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Abstract
Bipolar disorder (BD) is a pervasive neuropsychiatric disorder characterized by episodes of mania
and depression. The switch between mania and depression may reflect seasonal changes and
certainly can be affected by alterations in sleep and circadian control. The circadian locomotor
output cycles kaput (CLOCK) protein is a key component of the cellular circadian clock. Mutation
of the Clock gene encoding this protein in Clock△19 mutant mice leads to behavioral
abnormalities reminiscent of BD mania. To date, however, these mice have not been assessed in
behavioral paradigms that have cross-species translational validity. In the present studies of
Clock△19 and wildtype (WT) littermate mice, we quantified exploratory behavior and
sensorimotor gating, which are abnormal in BD manic patients. We also examined the saccharin
preference of these mice and their circadian control in different photoperiods. Clock△19 mice
exhibited behavioral alterations that are consistent with BD manic patients tested in comparable
tasks, including hyperactivity, increased specific exploration, and reduced sensorimotor gating.
Moreover, compared to WT mice, Clock△19 mice exhibited a greater preference for sweetened
solutions and greater sensitivity to altered photoperiod. In contrast with BD manic patients
however, Clock△19 mice exhibited more circumscribed movements during exploration. Future
studies will extend the characterization of these mice in measures with cross-species translational
relevance to human testing.
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1. INTRODUCTION
Bipolar disorder (BD) in its various forms affects approximately 3% of the population and is
a debilitating illness that impacts every aspect of the lives of sufferers and their loved ones
[1]. Current treatments for BD have been found serendipitously as no treatments have been
developed specifically to target the mechanism(s) underlying this disorder [2]. This lack of
treatment development could reflect the simplicity of behavioral models used to date [2, 3]
that neither recreate the mechanism underlying BD [4] nor reflect the complexity of BD
symptoms. BD is a unique disorder in that it is characterized by sufferers cycling through
periods of mania and depression, the symptoms of which differing markedly in these phases
[4, 5]. Mania is associated with hyperactivity, hypersexuality, risk-taking, less need for
sleep, aggression, and hedonic behavior [6]. Depression is largely the opposite however,
with symptoms including low sex-drive, increased sleep, lethargy, and anhedonia [6].
Surprisingly, sufferers of BD can cycle between these two states, often linked to the seasons
of the year [7, 8]. Such cycling may be explained by the evolutionary origin theory of BD,
postulating that BD may have first arisen in people from the northern hemisphere where
lengthening and shortening photoperiods (daylight length) in the summer and winter
respectively induced mania- and depressive-like behaviors [9]. This theory provides an
avenue by which BD may be modeled since this theory suggests that alterations in the
photoperiod length underlie BD. Hence, by examining mechanisms regulating circadian
rhythms, it may be possible to model aspects of BD.

The basic molecular loop that regulates circadian rhythms consists of transcription factors
regulating their own expression over 24 hours [10]. The circadian locomotor output cycles
kaput (CLOCK) protein binds to brain and muscle ARNT-like protein 1 (BMAL1). The
heterodimer then regulates the expression of the period (Per) and cryptochrome genes,
which bind together as proteins, enter the nucleus, and inhibit CLOCK and BMAL1 activity
[11]. These systems are entrained by light via the suprachiasmatic nucleus [12], which may
explain why light therapy works for sufferers of seasonal affective disorder [13], a
depression that occurs during short photoperiod seasons (i.e., winter). Moreover, it is
recognized that there is a disruption in the circadian rhythm in people with BD [14]. Social
rhythm therapy – generating rhythms of behavior that are consistent from day to day [15] –
or using extended bed rest and darkness [16a] reduced some symptoms of BD. Interestingly,
sleep deprivation can alleviate depression symptoms [17], but can also induce a manic
episode in people with a predisposition for BD [18]. Thus, altered circadian rhythm can
impact the current state of people with BD.

