
Chronic valproate attenuates some, but not all, facets of mania-
like behavior in mice

Jordy van Enkhuizen1,2, Mark A. Geyer1,3, Klaas Kooistra1,2, and Jared W. Young1,3

1Department of Psychiatry, University of California San Diego, 9500 Gilman Drive MC 0804, La
Jolla, CA 92093-0804 2Division of Pharmacology, Utrecht Institute for Pharmaceutical Sciences,
Utrecht University, Universiteitsweg 99, 3584 CG Utrecht, The Netherlands 3Research Service,
VA San Diego Healthcare System, San Diego, CA

Abstract
Bipolar Disorder (BD) mania is a psychiatric disorder with multifaceted symptoms. Development
of targeted treatments for BD mania may benefit from animal models that mimic multiple
symptoms, as opposed to hyperactivity alone. Using the reverse-translated multivariate
exploratory paradigm, the Behavioral Pattern Monitor (BPM), we reported that patients with BD
mania exhibit hyperactivity as well as increased specific exploration and more linear movements
through space. This abnormal profile is also observed in mice with reduced function of the
dopamine transporter (DAT) through either constitutive genetic (knockdown (KD)) or acute
pharmacological (GBR12909) means. Here, we assessed the pharmacological predictive validity
of these models by administering the BD-treatment valproic acid (VPA) for 28 days. After 28 days
of 1.5% VPA- or regular-chow treatment, C57BL/6J mice received GBR12909 (9 mg/kg) or saline
and were tested in the BPM. Similarly, DAT KD and WT littermates were treated with VPA-chow
and tested in the BPM. GBR12909-treated and DAT KD mice on regular chow were hyperactive,
exhibited increased specific exploration, and moved in straighter patterns compared to saline-
treated and WT mice respectively. Chronic 1.5% VPA-chow treatment resulted in therapeutic
concentrations of VPA and ameliorated hyperactivity in both models, while specific exploration
and behavioral organization remained unaffected. Hence, the mania-like profile of mice with
reduced functional DAT was partially attenuated by chronic VPA treatment, consistent with the
incomplete symptomatic effect of VPA treatment in BD patients. Both DAT models may help to
identify therapeutics that impact the full spectrum of BD mania.
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INTRODUCTION
Patients with Bipolar Disorder (BD) mania are characterized primarily by symptoms of
overactive behavior as described in the DSM-IV (APA, 1994). There are many facets to the
overactive behavior exhibited by patients with BD (Grunze et al., 2009). There is a need for
therapeutics targeting the multifaceted nature of the disorder, which affects approximately
1% of the worldwide population for BD type-I (Merikangas et al., 2011). Current treatments
have been found serendipitously, likely in part due to the limited availability of predictive
preclinical animal models of BD mania that go beyond treating hyperactivity (Gould and
Einat, 2007; Young et al., 2011a).

We developed a multivariate approach to quantify the abnormal exploration of patients with
BD in a novel environment – the Behavioral Pattern Monitor (BPM) (Perry et al., 2009;
Young et al., 2007). Using the BPM, we evaluated mouse models of mania based on reduced
dopamine transporter (DAT) functioning. These models include:1) DAT knockdown (KD)
mice with approximately 10% expression of the DAT; and 2) selective inhibition of the
DAT using GBR12909 treatment (Young et al., 2010a). Both models are based on the
putative etiology of BD, in which polymorphisms in the human DAT have been associated
with the diagnosis (Greenwood et al., 2006; Pinsonneault et al., 2011). In vitro studies
suggest that these polymorphisms may result in reduced cell surface expression of the DAT
(Horschitz et al., 2005). Indeed, lower striatal availability of DAT has been observed in
unmedicated patients with BD by using positron emission tomography (Anand et al., 2011).

In the BPM, patients with BD mania are hyperactive, interact more with objects, and walk in
more direct paths, compared to healthy subjects (Perry et al., 2009). The exploratory profiles
of DAT KD and GBR12909-treated mice in the mouse BPM are similarly characterized by
hyperactivity, increased specific exploration, and straighter patterns of movement (Perry et
al., 2009; Ralph-Williams et al., 2003; Young et al., 2010a). Moreover, the mania-like
phenotype in DAT KD mice is attenuated with environmental familiarity but reinstated by
environmental novelty and a sub-threshold dose of GBR12909 (Young et al., 2010b),
consistent with environmental uncertainty (Sylvia et al., 2009) and stimulants (Wingo and
Ghaemi, 2008) deleteriously affecting patients with BD.

