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Abstract
The dystrobrevin-binding protein 1 (DTNBP1) gene, which encodes the dysbindin-1 protein, is a
potential schizophrenia susceptibility gene. Polymorphisms in the DTNBP1 gene have been
associated with altered cognitive abilities. In the present study, dysbindin-1 null mutant (dys−/−),
heterozygous (dys+/−), and wild-type (dys+/+) mice, on a C57BL/6J genetic background, were
tested in either a match to sample or nonmatch to sample visual discrimination task. This visual
discrimination task was designed to measure rule learning and detect any changes in response
timing over the course of testing. Dys−/− mice displayed significant learning deficits and required
more trials to acquire this task. However, once criterion was reached, there were no differences
between the genotypes on any behavioral measures. Dys−/− mice exhibited increased compulsive
and impulsive behaviors compared to control littermates suggesting the inability to suppress
incorrectly-timed responses underlies their increased time to acquisition. Indeed, group
comparisons of behavior differences between the first and last day of testing showed that only dys
−/− mice consistently decreased measures of perseverative, premature, timeout, and total
responses. These findings illustrate how some aspects of altered cognitive performance in dys−/−
mice might be related to increased impulsive and compulsive behaviors, analogous to cognitive
deficits in some individuals with psychiatric disorders.
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1. Introduction
The dysbindin-1 protein is encoded by the dystrobrevin-binding protein 1 (DTNBP1) gene
and is expressed widely in human and mouse brain [1]. Dysbindin-1 has been implicated in
the regulation of vesicle formation and synaptic release [2] and it is a component of the
biogenesis of lysosome-related organelles complex (BLOC-1) [3]. Recent studies in mice
show that dysbindin-1 is more highly expressed during embryonic and early postnatal
development compared to adulthood and BLOC-1 is involved in neurite outgrowth [4].
These findings highlight a potential role for dysbindin-1 in the normal development of brain
structure and function. In addition to affecting neuron development, abnormalities in
dysbindin-1 also affect human behavior, as variation in the DTNBP1 gene is associated with
alterations in general cognitive ability [5–7].

The DTNBP1 gene was first identified as a schizophrenia susceptibility gene in an Irish
population [8]. Subsequent studies have confirmed the link between DTNBP1 and
schizophrenia in multiple, independent populations [9–10] and it remains among the leading
candidate genes in meta-analyses [11]. Patients with schizophrenia have lower expression
levels of dysbindin-1 mRNA and protein in the prefrontal cortex and hippocampus, regions
associated with cognitive dysfunction in the disorder [12–15].

The so-called sandy (sdy) mouse harbors a spontaneous mutation in the DTNBP1 gene that
results in the complete absence of dysbindin-1 protein [3]. The sdy mutation was originally
discovered in mice with the DBA/2J genetic background. These mice exhibit impaired
working memory in an operant delayed non-match-to-position task [16]. However, the
DBA/2J genetic background itself produces dramatic locomotor and coordination deficits
along with significant memory, genetic, and dopaminergic alterations that may confound the
interpretation of cognitive phenotypes in the sdy mouse [17–19]. To circumvent the
endogenous impairments found in the DBA/2J background, the sdy mutation has been
transferred to the C57BL/6J background (dys−/−). Dys−/− mice are hyperactive in an open-
field [20–21], display spatial memory deficits in the Morris water maze [20], working
memory deficits in a discrete paired-trial T-maze task [21] and in a delayed nonmatch-to-
position operant task [22]

Studies using cortical neuronal cultures taken from dys−/− mice have shown signaling
alterations that may underlie the deficits in cognitive performance. In particular, dysbindin-1
has been associated with various aspects of synaptic function [20, 23], and the regulation of
both dopamine (DA) and glutamate signaling in the brain (reviewed in [24]. In vitro
experiments suggest that dysbindin-1 suppresses DA release [25] and cultured neurons from
dys−/− mice have increased cell surface expression of the dopamine D2 receptor due to an
increased membrane insertion rate [26]. Layer II/III pyramidal neurons from the prefrontal
cortex (PFC) of dys−/− mice show increased activity at baseline, but decreased activity after
D2 stimulation compared to wild-type mice and these effects may be due to D2-mediated
alterations in the excitability of fast-spiking GABAergic interneurons [21, 26]. Reduced
dysbindin-1 function also impairs glutamate signaling in neuronal culture [27]. In agreement
with these in vitro studies, sdy mice display decreased excitability of glutamatergic neurons
in the PFC and decreased release of glutamate in the hippocampus [2, 16]. Moreover, recent
work demonstrates that dys−/− mice exhibit reduced NMDA-evoked currents and reduced
NR1 mRNA expression in the PFC [22]. Taken together, these data implicate reduced
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dysbindin-1 function in behavioral and neurobiological effects that are thought to play a role
in the development of cognitive abnormalities found in schizophrenia. Therefore, the dys−/−
mouse serves as a useful genetic mouse model for the study of the cognitive domains
affected by schizophrenia.