Because behaviorally augmenting the circadian rhythm is beneficial for aspects of BD, it
will be useful to investigate whether disrupting these rhythms produces BD-relevant
behaviors. Mice with a deletion of exon 19 in the CLOCK gene (Clock△19 mice) exhibit
abnormal behaviors that have been interpreted as ‘mania-like’. For example, Clock△19
mice are hyperactive, exhibit an altered circadian rhythm, spend less time immobile in a
forced swim test, exhibit a preference for sweet sucrose solution and cocaine, and have
lower reward thresholds identified using intra-cranial self-stimulation [19, 20]. Importantly,
some of these behaviors are attenuated by lithium treatment [19], a common treatment for
BD. The mania-like behavior of these mice may be mediated by increased dopamine firing
in the ventral tegmental area, which can also be reversed by lithium treatment [21].
Moreover, genetic associations of a polymorphism in the 3′ flanking region of the CLOCK
(3111 T to C) in people with BD was linked with more frequent episodes of mood
disturbances and reduced need for sleep [22, 23]. Hence, it has been postulated that
Clock△19 mice model aspects of BD.
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While evidence continues to be collected that Clock△19 mice may be a viable model for
aspects of BD, as yet no studies have directly utilized cross-species tests to examine the
validity of this model in terms of behaviors quantified in people with BD. Previously, we
utilized measures of behaviors that are available in both humans and rodents, e.g.,
exploration in the behavioral pattern monitor (BPM) and sensorimotor gating measured by
prepulse inhibition (PPI) of the startle reflex, to model aspects of psychiatric disorders [24].
For example, using the BPM we identified that acutely manic patients with BD exhibit
hyperactivity [25], increased specific exploration [26], and more direct movements through
space [27, 28]. Moreover, this abnormal exploration is consistent over time [29], and can be
recreated in mice by selectively reducing the function of the dopamine transporter (DAT)
via genetic or pharmacological means [27, 28, 30-33]. Reduced PPI has been observed in
people with BD [34], a behavior that can also be modeled in rodents [35, 36]. Similarly, PPI
is impaired in mice with a hyperdopaminergic tone due to a lack of DAT, an impairment that
can be attenuated with antipsychotic treatment [37, 38]. Assessing Clock△19 mice in tests
having cross-species translational validity would test the appropriateness of these mice as a
model for BD.

Herein, we utilized the cross-species BPM and PPI paradigms to examine the similarity of
profiles of Clock△19 mice to BD mania. Moreover, we examined the behavior of these
mice in the saccharin preference test [39], in order to assess hedonia-like behavior, and their
circadian rhythm in response to altered photoperiod lengths. In parallel with BD, we
hypothesized that Clock△19 mice would exhibit: 1) an abnormal exploratory profile of
increased activity and specific exploration; more straight-line movements through space; 2)
impaired sensorimotor gating; 3) hedonia-like preference for rewarding stimuli; and 4) less
control over their circadian rhythm in response to altered photoperiod lengths.

2. METHODS
2.1. Animals

Clock△19 mutant mice with a dominant-negative CLOCK protein defective in
transcriptional activation activity were created through N-ethyl-N-nitrosourea mutagenesis
as described [40]. Male (n=20) and female (n=13) Clock△19 mutant mice and male (n=17)
and female (n=22) wildtype (WT) littermate controls on a mixed BALBc:C57BL/6
background were used throughout the different studies. Clock△19 heterozygous breeders
were sent to our laboratory from David Welsh, (University of California San Diego; UCSD).
All Clock△19 WT and mutant mice used in the present studies resulted from a heterozygous
breeding colony in the vivarium at UCSD. Mice were group housed (maximum 4/cage, 2/
cage for the saccharin and circadian rhythm tests), maintained in a temperature controlled
vivarium (21±1 °C) on a reversed day-night cycle (lights on at 19:00, off at 07:00 hrs), and
tested during the dark phase between 8:00 and 13:00hrs. Mice were 3 - 5.5 months old at the
time of all tests except the for the saccharin and circadian rhythm tests, at which time mice
were 11 months old. Mice had ad libitum access to water and food (Harlan, Madison, WI,
USA) except during testing. All procedures were approved by the UCSD Institutional
Animal Care and Use Committee. The UCSD animal facility meets all federal and state
requirements for animal care and was approved by the American Association for
Accreditation of Laboratory Animal Care.

2.2. Mouse Behavioral Pattern Monitor
Locomotor behavior and exploration was examined in eight mouse BPM chambers (BPM;
San Diego Instruments, San Diego, CA) as described previously [41-43]. In brief, each
Plexiglas chamber consists of a 30.5 × 61 × 38-cm area, equipped with three floor holes and
eight wall holes (three along each side of the long walls and one in each of the short walls;
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1.25 cm in diameter, 1.9 cm from the floor; see Figure 1), containing infrared photobeams to
detect holepoking behavior. Each chamber is enclosed in an outer box to minimize external
light and noise, with an internal white light above the arena (producing 350 lux in the center
and 92 lux in the four corners). Subject activity was obtained from a grid of infrared
photobeams 1 cm above the floor (2.5 cm apart along the length and the width of the
chamber; 24 × 12 X-Y array), recording the location of the mouse every 0.1 s. Rearing
behavior was detected by another set of 16 photobeams, located on the Y-axis only and
placed 2.5 cm above the floor. The subject’s position was defined across nine unequal
regions (four corners, four walls and center [44]). At the start of the session, the mouse was
placed in the bottom left-hand corner of the arena and the test session started immediately
for a period of 60 min. Primary measures obtained were transitions across the defined
regions and center entries (locomotor activity), holepoking, rearing, and center duration
(exploratory behavior), and entropy (h) and scaling measures (locomotor patterns). Lower
values of h suggest predictable, ordered sequences of activity, while higher values of h
indicate greater variety or disorder of movement. Spatial d quantifies the geometric structure
of the locomotor path (see Figure 1), where a value of 1 represents a path in a straight
distance-covering line, and 2 highly circumscribed small-scale movements [45]. The spatial
coefficient of variation (CV) is a measure of the X-Y pattern representing the variation of
transitions across the nine regions. Spatial CV increases when the mouse repeats certain
transitions across the chamber regions. The temporal CV measures the amount of time spent
in each region, where a high temporal CV indicates a substantial preference for some
region(s) over others [44].