One of the core strategies in the development of a valid animal model is the assessment of
its pharmacological predictive validity. Lithium and valproic acid (VPA) are among the
most commonly used treatments for BD mania, although they are not effective in every
subject (Bowden et al., 1994) or in each facet of the disorder (Yatham et al., 2010). Indeed,
patients with BD mania remained more active, with increased object interactions and more
direct movements in the BPM compared with healthy subjects even when on BD medication
for 3 weeks, although effect size differences in activity levels diminished over time
(Minassian et al., 2011). Since long-term treatment regimens are required to exert optimal
therapeutic effects, chronic treatment regimens should be used when assessing the
pharmacological predictive validity of an animal model (Harrison-Read, 2009; Young et al.,
2011a).

To assess the pharmacological predictive validity of the DAT mouse model for BD mania,
we examined the effects of chronic VPA medication on the mania-like behavior of these
mice in the BPM. We hypothesized that (a) DAT KD and GBR12909-treated mice would
exhibit a BD mania-like profile in the BPM; and (b) chronic treatment with VPA at
therapeutic concentrations would attenuate these mania-like profiles.
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METHODS
Animals

DAT KD mice were generated by inserting modified embryonic stem cells of the 129Sv/J
mouse strain in C57BL/6J blastocysts (Zhuang et al., 2001). DAT heterozygous breeders
were sent to our laboratory from Columbia University and all the subsequent mice resulted
from a breeding colony in the vivarium at the University of California San Diego (UCSD).
Male and female DAT KD (20-40 g) and WT (20-30 g) littermate mice were generated from
heterozygous breeding pairs and tested in the BPM at approximately 6 months of age. Male
C57BL/6J mice (20-30 g) were obtained from Jackson laboratories and tested at
approximately 3 months of age for acute GBR12909 studies. All mice were group housed
(where possible, maximum 4/cage), maintained in a temperature-controlled vivarium
(21±1°C) on a reversed day-night cycle (lights on at 7.00 PM, off at 7.00 AM), and were
tested during the dark phase of the cycle. Mice were brought to the laboratory 60 min before
testing between 8.00 AM and 5.00 PM. Food (normal or VPA chow; Harlan Teklab,
Madison, WI) and water were provided ad libitum, except during behavioral testing. During
chronic treatment, all mice were inspected 2 times a week to check for possible drug-
induced adverse effects. 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.

Drug Treatment
Sodium valproate and GBR12909 dihydrochloride were purchased from Sigma (St Louis,
MO). Rodent chow with VPA was custom produced by Harlan Laboratories (Harlan Teklab,
Madison, WI). The VPA and vehicle chows were identical with the exception of the added
drug in the former, which was produced with a concentration of 15 g VPA/kg chow. This
dose was chosen based on a pilot dose-response study indicating that blood concentrations
of VPA were within the therapeutic concentrations for patients with BD (Fig. 1). Mice were
treated with 4 weeks of VPA- or vehicle-chow and then tested in the BPM.GBR12909 was
dissolved in saline (0.9%) vehicle after sonicating for 2-4 h at 40°C, injection volume was
10 ml/kg. Free-base drug weights were used in all drug calculations. GBR12909 at 9.0 mg/
kg was administered by intraperitoneal injection immediately before the mouse was placed
in the testing chamber and data recording started.

Chemical analysis of VPA blood concentrations
All mice were decapitated and trunk blood collected. Blood was left to clot for
approximately 15 min. Samples were then centrifuged at 3000 rpm for 10 min and serum
was taken to determine drug concentrations. Valproic acid concentrations were quantified
with a glucose-6-phosphate dehydrogenase-based enzyme immunoassay technique and were
performed by UCSD Medical Center (San Diego, CA).