Altered dopamine release combined with increased expression of D2 receptors in dys−/−
mice may contribute to alterations in reward-based learning and decision making. In fact,
mice that overexpress D2 receptors in the striatum exhibit motivation and timing deficits,
along with working memory impairments, in operant tasks [28–29]. Interestingly, loss of
dysbindin-1 in sdy mice leads to decreased KCl-induced DA release in the PFC [30]
suggesting that loss of dysbindin-1 can produce a hypodopaminergic state in the prefrontal
cortex that may disrupt cognitive processes. Prefrontal cortical hypodopaminergic function
has been thought to underlie some of the cognitive deficits in schizophrenia [31]. In the
current study, we tested the performance of dys−/− mice, wild-type (dys+/+) and
heterozygous (dys+/−) littermates in an automated, operant learning paradigm. We focused
our analysis on performance during the acquisition of the task in order to determine if there
were inherent genotype-specific differences in the response pattern that could affect overall
performance. We specifically wanted to address a gap in the literature concerning response
timing in operant learning tasks. Response timing deficits serve to identify putatively
abnormal compulsive or impulsive behavior. The task we used in this experiment is a simple
visual-cue discrimination task adapted from previous studies in rats [32–33]. Learning in
similar tasks utilizing mice has been shown to be dependent on intact signaling in the dorsal
striatum and specifically intact dopaminergic signaling [34–35]. In the current study, we
present evidence that dys−/− mice exhibit impaired performance in a reward-based operant
task due to increased compulsive and impulsive behavior.

2. Materials and Methods
2.1. Animals

All procedures were approved by the National Institute of Mental Health Animal Care and
Use committee and followed the National Institutes of Health manual Using Animals in
Intramural Research. The dys−/−, along with their dys+/− and dys+/+ littermates used in this
study, were derived from sdy mice backcrossed with C57BL/6J mice (>11 backcrosses) and
were produced using a heterozygous (dys+/−) breeding strategy as previously described
[21]. Mice were identified by PCR analysis of tail DNA. One week prior to test
preparations, mice were moved from the animal colony room to a climate-controlled holding
room (21±1 C), weighed, singly housed, and maintained on a 12-hour reverse light/dark
cycle with free access to food and water. All testing was conducted using male mice
between 3 and 6 months of age and experiments were conducted during the first 2 hours of
the dark cycle.

2.2. Preparation
Following a week of acclimation to single-housing and the holding room, body weight and
24 h food intake were recorded for three consecutive days. Mice were then food restricted
throughout the experiment to maintain 85% of their free-feeding body weight. Mice were
habituated to the reward pellets (5TUL 14mg rodent tablets, TestDiet, Richmond, IN, USA)
used in subsequent testing during this initial food restriction phase.

2.3. Operant Task
2.3.1. Apparatus—Mice were tested in operant chambers (ENV-307W; Med Associates,
St. Albans, VT, USA), housed inside sound attenuating boxes, and connected to a PC
equipped with MED-PC IV software (Med Associates, St. Albans, VT, USA). The operant
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chambers contained two nose poke holes (1cm in diameter), each outfitted with a recessed
LED stimulus light (ENV-115C). Nose pokes were detected by an infrared photocell beam.
A food magazine (ENV-303W) was located between the two nose poke holes. The house
light was located 7 cm above the food magazine.