2.2.2. BPM – Initial Assessment—Male (n=20) and female (n=13) Clock△19 mutant
mice and male (n=17) and female (n=22) WT littermate controls were tested in the BPM to
examine the exploratory profiles of these mice.

2.2.3. BPM – Repeated test to examine reproducibility of effect—A subgroup of
mice from experiment 1 (Clock△19 mutant male, n=6; female, n=4; WT male, n=7; female,
n=7) were retested in the BPM one week after their initial testing. This test was conducted
7to determine whether any abnormal exploratory behavior exhibited by mutant mice would
be reproducible.

2.3. Sensorimotor gating of the acoustic startle response
Sensorimotor gating of the acoustic startle response of a behaviorally naïve cohort of
Clock△19 mice (WT male, n=7; female, n=7; mutant male, n=6; female, n=4) was
examined in eight startle chambers (SR-LAB, San Diego Instruments, San Diego, CA), each
consisting of a Plexiglas cylinder, 5 cm in diameter, resting on a platform in a ventilated
sound-attenuating chamber as described previously [37, 46]. Speakers mounted 33 cm above
the cylinders produced all acoustic stimuli and an interface and computer assembly stored
and digitized movements of the animal transduced by piezoelectric accelerometers mounted
under the cylinders. A 65 dB background sound and light delivered by an incandescent bulb
located on the ceiling of the chamber were presented continuously throughout the session.
Mice were placed into the startle chambers and testing was initiated after a 5 min
acclimation period. Startle pulses were 40 ms and prepulses were 20 ms in duration. The
inter-trial interval between stimulus presentations ranged between 3- 12 s (7 s average) for
both experiments. The acoustic startle sessions included five blocks. The first block included
only five 120 dB pulses. The second block consisted of three different prepulse trials: 69,
73, and 81 dB prepulses preceding a 120 dB pulse. The third block included acoustic startle
responding only and included stimulus intensities of 80, 90, 100, 110, and 120 dB. The
fourth block varied the inter-stimulus interval (ISI), consisting of 73 dB prepulses preceding
pulses at 120 dB by 25, 50, 100, 200, and 500 ms. The fifth and final block delivered five
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120 dB pulses and together with the first block served to assess habituation. This test session
has been used and described previously [46]. The amount of PPI was calculated as a
percentage score for each prepulse intensity based on the 120 dB pulse within that block:
%PPI = 100 – [(startle magnitude for prepulse + pulse / startle magnitude for pulse alone) ×
100].

2.4. Sweet solution preference
The design of this test was based on previous mania-modeling studies of [39]. A subset of
male Clock△19 mutant (n=8) and WT (n=8) mice from experiment 2.2.2. were supplied
with a bottle of 1.0% saccharin sodium dihydrate solution (Sigma, St, Lewis, MI), dissolved
in tap water, on top of the regular supply of water and food. Both the regular water bottle
and the saccharin solution bottle were available to the mice throughout the entire sweet
solution preference test. Both bottles were weighed at the beginning of the study and 24 h
thereafter, for four days. Sweet solution preference was calculated daily as a percentage of
saccharin solution out of total liquid consumption.

2.5. Measuring running wheel activity to assess circadian rhythm
After experiment 2.4., male Clock△19 mice (WT n=8, mutant=8) were housed by genotype
with 2 mice per cage. Mice had access to a running wheel (Silent Spinner; Forest city,
Iowa). The level of running wheel activity was measured using a cyclcomputer (Easton-Bell
Sports; Van Nuys, CA) to determine the distance traveled by mice over time. Measurements
were taken at 07:00 and 19:00 hrs daily for 10 days, coinciding with the time room lights
were turned off and on respectively as a surrogate measure of circadian rhythm. Mice were
initially exposed to a 12 hr light/dark (LD) cycle. After stable running wheel activity was
established (Day 7, see 3.5.), the lighting of the room was altered to increase the inactive
light period. Thus, while lights continued to be turned off at 07:00 hrs, lights were turned
back on at 08:00 hrs (LD 23:1). The running wheel activity of mice continued to be
measured at 07:00 and 19:00 hrs.