Mouse Behavioral Pattern Monitor
Spontaneous locomotor behavior and specific exploration were examined in nine mouse
BPM chambers (BPM; San Diego Instruments, San Diego, CA) as described previously
(Risbrough et al., 2006). In brief, each Plexiglas chamber consists of a 30.5×61×38-cm area,
with three floor holes and eight wall holes (three on each long and one on each short wall;
1.25 cm diameter, 1.9 cm from the floor). Each hole contains an infrared photobeam to
detect holepoking. Each chamber is enclosed in an outer box that minimizes outside light
and noise, with an internal white house-light above the arena (350 lux in the center and 92
lux in the four corners). Activity was obtained from a grid of 12×24 infrared photobeams 1
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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.
Position was defined across nine unequal regions (four corners, four walls and center (Geyer
et al., 1986)).

Exploratory Assessment
At the start of each session, the mouse was placed in the bottom left-hand corner of the
arena and the test session started immediately for 60 min. The primary outcome measures
were: locomotor activity as measured by transitions across the defined regions and center
entries (cumulative entries into the center region); specific exploration as measured by
holepoking and rearing; and locomotor pattern as measured by spatial d. Spatial d quantifies
the geometric structure of the locomotor path, where a value of 1 represents a path in a
straight distance-covering line, and 2 highly circumscribed small-scale movements (Paulus
and Geyer, 1991).

Experiment 1: Effects of chronic vehicle- or VPA-chow treatment on vehicle- or GBR12909-
induced exploration in the mouse BPM

Male C57BL/6J mice (n=60) were tested first without drug in the BPM for 60 min to
baseline-match their behavior. Using baseline measures of activity, specific exploration, and
spatial d, mice were then counter-balanced into groups that received vehicle- (n=28) or
VPA-chow (n=32). After 28 days of treatment, mice in the vehicle-chow group received
saline (n=14) or GBR12909 at 9 mg/kg (n=14). Mice in the VPA-chow group received
saline (n=14) or GBR12909 at 9 mg/kg (n=15).During this experiment, 3 mice that received
VPA-chow died of unknown causes; all other mice appeared healthy during treatment and
testing. The locomotor and behavioral activity of the mice was assessed for 60 min in the
BPM.

Experiment 2: Effects of chronic vehicle- or VPA-chow treatment on the exploratory profile
of WT and DAT KD mice in the mouse BPM

Female (n=13) and male DAT KD mice (n=11) and their female (n=13) and male WT
littermates (n=15) were tested in the BPM for 60 min to baseline-match their behavior.
Using baseline measures of activity, specific exploration, and spatial d, mice were then
counter-balanced into groups that received vehicle- (female KD (n=9), male KD (n=6),
female WT (n=8), male WT (n=8)) or VPA-chow (female KD (n=4), male KD (n=5),
female WT (n=5), male WT (n=7)). After 28 days of treatment, the locomotor and
behavioral activity of the mice was assessed for 60 min in the BPM.

Statistics
The outcome measures for each experiment were analyzed using two- or three-way
ANOVAs, with sex, genotype, chow treatment, or drug as between-subject variables.
Significant interactions and main effects were analyzed using Tukey’s post hoc analyses.
The data were analyzed for 60 min testing period using the Biomedical Data Programs
statistical software (Statistical Solutions Inc., Saugus, MA, USA). The alpha level was set to
0.05.
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RESULTS
Experiment 1: Exploratory profile of vehicle- or GBR12909-treated C57BL/6J mice after
chronic vehicle- or VPA-chow treatment

Locomotor activity—Significant GBR12909 effects were observed for transitions
(F(1,53)=122.53, p<0.0001) and center entries (F(1,53)=33.65, p<0.0001). Significant VPA
effects were also observed for transitions (F(1,53)=5.06, p<0.05; Fig. 2a) and center entries
(F(1,53)=9.46, p<0.005; Fig. 2b). A VPA by GBR12909 interaction was found for center
entries (F(1,53)=4.74, p<0.05), but not for transitions. Post hoc analyses revealed that
GBR12909 increased transitions compared to saline in both vehicle- and VPA-chow treated
mice (p<0.0001). Mice administered GBR12909 after VPA-chow treatment exhibited fewer
transitions compared to mice administered GBR12909 after vehicle-chow treatment
(p<0.05). VPA-chow treatment did not affect transition levels in the saline-administered
mice (p>0.1). Analyses revealed that GBR12909 increased center entries compared to saline
in both the vehicle- and VPA-chow treated mice (p<0.005). Mice administered GBR12909
after VPA-chow treatment exhibited fewer center entries compared to vehicle-chow treated
mice administered GBR12909 (p<0.005). VPA-chow treatment did not affect the amount of
center entries in the saline-treated mice (p>0.1).