2.3.2. Habituation Phase—Mice were trained to poke into the nose poke holes and
retrieve the reward pellet from the magazine. Each training day consisted of a 5-minute
acclimation period in which the mice were allowed to explore the operant chamber. The
house light and stimulus lights were off during acclimation. After the acclimation period, a
reward pellet was dispensed and a 40-minute training session began. The training session
consisted of alternating light and dark trials. During the light trials, both stimulus lights were
illuminated for up to 10 seconds. If the mouse poked into either hole, the lights were
immediately extinguished and a reward pellet was dispensed. The mouse had four seconds
to eat the pellet. After a 5-second intertrial delay, a dark trial was conducted. During dark
trials, all lights in the chamber were off and the mouse again had 10 seconds to poke into
either nose poke hole and receive a reward pellet. After 10 seconds, if the mouse had not
poked in either hole, no reward pellet was dispensed and an omission was recorded.
Alternating light/dark trials continued for the entire 40-minute session. Total number of
pokes and omissions were recorded along with the latency to poke. Habituation continued
until a criterion of three consecutive days of at least 20 light trial pokes and 20 dark trial
pokes was reached.

2.3.3. Testing Phase—Testing sessions, like habituation sessions, were 40 minutes long.
During the testing phase each mouse was randomly assigned one of two possible tasks: poke
in the nose poke hole associated with the stimulus light, or poke in the nose poke hole not
associated with the stimulus light, in order to receive a reward pellet. Whether the right or
left hole was illuminated was varied in a semi-random fashion so that the same hole was not
illuminated more than two trials in a row. There were no differences in performance
between the groups based on whether they were rewarded for poking in the illuminated or
dark hole, so the data were combined within each genotype for subsequent analyses. After
the habituation period, a reward pellet was dispensed and mice were given four seconds to
eat, and the testing session began. The stimulus light was presented to the mouse for only 2
seconds and the mouse had up to 10 seconds to produce a response. If the mouse responded
correctly, the stimulus light was extinguished (if still lit) and a reward pellet was dispensed.
After a 5-second intertrial delay, a new trial began. If an incorrect response was made, the
stimulus light was extinguished (if still lit) and the house light came on for 5 seconds. If no
response was made within 10 seconds, the house light was illuminated for 5 seconds and an
omission was recorded. After both incorrect responses and omissions, the 5-second period of
house light illumination (timeout period) was followed by a 5-second intertrial delay (no
lights). If the mouse made a response during the timeout period (timeout response) or
intertrial delay (premature response) the house light would come on for a period of 5
seconds and the 5-second intertrial delay period would reset. Choice accuracy was
calculated by dividing the number of correct choices by the sum of correct and incorrect
choices and multiplying by 100. The percent correct, incorrect, and omitted were calculated
by dividing by the total number of trials during the session and multiplying by 100. The
testing session terminated after 40 minutes or 10 consecutive omissions, whichever came
first. Testing occurred daily until the criterion of 8 correct trials out of 10 in the session was
reached.

2.4. Statistical Analyses
Results are expressed as the mean ± SEM. One-way ANOVAs with genotype (+/+, +/−, −/−)
as the independent variable were used to determine group differences in all measures except
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for the comparison of first and last day performance. Post hoc analyses incorporated the
appropriate Bonferroni-corrected pairwise comparisions. Comparisons of performance on
the first and last day of testing were conducted using two-way ANOVAs with genotype as
the between-subjects variable and testing day as the within-subjects variable. T-tests were
used for post hoc analysis to determine if within-genotype effects were significant when
there was a significant testing day or interaction effect. The number of mice in each group
was as follows: dys +/+ = 13, dys +/− = 16, and dys −/− = 16.

3. Results
3.1. No group differences in basic performance of the operant task during habituation

In order to determine if there were any gross differences in physical performance of the
operant task, behavior was recorded during the habituation phase. There were no differences
between any of the genotypes (dys+/+, +/−, −/−) in the number of days or trials required to
reach the habituation criterion (Fig. 1A–B). Additionally, there were no differences in the
latency to respond during either light or dark trials or in the number of omissions (Fig. 1C–
E). These data indicate that reduced dysbindin-1 protein does not produce deficits in gross
motor behavior that would inhibit performance in this operant task, as seen in dopamine-
deficient (DD) mice [35].

