice compared to dys +/+ mice.
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