Statistical analyses—Data from the BPM were analyzed using two- or three-way
analyses of variance (ANOVA), with sex and genotype as between-subject factors and trial
period (three 20 min periods) as a within-subject factor. PPI data were analyzed using a two-
or three-way ANOVA, with prepulse intensity as a within-subject factor and genotype and
sex as a between subject-factor. Further assessments used startle-matched subgroup
comparisons and loglinear regression analyses with weight to assess PPI. Sweet solution
preference was analyzed using a repeated measure ANOVA with day as a within-subject
factor and genotype as a between-subject factor. Running wheel activity was assessed using
a three-way ANOVA with genotype as a between subjects factor while time of measurement
and day were within-subjects factors. Tukey post hoc analyses were performed where
applicable. When no effect of sex or interaction with sex was observed, data were pooled
and reanalyzed. Pearson r correlation coefficients measured the relationship between BPM
measures from the first to the second test. All BPM and PPI data were analyzed using
Biomedical Data Programs statistical software (Statistical Solutions Inc., USA), while sweet
solution preference and running wheel activity levels were analyzed using SPSS (19.0,
Chicago, IL, USA). The α level was set to 0.05.

3. RESULTS
3.1. BPM Exploration: Initial characterization

To assess the exploratory profile of Clock△19 mice, mutant (n=33) and WT littermate
(n=39) mice were tested in the BPM for 60 min. There were no interactions with sex for any
of the measures. Male and female data were therefore pooled and analyzed together. Data
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are presented with variables grouped into domains of locomotor activity, specific
exploration (holepoking) and diversive expoloration (rearing), and locomotor patterns based
on the primary variables affected in people with BD mania [28], as well as factor analyses of
rat and mouse BPM behavior [43, 47].

3.1.1. Locomotor activity—Clock△19 mutant mice were hyperactive with
representative X-Y patterns and average activity level heat maps, presented in Figure 2. The
hyperactivity of mutant mice was quantified by increased transitions (F(1,70)=19.8,
p<0.0001; Figure 3a) and increased center entries (F(1,70)=18.6, p<0.0001; Figure 3b)
compared to WT mice. A trend towards a time by genotype interaction was observed for
transitions (F(2,140)=2.5, p<0.1). Post hoc analyses revealed that mutant mice exhibited
more transitions compared to WT mice in each time period however (p<0.05).

3.1.2. Exploratory behavior—Over 60 min, Clock△19 mutant mice exhibited greater
exploration as reflected by increased rearing (F(1,70)=5.9, p<0.05; Figure 3c), but not
holepoking (F<1, ns; Figure 3d) compared to WT mice. Analyzed within time however,
interactions with genotype interactions were observed for both rearing (F(2,140)=4.0,
p<0.05) and holepoking (F(2,140)=5.4, p<0.01). Post hoc analyses revealed that mutant
mice made fewer holepokes than WT mice only in time period 1 (p<0.05), while exhibiting
increased rearing compared with WT mice in the latter 2 time periods (p<0.05). Mutant mice
also spent significantly more time in the center compared to WT mice (center duration;
F(1,70)=6.6, p<0.05; Figure 3e), indicative of higher specific exploration [43].

3.1.3. Locomotor patterns—Clock△19 mutant mice moved in more circumscribed
patterns compared to WT mice as reflected by increased spatial d (F(1,70)=4.6, p<0.05;
Figure 3f). Mutant mice also exhibited a higher entropy (F(1,70)=5.0, p<0.05; Figure 3g)
and lower temporal CV (F(1,70)=7.0, p<0.05; Figure 3h). Although there was a time by
genotype interaction for temporal CV (F(2,140)=3.5, p<0.05) post hoc analyses revealed
that mutant mice exhibited a lower temporal CV in each time period however (p<0.05). No
differences between genotypes were observed for spatial CV (F=1.1, ns; Figure 3i).

3.2. BPM exploration; examining the consistency of the exploratory profile
To assess the consistency of the altered exploratory profile of Clock△19 mice, mutant
(n=10) and WT littermate (n=14) mice were tested in the BPM for 60 min a second time one
week later. Again, because there were no interactions with sex for any of the measures, data
from male and female were pooled and analyzed together. Intra-subject comparisons
between the two tests revealed significant correlations for all primary measures (Table 1).

3.2.3. Locomotor activity—Clock△19 mutant mice were hyperactive as reflected by
increased transitions (F(1,22)=26.7, p<0.0001; Figure 4a) and increased center entries
(F(1,22)=19.7, p<0.0005; Figure 4b) compared to WT mice. Time by genotype interactions
were observed for transitions (F(2,44)=3.2, p<0.05) and center entries (F(2,44)=4.1,
p<0.05). Post hoc analyses revealed that mutant mice exhibited increased transitions and
center entries compared with WT mice in each time point (p<0.05).