3.2. Dys−/− mice require more trials to reach criterion in the Testing Phase
Compared to the habituation phase, where mice were rewarded for poking in either nose
poke hole, during testing mice were only rewarded for responses at one of the two nose poke
holes depending on which light stimulus was activated. There were significant genotype
differences in the number of sessions (F(2, 42) = 5.76, p < 0.01) and trials (F(2, 42) = 4.69, p <
0.05) required to reach criterion (Fig. 2A–B). Specifically, dys−/− mice required more days
and trials to reach criterion compared to both dys+/+ and dys+/− mice (p < 0.05, Bonferroni
post hoc test). Interestingly, there were significant differences in response latency selectively
on correct trials (F(2, 42) = 6.67, p < 0.05). Despite requiring more time to reach criterion,
dys−/− mice responded faster on correct trials compared to dys+/+ mice (p < 0.01,
Bonferroni post hoc test; Fig. 2C). In contrast, there were no differences in response latency
on incorrect trials (F(2, 42) = 0.89, p = 0.42; Fig. 2D) or latency to retrieve reward pellets
(F(2, 42) = 0.18, p = 0.84; Fig. 2E). The specificity of the effect on correct latency suggests
that the difference in the speed of correct responding was not due to deficits in motor ability
or reward processing. At this point, we are unaware of any other mouse models with this
feature in similar operant tasks. Thus, a correct interpretation of this data awaits future
investigation. Genotype did not significantly affect the total number of responses per session
(F(2, 42) = 0.46, p = 0.64; Fig. 3A). Additionally, choice accuracy (F(2, 42) = 1.96, p = 0.15),
% correct (F(2, 42) = 1.01, p = 0.37), % incorrect (F(2, 42) = 1.95, p = 0.16), and % omissions
(F(2, 42) = 0.83, p = 0.44) were unaffected by dysbindin-1 genotype over the course of the
total Testing Phase (Fig. 3B–E). Therefore, differences in accuracy of correctly-timed
responses (Fig. 3) did not underlie the learning deficits seen in dys−/− mice (Fig. 2).

3.3. Dys−/− mice produced more responses and fewer omissions than dys+/+ mice on
Day 1

In order to probe potential causes of the impaired dys−/− performance in this task, we next
analyzed behavior on the first and last day of testing for each mouse. On Day 1 of testing, all
mice were unfamiliar with the discrimination testing rule used to determine reward
presentation. On the last day of testing, all mice performed at a level sufficient to reach the
criterion. During the first day of testing, dysbindin-1 genotype significantly affected the
number of total responses (F(2, 42) = 3.69, p < 0.05). Dys−/− mice produced more responses
than dys+/+ (p < 0.05; Fig. 4A) Even with a significant difference in total responses, there

Carr et al. Page 5

Behav Brain Res. Author manuscript; available in PMC 2014 March 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



was no effect of genotype on choice accuracy (F(2, 42) = 1.72, p = 0.19, Fig. 4B).
Interestingly, dys−/− displayed a higher percentage of correct responses (F(2, 42) = 3.29, p <
0.05) than dys +/+ mice (p < 0.05, Bonferroni post hoc test; Fig. 4C) and dys −/− exhibited a
lower percentage of omissions (F(2, 42) = 4.19, p < 0.05) compared to their dys +/+
littermates (p < 0.05, Bonferroni post hoc test; Fig. 4E). Percentage of incorrect responses
did not significantly differ between the groups (F(2, 42) = 2.43, p = 0.10; Fig.4D). Also,
incorrect (F(2, 41) = 0.01, p = 0.99; Fig. 4G) and reward (F(2, 41) = 0.17, p = 0.85; Fig. 4H)
latencies were not significantly different during the first day of testing, but there was a
borderline effect on correct response latency (F(2, 41) = 3.99, p = 0.05). The dys+/− and dys
−/− groups exhibited trends toward shorter correct response latencies (p = 0.06 and 0.10
respectively; Fig. 4F).

3.4. Strain differences are not present on the last day of testing
In order to determine the effects of training on the behavioral parameters of this operant
task, we analyzed the testing results from each mouse’s final day of testing. This was the
testing day on which each mouse reached criterion. These data are presented in Figure 5.
Here, we found no differences between the genotypes on total response (F(2, 42) = 2.24, p =
0.12), % choice accuracy (F(2, 42) = 0.44, p = 0.65), % correct (F(2, 42) = 0.13, p = 0.88), %
incorrect (F(2, 42) = 0.74, p = 0.49), % omissions (F(2, 42) = 0.20, p = 0.82), correct latency
(F(2, 42) = 2.12, p = 0.13), incorrect latency (F(2, 42) = 0.15, p = 0.86), or reward latency
(F(2, 42) = 0.81, p = 0.45).