Exploratory behavior—A VPA effect was observed for holepoking (F(1,53)=6.70,
p<0.05; Fig. 2c) with no main effect of or interaction with GBR12909.A significant
GBR12909 effect was observed for rearing (F(1,53)=23.26, p<0.0001; Fig. 2d) with no main
effect of or interaction with VPA. Post hoc analyses revealed that GBR12909 increased
rearing compared to saline in both the vehicle-(p<0.0005) and VPA-chow treated mice
(p<0.01). Analyses revealed that VPA-chow treatment increased holepoking in the saline-
treated mice compared to vehicle-chow (p<0.05). Mice administered GBR12909 after VPA-
chow treatment exhibited a trend towards increased holepoking compared to vehicle-chow
treated mice administered GBR12909 (p<0.1).

Locomotor patterns—A significant GBR12909 effect was observed for spatial d
(F(1,53)=14.07, p<0.0005; Fig. 2e) as well as a trend effect of VPA (F(1,53)=3.36, p<0.1)
with no GBR12909 by VPA interaction. Post hoc analyses revealed that GBR12909
decreased spatial d compared to saline in both the vehicle- (p<0.01) and VPA-chow treated
mice (p<0.05).

Experiment 2: Exploratory profile of WT and DAT KD mice after chronic vehicle- or VPA-
chow treatment

Locomotor activity—Significant genotype effects were observed for transitions
(F(1,44)=33.3, p<0.0001) and center entries (F(1,44)=13.1, p<0.001). Significant main
effects of VPA were also observed for transitions (F(1,44)=8.4, p<0.01; Fig. 3a) and center
entries (F(1,44)=4.2, p<0.05; Fig. 3b). There was a genotype by VPA interaction for
transitions (F(1,44)=4.3, p<0.05), but not for center entries. Since no sex by genotype, sex
by VPA, or sex by genotype by VPA interactions were observed, male and female data were
pooled for post hoc analyses. These analyses revealed that both the vehicle- (p<0.0001) and
VPA-chow treated DAT KD mice (p<0.01) exhibited increased transitions compared to WT
mice. DAT KD mice treated with VPA-chow exhibited fewer transitions compared to DAT
KD mice treated with vehicle-chow (p<0.05) however. VPA-chow treatment did not affect
transitions in the WT mice (p>0.1). DAT KD mice made more center entries compared to
WT mice in both the vehicle- (p<0.005) and VPA-chow treated mice (p<0.005). Post hoc
analyses did not reveal any significant effect of VPA on center entries in the DAT KD or
WT mice (p>0.1).
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Exploratory behavior—A significant genotype effect was observed for holepoking
(F(1,44)=10.3, p<0.005; Fig. 3c) and a trend toward KD mice exhibiting more rearings
compared with WT mice (F(1,44)=3.2, p<0.1; Fig. 3d). There was no main effect of VPA or
genotype by VPA interaction for holepoking or rearing. Post hoc analyses on holepoking
revealed that DAT KD mice exhibited increased holepoking compared to WT mice in both
the vehicle- (p<0.05) and VPA-chow treated mice (p<0.05).

Locomotor patterns—DAT KD mice exhibited straighter path movements compared
with WT mice as measured by spatial d (F(1,44)=5.1, p<0.05; Fig. 3e). Although no main
effect of sex was observed, there was a sex by genotype by VPA interaction (F(1,44)=5.0,
p<0.05). Given the lack of sex effects throughout this study and previous studies, male and
female data were combined for post hoc analyses. These analyses revealed that VPA-chow
treated DAT KD mice exhibited lower spatial d compared to VPA-chow treated WT mice
(p<0.05). There was a trend towards lower spatial d in the VPA-chow treated DAT KD mice
compared to the vehicle-chow treated DAT KD mice (p<0.1).