3.2.2. Exploratory behavior—Clock△19 mutant mice exhibited higher exploration as
reflected by increased rearing (F(1,22)=22.1, p<0.0001; Figure 4c), but again not for
holepoking (F<1, ns; Figure 4d) compared to WT mice. Genotype interacted with time
period to affect holepoking (F(2,44)=3.3, p<0.05), and post hoc analyses revealed that
mutant mice exhibited a trend toward increased holepoking compared with WT mice in the
last time period (p<0.1). Support for increased exploration in mutant mice was also observed
with these mice spending more time in the center compared to WT mice (center duration;

van Enkhuizen et al. Page 6

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



F(1,22)=25.1, p<0.0001; Figure 4e). A trend toward a time by genotype interaction was
observed for center duration (F(2,44)=2.9, p<0.1), with post hoc analyses revealing that
mutant mice spent more time in the center than WT mice at each time point (p<0.05)

3.2.3 Locomotor patterns—Spatial d did not differ between genotypes (F<1, ns; Figure
2f), but Clock△19 mutant mice exhibited a higher entropy (F(1,22)=16.3, p<0.0005; Figure
4g) and lower temporal (F(1,22)=15.6, p<0.001; Figure 4h) and spatial CV (F(1,22)=8.8,
p<0.01; Figure 4i). A time by genotype interaction was observed for temporal CV
(F(2,44)=4.1, p<0.05). Post hoc analyses revealed that mutant mice exhibited a lower
temporal CV in each time period however (p<0.05).

3.3. Sensorimotor Gating
To assess the sensorimotor gating of Clock△19 mice, mutant (n=10) and WT littermate
(n=14) mice were tested on prepulse inhibition (PPI) in the acoustic startle test. There were
no interactions with sex for any of the acoustic startle measures. Male and female data were
therefore pooled and analyzed together.

A main effect of prepulse (F(2,44)=51.9, p<0.0001) and no interaction with genotype (F<1,
ns) revealed that the sensorimotor gating of mice improved with higher prepulse intensities.
Importantly, mutant mice exhibited a significant PPI deficit compared with WT mice
(F(1,22)=8.4, p<0.01; Figure 5a) at every prepulse intensity (p<0.05). Mutant mice exhibited
a lower startle amplitude than WT mice (F(1,22)=13.5, p<0.005; Figure 5b), with a pulse by
genotype interaction (F(4,88)=7.4, p<0.005). Post hoc analyses revealed that mutant mice
exhibited lower startle than WT mice at pulse intensities 90-120 (p<0.05). An increased
startle amplitude with higher pulse intensities was observed for both genotypes
(F(4,88)=22.9, p<0.0001). Consistent with previous studies when startle differences were
observed [48], PPI was re-examined in WT and mutant mice matched for startle reactivity.
Following baseline matching (WT, n=7; mutant, n=8), Clock△19 mutant mice still
exhibited a significantly lower PPI compared to WT mice (F(1,13)=5.8, p<0.05; Figure 5c).
We also addressed the potential influence of weight on startle measures and observed no
difference in weight between WT (M=24.1 g) and mutant (M=27.1 g) mice (T=-1.7, ns),
including the subgroup matched for startle reactivity (WT; M=24.1 g, mutant; M=27.3 g,
T=-1.4, ns). Furthermore, weight did not influence PPI or startle reactivity as measured by
linear regression (overall, F(1,22)<1, ns; in WT only, F(1,12)<1, ns; or in mutant only,
F(1,8)<2, ns). . There was a trend effect of mutant mice exhibiting lower PPI than WT mice
when split by ISI (F(1,22)=3.6, p<0.1; Figure 5d), with an ISI by genotype interaction
(F(4,88)=8.9, p<0.0001). Post hoc analyses revealed that mutant mice exhibited a PPI deficit
at ISI 25 (p<0.05) and a trend towards a deficit at ISI 100 (p<0.1). Although both WT and
mutant mice habituated over time (F(4,88)=5.5, p<0.001), mutant mice again exhibited
significantly lower startle levels (F(1,22)=34.6, p<0.0001; Figure 5e), with post hoc analyses
revealing the presence of lower startle at each habituation phase. No difference between
genotypes was observed for movements when no stimulus was presented (F=2.5, ns; Figure
5f).

3.4. Sweet solution preference
Both WT (±75%) and Clock△19 mutant mice (±89%) exhibited a high sweet solution
preference, which decreased over the four testing days (F(3,42)=6.7, p<0.005; Figure 6)
independent of genotype. These preference levels are a little higher compared to previously
described data of various mouse strains [39]. No main effect of genotype was observed
when analyzed over all four testing days (F(1,14)=2.8, p=0.116). Given higher sucrose
preference in these mice having been observed before, we examined their preference over
individual days. When examined over days, mutant mice exhibited a higher sweet solution
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preference compared with WT mice on day 1 (p<0.05) and tended to be higher on day 4
(p<0.1).

3.5. Running wheel-based assessment of circadian rhythms
Running wheel activity levels of WT and mutant mice were initially assessed in an LD
12:12 light/dark cycle (12 hrs light, 12 hrs dark; Figure 7). Clock△19 mutant mice exhibited
more activity overall (F(1,14)=22.9, p<0.0001), in both the dark (F(1,14)=45.1, p<0.0001)
and light (F(1,14)=17.2, p<0.0001) phases. Mice were more active in the dark period
(F(1,14)=31.3, p<0.0001), but the size of this effect depended on genotype (F(1,14)=9.5,
p<0.01), reflecting a greater increase of dark period activity compared with light period in
the mutant mice (large effect size d=1.02) compared with WT mice (medium to large effect
size d=0.59). After introduction of the running wheels, all mice increased activity over the
days in LD 12:12 (F(6,84)=6.7, p<0.001), independent of genotype (F=2.1, ns), and reached
stable levels by day 5, as days 5, 6, and 7 did not differ in the WT or mutant mice (p>0.1).