3.5. Comparison between first and last day of testing
We next directly compared behavior on the first and last day of testing to determine if there
were any within-subject changes that could account for the performance disparity. There
was a significant genotype X testing day interaction on total responses (F(2, 42) = 6.16, p <
0.001). Dys +/+ and +/− did not significantly change the number of total responses from the
first day of testing to the last day (p = 0.15 and 0.10, respectively; Bonferroni post hoc test;
Fig. 6A). In contrast, dys −/− drastically reduced the number of total responses over this
time period (p < 0.001, Bonferroni post hoc test; Fig. 6A). Choice accuracy improved from
the first to last day (F(1, 42) = 36.52, p < 0.001). The improvement in choice accuracy was
significant in the dys +/− and dys −/− groups (p < 0.01 and 0.001, respectively; Bonferroni
post hoc test) while the increase in choice accuracy did not quite reach the level of
significance in the dys +/+ mice (p = 0.07, Bonferroni post hoc test; Fig. 6B). The
percentage of correct responses increased during testing (F(1, 42) = 77.59, p < 0.001). The
increases in correct percentage were similar between the three groups (p < 0.001 for all
groups, Bonferroni post hoc test; Fig. 6C). The incorrect response percentage did not change
much over time as there was no overall testing day effect (F(1, 42) = 0.48, p = 0.49),
genotype effect (F(2, 42) = 1.87, p = 0.17), or genotype X testing day interaction (F(2, 42) =
1.62, p = 0.21; Fig. 6D).

As performance improved over time, the omission percentage decreased for all three groups
(F(1, 42) = 65.21, p < 0.001; Fig. 7A). Correct response latency also decreased overall
(F(1, 42) = 20.45, p < 0.001) with significant decreases in the dys+/+ and dys−/− groups (p <
0.05 and 0.001, respectively; Bonferroni post hoc test; Fig. 7B). None of the groups altered
their incorrect (F(1, 42) = 0.23, p = 0.63; Fig. 7C) or reward (F(1, 42) = 0.03, p = 0.86; Fig.7D)
latencies over the course of the Testing Phase.

3.6. Dys−/− mice reduce the number of compulsive and impulsive responses between the
first and last day

As mentioned previously, dys−/− mice produce more total responses on the first day of
testing compared to the other genotypes, but on the last day of testing the difference was no
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longer present. The high level of total responses produced by dys−/− mice on the first day of
testing appears to be due to increased compulsive and impulsive responses. In fact, the
number of perseverative (F(2, 42) = 4.82, p < 0.05), premature (F(2, 42) = 4.86, p < 0.05), and
timeout (F(2, 42) = 5.21, p < 0.05) responses showed significant genotype X testing day
interactions. These interactions revealed a significant decline in both perseverative (p < 0.05,
Bonferroni post hoc test; Fig 8A) and premature (p < 0.001, Bonferroni post hoc test; Fig
8B) responses only in the dys−/− group; while the decrease in timeout responses was driven
by the dys+/− (p < 0.05) and dys−/− (p < 0.001; Fig 8C)groups.

4. Discussion
In the current study, dys−/− mice required more testing sessions to reach criterion in a
reward-based operant task compared to dys+/+ controls and dys+/− heterozygotes. Dys−/−
mice also produced more premature, perseverative, and timeout responses at the beginning
of testing and significantly decreased these behaviors between the first and last testing
sessions.

Dys+/− mice also showed a progressive decrease in the number of timeout responses
suggesting that there may be a gene dose effect on impulsive behavior. Dys−/− mice
exhibited impaired acquisition of the operant task utilized in this set of experiments. This
finding is in contrast to the improved acquisition of a working memory discrete paired-trial
T-maze task shown by dys−/− mice [21]. The discrepancy may be due to the increased
attentional load of the current task, the different cognitive domain studied, and/or the
different perceptual demands required for correct responses (visual in the present study vs.
spatial in the T-maze task). The discrete paired-trial T-maze task, previously used with dys−/
− mice [21], is a specific working memory task and its acquisition is strongly dependent on
the medial PFC [29]. During the acquisition of this T-maze paradigm, mice are only
required to learn a non-match-to position rule and remember information from the sample
trials for a short period of time (4 sec) and over the course of a limited number of trials (10
paired-trials a day). Therefore, attentional processes might play a minor role in the overall
performance of this particular task. In contrast, the current operant task requires sustained
attention during a larger number of trials, over an extended period of time, in order for mice
to correctly estimate interval timing and reach criterion.