Subsequently, the light cycle was changed from LD 12:12 to LD 23:1 (23 hrs light, 1 hr
dark). Over the next three days, the activity of the mice continued to be measured during the
12 hrs previously in dark (active phase) and the 12 hrs previously in light (rest phase). A
significant interaction between day, phase, and genotype was observed (F(2,28)=21.5,
p<0.0001), with post hoc analyses revealing that in those three days, WT mice continued to
exhibit more activity in active phase compared with rest phase for all three days (F(1,7)=7.2,
p<0.05), while Clock△19 mutant mice only exhibited such a distinct difference on day 1
(F(1,7)=6.0, p<0.05), but not on days 2 or 3 (F<1, ns). Despite the change in lighting, mutant
mice remained more active than WT mice irrespective of phase (F(1,14)=22.6, p<0.0001).

4. DISCUSSION
Clock△19 mutant mice exhibited abnormal behavior in several cross-species tests that
measure aspects of BD mania. Mutant mice were hyperactive and exhibited increased
specific exploration in the BPM, consistent with patients with BD in a manic [26, 28] and
euthymic phase [29]. The mutant mice also exhibited altered startle responses and modest
sensorimotor gating deficits similar to patients with BD [34]. Moreover, we have replicated
the preference of mutant mice for sweet solution but using a non-caloric saccharin solution.
Finally, we confirmed that these mice are even hyperactive in their home cage and
importantly, that mutant mice exert less control of their circadian rhythm of activity in
response to altered photoperiods. Thus, here we provide further support that Clock△19
mutant mice share numerous similarities to patients with BD by using cross-species
translational tests.

The present studies of increased transitions and center entries support previous reports of
hyperactive behavior in Clock△19 mutant mice both in a novel environment and in their
home cage [19]. Importantly, these findings are consistent with the increased activity of
patients with BD both in a manic and euthymic state [28, 29]. Moreover, because the present
studies examined exploratory behaviors of Clock△19 mutant mice in the BPM, we also
quantified increased exploration as measured by increased rearing and center duration in
these mice, which collectively load onto a diversive exploratory factor [43]. These findings
go beyond simple hyperactivity and provide further consistency to increased object
interactions of patients with BD [28]. Besides increased exploration, the increased time
spent in the center by Clock△19 mutant mice could be related to their reduced anxiety/
increased risk-seeking behavior [19]. Future studies on tasks measuring risk-proneness are
required however [49, 50]. Furthermore, consistent with patients with BD and in contrast to
patients with schizophrenia [28], Clock△19 mice habituated rapidly to their testing
environment. In contrast to both patients with BD or schizophrenia however, mutant mice
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exhibited increased spatial d, reflecting more circumscribed exploratory movement,
compared with more linear movement in these patients [28]. We have previously
demonstrated that both pharmacological and genetic reduction of DAT functioning, which
increases extracellular dopamine [51], resulted in reduced spatial d, consistent with patients
with BD and schizophrenia [28, 31-33] that was untreated by chronic valproate [30].
Increased spatial d can occur however, when there is a unilateral increase of dopamine in the
brains of mice, such as the chakragati mouse model of schizophrenia (unpublished
observations). Clock△19 mice exhibit increased dopamine firing from the VTA [21], but it
is unclear whether this is bilateral or unilateral. While BD treatments such as lithium [19,
52-54] and valproate [30] can normalize hyperactivity in animal models of BD mania,
normalization of spatial d has yet to be demonstrated. Thus, while Clock△19 mutant mice
share many characteristics of the abnormal exploration of patients with BD mania, some
differences exist that require investigation.

Psychiatric populations, including patients with BD and schizophrenia exhibit impaired
sensorimotor gating, as measured by PPI [34, 55, 56]. Despite the cross-species availability
of PPI testing, to date these are the first studies to assess the PPI of Clock△19 mutant mice.
We used a paradigm designed to quantify PPI across prepulse intensities and inter-stimulus
intervals, startle amplitude in response to varying pulses, and startle habituation over time
[57]. This study revealed that Clock△19 mutant mice exhibit reduced PPI, complicated by a
reduced startle response in these mice. Importantly however, when mice were matched for
baseline startle response [48, 58], the PPI deficit of Clock△19 mutant mice compared with
WT mice was still observed. Thus, mutant mice exhibit sensorimotor gating deficits similar
to people with BD.

The present data demonstrate that Clock△19 mutant mice share several characteristics with
people with BD, but also some with people with schizophrenia as described above. Another
characteristic consistently reported in Clock△19 mutant mice is increased reward preference
as measured by reduced stimulation threshold and increased preference for sugared solutions
[19].