The higher level of impulsive and compulsive responses produced by dys−/− mice during
the early testing sessions suggests that abnormal interval timing is responsible for their
performance deficits. Accurate interval timing is thought to be mediated by intact pathways
connecting the PFC and striatum [36], regions where dys−/− mice display altered neuronal
signaling [21, 26]. For example, inactivation of the PFC in rats increases premature
responding in an operant reaction time task [37]. GABAergic interneurons taken from the
PFC of dys−/− mice display reduced excitability [26] and layer II/III pyramidal cells in the
medial prefrontal cortex are hyperexcitable [21]. Additionally, reduced dysbindin-1
expression is associated with glutamatergic hypofunction in the PFC of mice [16, 22]. These
alterations in PFC circuitry in dys−/− inhibit the production of a coherent PFC output.
Specifically, intact GABAergic interneuron signaling in the PFC has been implicated in the
maintenance of neuronal synchronization [38–40] critical for performance in PFC-mediated
cognitive tasks. Abhorrent signaling in the striatum may also contribute to the cognitive
deficits exhibited by dys −/− mice. Previous work has implicated the region in the
modulation of cognitive function [41]. Recent work has linked overexpression of the striatal
dopamine D2 receptor to cognitive dysfunction and altered PFC function in mice [28–29,
42]. These studies implicate striatal signaling in the maintenance of normal PFC function.
Additionally, the disruption of synchronized oscillations in the PFC is associated with
schizophrenia and other psychiatric disorders in humans [39], suggesting a possible circuit
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mechanism by which reduced dysbindin-1 could contribute to the cognitive deficits present
in schizophrenia.

Intact dopaminergic neurotransmission is critical for the performance of reward-based visual
discrimination [35]. Dysbindin-1 is intimately involved in the regulation of dopaminergic
neurotransmission. Cortical neurons with downregulated dysbindin-1 in culture [43] or taken
from dys −/− mice have increased neuronal surface expression of functionally active D2
receptors and exhibit altered sensitivity to D2 agonist/antagonists [21, 26]. D2 receptor
signaling is involved in the regulation of interval timing as overexpression of D2 receptors
in the striatum of mice produces interval timing deficits in another operant task [28].
Interestingly, striatal fast-spiking GABA interneurons in dys−/− mice exhibit abnormal
firing patterns, suggesting that alterations in the striatum may also underlie the performance
deficits in dys−/− mice [26]

Dysbindin-1 has also been shown to play a critical role in neurodevelopmental processes
implicated in schizophrenia [4, 23, 44] and the convergence between dysbindin-1 function
and development of DA/D2 receptor signaling pathways could contribute to the cognitive
deficits in schizophrenia. Relevant to the current findings, patients with schizophrenia are
less proficient in estimating timing intervals [45]. Increased D2 receptor density in humans,
which is also present in dys−/− mice, has been reported in drug-naïve patients with
schizophrenia [46]

Interestingly, over the course of testing, dys −/− decreased their impulsive and compulsive
responses while dys+/+ mice did not show any significant changes in these categories. When
the dys−/− mice reach criterion, their impulsive and compulsive response totals were no
different from dys+/+ mice. Therefore, the response pattern exhibited by dys−/− early in
testing is not static and can improve with extensive training. Follow-up studies may be able
to determine if there are concomitant changes in either PFC or striatal signaling that directly
contribute to the changes in behavioral performance.

To our knowledge, this particular operant task paradigm has not yet been used in mice.
However, there is body of literature on putative mouse models of schizophrenia-associated
cognitive deficits using other operant paradigms based on visual discriminations [47]. For
example, models of impaired glutamatergic function produce complicated effects on
touchscreen-based visual discrimination. NR2A subunit knockout mice and GLAST-
deficient mice exhibit specific impairment in the initial visual discrimination task [48–49]
while GluA1 subunit knockout mice learn the discrimination task faster than WT mice and
subchronic PCP has no effect on learning [50–51]