Hedonia, including increased reward seeking, is a defining characteristic of BD mania as
described in the DSM IV, and differs from people with schizophrenia whom traditionally are
described as anhedonic, reflected by the need of greater stimulation and reduced preference
for rewards [59]. The present findings extend the hedonia-like behavior of Clock△19
mutant mice, describing their preference even for non-caloric sweetened solutions (i.e.,
saccharin solution). Hence, despite some characteristics of the mutant mice that overlap with
those of schizophrenia, our findings support these mice as modeling mania, including
hedonia-like behaviors.

Previous studies have identified an altered circadian rhythm of Clock△19 mutant mice [60].
Indeed, the present studies support more activity of the mutant compared with WT mice
during periods in which the mice should be inactive. Mutant mice were more active than
WT mice overall however. Hence, more importantly our findings provide evidence for a
direct consequence of the dysregulated circadian rhythm of these mice in response to
aberrant photoperiod length. When the Clock△19 mutant and WT mice were challenged
with the aberrant LD 23:1 photoperiod, we found increased activity of mutant mice during
the rest phase. WT mice continued to exhibit circadian entrainment, suggesting resistance to
photoperiod changes. Thus, Clock△19 mutant mice may represent a vulnerability genotype
that is more susceptible to changes in photoperiod, which are known to affect mood states in
patients with BD [4]. Altering photoperiod or putting nocturnal animals in constant light can
induce depressive-like behaviors [61] that can be rescued using antidepressants [62].
Although shRNA-induced knockdown of CLOCK in the VTA of mice induced both mania-
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and depression-like behaviors in mice [63], to date no one has demonstrated such behaviors
in response to environmental manipulations, such as changes in photoperiod. Future studies
will determine whether photoperiod challenges will alter the mania-like behavioral
phenotype of these Clock△19 mutant mice.

Clock△19 mutant mice exhibit increased dopaminergic firing in the VTA [21]. This
increased firing rate may underlie many of the behavioral abnormalities observed here and
elsewhere, given the similar profile of these mice to hyperdopaminergic mice mediated by
reduced DAT expression [27, 28, 31-33]. Moreover, additional studies support increased
dopamine release and turnover in the striatum of Clock△19 mutants, resulting in increased
dopamine D1 and D2 protein expression, with a shift to increased D2 vs. D1 signaling [64].
The dopamine reward hypothesis postulates that striatal dopamine receptors such as D1 and
D2 play critical roles in all forms of learning [65, 66]. Thus, altered dopamine D1 and D2
receptor signaling will likely alter learning mechanisms, which can be measured similarly to
humans [67]. People with depression and mania exhibit numerous neurocognitive deficits
[68, 69]. Such deficits include impaired probabilistic learning and decision-making behavior
and are mediated by hypersensitivity to punishment in depression [70] and reward [71] in
mania. Hence, tasks such as the Iowa Gambling Task [72] could be used to determine
putative changes in ‘mood state’ in these mice resulting from environmental challenges [3].
Hence, future studies will determine the neurocognitive performance of the Clock△19
mutant mice, such as attention in a continuous performance test [73, 74], spatial working
memory [75, 76], and decision-making under risk conditions in an Iowa Gambling Task [49,
50]. Such studies will be vital in the future given the correlation between cognition and a
subject’s functional capabilities [77, 78].

4.1. Conclusion
In conclusion, we provide further evidence that Clock△19 mutant mice can be used to
model aspects of BD mania by using tasks that have been utilized in patients with BD
mania. Clock△19 mutant mice are not only hyperactive, but also exhibit increased specific
exploration, a key aspect of abnormal exploration in patients with BD. Mutant mice also
exhibited impaired sensorimotor gating, which was still evident after normalizing for the
reduced baseline startle amplitude observed in these mice. Such characterization provides a
platform for putative treatments tested in this model to be validated in equivalent human
tests. The increased preference for saccharin solution extends previous findings of hedonia-
like behavior observed in Clock△19 mutant mice. Finally, the poor circadian control of the
Clock△19 mutant mice in an abnormal photoperiod supports further studies of whether
photoperiod challenges can induce depressive-like behaviors in these mice.
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Highlights

Clock△19 mutants may model mania but have yet to be tested in cross-species tasks

Mutant mice are hyperactive and specifically explorative consistent with mania

Mutant mice also exhibit low sensory motor gating consistent with bipolar disorder

Mutant mice are hypersensitive to shortened active photoperiods
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Figure 1. Schematic of the mouse Behavioral Pattern Monitor
The arena was divided into nine unequal regions (1 – 9) on which transitions, center time,
center duration, and the coefficient of variation calculations are based. The quantifiable
measure spatial d was used to describe the subject’s pattern of movement with values
represented in the schematic. The location of the mouse was obtained from a grid of infrared
photobeams (24 × 12 X-Y array) located 1 cm above the floor. Another set of 16
photobeams located 2.5 cm above the floor on the Y-axis only was used to detect rearing
behavior. The chamber is equipped with three floor holes and eight wall holes (1.2 cm
diameter), each containing an infrared photobeam to detect holepoking behavior.