In conclusion, the present study adds to a growing literature showing learning and memory
deficits in dysbindin-1 deficient mice on a C57BL/6 genetic background [20–22]. These
mice display alterations in PFC circuitry including glutamatergic and DA/D2 regulation that
could be the basis of the deficits in cognitive performance [24, 47]. Specifically, dys−/−
mice take longer to acquire a reward-based operant task. Their decreased performance
coincides with high levels of impulsive and compulsive behaviors during early sessions that
significantly decrease as they learn the task. While we cannot conclude that the pattern of
impulsive and compulsive responses explains the delayed learning, our findings suggest that
interval timing deficits may be a critical part of the abnormal cognition displayed by dys−/−
mice and that these deficits can be improved with increased training and experience.
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Highlights

• Dysbindin-1 null mice exhibit deficits in cognitive performance.

• Dysbindin-1 null mice show impaired acquisition of a reward-based, operant
task.

• Impaired performance is due to relatively high numbers of impulsive and
compulsive responses compared to littermate controls.

• Impulsivity and compulsivity in the dysbindin-1 null mice improves with
training.
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Figure 1.
Response parameters for dys+/+, +/−, and −/− during the habituation phase. Average
number of days of training sessions needed to reach criterion (A). Average number of trials
needed to reach criterion (B). Average latency during the light (C) and dark (D) trials.
Average number of omissions (E). No group differences were seen during the training
phase.
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Figure 2.
Overall performance during the testing phase. Average number of days of testing sessions
needed to reach criterion (A). Trials needed to reach criterion (B). Correct latency (C).
Incorrect latency (D). Latency to retrieve reward pellet after a correct response (Reward
latency) (E). Dys −/− mice required more days and trials to reach criterion compared to both
dys+/− and dys+/+ mice. Additionally, dys−/− mice responded faster on correct trials than
dys+/+ mice. * = p <0.05 and ** = p < 0.01.
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Figure 3.
Response rates during the testing phase. Average number of responses per session (A). %
choice accuracy (correct responses/(correct responses + incorrect responses) * 100) across
all sessions (B). % correct (correct responses/(correct responses + incorrect responses +
omissions) * 100) across all sessions (C). % incorrect (incorrect responses/(correct
responses + incorrect responses + omissions) * 100) across all sessions (D). % omissions
(omissions/(correct responses + incorrect responses + omissions) * 100) across all sessions
(E). There were no differences between genotypes on these measures.
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Figure 4.
Response rates and latencies during the first day of testing. Total responses (A), % choice
accuracy (B), % correct (C), % incorrect (D), % omissions (E), correct latency (F), and
incorrect latency (G), and reward latency (H). Dys −/− mice produced significantly more
responses than dys+/+. Dys−/− mice also exhibited a higher % correct and lower %
omission compared to dys+/+ mice. * = p < 0.05.

Carr et al. Page 16

Behav Brain Res. Author manuscript; available in PMC 2014 March 15.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 5.
Response rates and latencies during the last day of testing. Total responses (A), % choice
accuracy (B), % correct (C), % incorrect (D), % omissions (E), correct latency (F), and
incorrect latency (G), and reward latency (H). There were no group differences observed on
the last day of testing in any of the measures.
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Figure 6.
Comparison of response rates between the first day and last day of testing. Total responses
(A), % choice accuracy (B), % correct (C), and % incorrect (D). Dys −/− mice significantly
reduced their total responses from the first day to the last. Both dys+/− and dys−/−
significantly increased their % choice accuracy. All three groups showed increases in %
correct. None of the groups had a significant change in the % incorrect. * = p < 0.05, ** = p
< 0.01, and *** = p < 0.001.
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Figure 7.
Comparison of % omissions and latencies between the first day and last day of testing. %
omissions (A), correct latency (B), incorrect latency (C), and reward latency (D). All groups
decreased % omissions while dys+/+ and dys−/− decreased their correct latency over time.
There were no significant changes in either incorrect latency or reward latency. * = p < 0.05,
** = p < 0.01, and *** = p < 0.001.
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Figure 8.
Comparison of impulsive and compulsive responses between the first and last day of testing.
Perseverative responses (A), premature responses (B), and timeout responses (C). Only dys
−/− mice significantly decreased the number of perseverative and premature responses. Both
dys+/− and dys−/− decreased the number of timeout responses made over time. Dys+/+
mice did not significantly alter any of these incorrectly timed responses * = p < 0.05 and ***
= p < 0.001.
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