van Enkhuizen et al. Page 16

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. X-Y plots and heat maps of Clock△19 WT and mutant mice
Representative X-Y plots of wildtype (WT) and mutant mice (a-b) as well as heat maps
representing the average group data based on 72 evenly distributed sector entries (c-d) are
displayed. Clock△19 mutant mice (b and d) exhibited increased activity and center entries
compared to WT mice (a and c). Moreover, more disordered patterns of movement were
noticeable in the mutant mice compared to WT mice.
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Figure 3. The exploratory profile of Clock△19 WT and mutant mice in the BPM
Clock△19 mutant (Mut) mice were hyperactive compared to wildtype (WT) littermate mice
as measured by increased transitions (a) and center entries (b). Mutant mice exhibited more
specific exploration compared to WT mice as measured by increased rearing (c), but not
holepoking (d). Mutant mice also spent significantly more time in the center of the arena (e).
Mutant mice also exhibited more circumscribed or disordered patterns of movement
compared to WT mice as reflected by a higher spatial d (f) and entropy h (g). Compared to
WT mice, mutant mice exhibited less preference for specific regions in the arena as reflected
by lower temporal CV (h), without an effect on spatial CV (i). Data are presented as mean
+S.E.M. *p<0.05 and #p<0.1 when compared to WT mice.
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Figure 4. The exploratory profile of Clock△19 WT and mutant mice tested in the BPM a second
time, one week after their initial testing
Clock△19 mutant (Mut) mice remained hyperactive compared to wildtype (WT) littermate
mice even upon retesting as measured by increased transitions (a) and center entries (b).
More specific exploration was observed in mutant mice compared to WT mice as again
reflected by increased rearing (c), but not so much holepoking (d). Mutant mice spent more
time in the center of the arena compared to WT mice (e). Spatial d did not differ by
genotype (f) in this second test, while mutant mice still exhibited disordered patterns of
movement compared to WT mice as reflected by higher entropy h (g). Compared to WT
mice, mutant mice exhibited a lower temporal and spatial CV, reflecting less preference for
and reduced repetitive transitions between specific regions. Data are presented as mean
+S.E.M. *p<0.05 and #p<0.1 when compared to WT mice.
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Figure 5. Evaluation of the sensorimotor gating of the acoustic startle response of Clock△19 WT
and mutant mice
Clock△19 mutant (Mut) mice exhibited significantly lower prepulse inhibition (PPI)
compared to wildtype (WT) littermate mice (a), but also exhibited reduced overall amplitude
of the startle response (b). When mice were matched by startle amplitude and compared,
mutant mice still exhibited significantly lower PPI compared to WT mice (c). When split by
inter-stimulus interval (ISI), mutant mice exhibited a PPI deficit compared to WT mice at
ISI 25 and ISI 100 (d). Both WT and mutant mice exhibited habituation over time, although
mutant mice had lower startle amplitude compared to WT mice at each habituation phase
(e). No difference between genotypes was observed when no stimulus was presented (f).
Data are presented as mean ±S.E.M. *p<0.05 and #p<0.1 when compared to WT mice.
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Figure 6. Preference for 1.0% saccharin solution of Clock△19 WT and mutant mice across a
four days test
Both WT and mutant (Mut) mice exhibited a preference for the sweet solution that
decreased over time. Clock△19 mutant mice exhibited a higher preference compared to WT
mice on the first and last day. Data are presented as mean ±S.E.M. *p<0.05 and #p<0.1
when compared to WT mice.
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Figure 7. Home cage running wheel activity of Clock△19 WT and mutant mice across seven days
of LD 12:12 and three days of LD 23:1
Both WT and mutant (Mut) mice were more active during the dark (D) than the light (L)
phase during the seven days of LD 12:12. For the first two days in LD 23:1, WT mice
maintained greater activity during the 12 hrs previously in darkness (active phase). Mutant
mice however, rapidly lost maintenance of their circadian rhythm by the second day of LD
23:1, exhibiting equal activity during the 12 hrs previously in darkness (active phase) and
the 12 hrs previously in light (rest phase). Finally, mutant mice were more active than the
WT mice in both photoperiods. Data are presented as mean home cage running activity
±S.E.M. * denotes p<0.05 when compared with mutant mice, # denotes p<0.05 when
compared with activity during what was the 12 hour L cycle.
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Table 1

Test-retest reliability of all primary measures in the BPM between testing days 1 and 2 as determined by
correlation coefficients

Measure R-value P-value

Transitions 0.76 <0.001

Holepoking 0.63 <0.005

Rearing 0.70 <0.001

Spatial d 0.84 <0.001

Entropy (h) 0.71 <0.001

Spatial CV 0.59 <0.005

Temporal CV 0.45 <0.05

Center duration 0.52 <0.05

Center entries 0.81 >0.001

CV = coefficient of variation
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