DISCUSSION
We examined the pharmacological predictive validity of reduced DAT functioning mouse
models of BD mania. We observed that VPA attenuated the hyperactivity seen in these
models, but did not affect other mania-like behavioral characteristics such as heightened
specific exploration and more linear movements. The selectivity of VPA effects could be a
reflection of the fact that VPA does not treat every aspect of BD. Thus, these data support
the need of measuring beyond hyperactivity alone when developing novel treatments for BD
mania (Gould and Einat, 2007).

Consistent with previous reports (Ralph-Williams et al., 2003; Young et al., 2010a; Young
et al., 2011c), we observed that both DAT KD mice and GBR12909-treated mice exhibit
behavioral profiles in the BPM that are similar to those of patients with BD mania (Perry et
al., 2009). The rationale for using a 9 mg/kg dose of GBR12909 came from other studies
such as GBR12909-induced increases in motor impulsivity (Loos et al., 2010) in a 5-choice
serial reaction time task, increased risk preference in a mouse Iowa Gambling Task (van
Enkhuizen et al., accepted), and accelerated choice latency and increased motivation in mice
in a progressive ratio breakpoint test (Young and Geyer, 2010). Mice administered 9 mg/kg
of the specific DAT inhibitor GBR12909 exhibited increased activity, increased specific
exploration (as measured by rearing), and straighter patterns of movement. A similar pattern
was observed in the DAT KD mice, with levels of holepoking being the increased measure
of specific exploration. Consistently, DAT KD mice on a 129Sv/J background exhibited
increased holepoking, while GBR12909 administration to C57BL/6J mice resulted in more
prominent effects on rearing behavior (Perry et al., 2009). The divergence in specific
exploration is thus likely caused by a difference in background strain and may be in part due
to the more active baseline phenotype of the C57 mouse strain (Paulus et al., 1999; Peeler
and Nowakowski, 1987). Consistent with such baseline differences, 129 mouse strains also
exhibit a higher spatial d and fewer center entries compared to the C57BL/6 strains (Paulus
et al., 1999). These background strain variations are consistent with earlier studies
demonstrating that such variations change the effects of the DAT inhibitor modafinil
(Young et al., 2011b).

After pilot studies in which 1.0 and 2.0% VPA-chow treatment for 4 weeks resulted in low-
end (≈50 mcg/mL) and high-end (≈150 mcg/mL) therapeutic serum concentrations
respectively (Figure 1), 1.5% VPA-chow was chosen for investigation. Others have found
that 2.5% VPA-chow resulted in therapeutic blood concentrations in mice from N171-82Q
and YAC128 strains (≈80 mcg/mL) (Chiu et al., 2011). In rats, chronic dietary VPA
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treatment at 2.0% resulted in low-end blood concentrations (40 mcg/mL) in one study (Einat
et al., 2003) and in therapeutic concentrations (≈80 mcg/mL) in another (Du et al., 2008).
Importantly, in the current chronic study, treatment with 1.5% VPA in the animals’ chow for
28 days led to optimal therapeutic mood-stabilizing concentrations for the treatment of BD
mania (60-80 mcg/mL) (Grunze et al., 2009). In both models of DAT inhibition, this
treatment attenuated their hyperactivity and the frequency of center entries (Fig. 4 & 5).
VPA-induced amelioration of center entries was significantly selective in GBR12909- and
not saline-treated mice, with a greater effect visually in the DAT KD than WT mice,
although a main effect of VPA was observed. Such differences in the models could relate to
sample size or background differences described above. VPA modestly increased
holepoking in the C57BL/6J mice, while VPA led to slightly reduced levels of spatial d in
the DAT KD mice. The slight variation of effect could reflect background strain differences
described above.

Longitudinal VPA treatment studies in the human BPM would assist direct comparisons
with the present studies. Similar to the current findings in both DAT models however, 3-
week treatment with various medications reduced effect size differences of activity but not
spatial d or object interactions in BD patients compared with healthy subjects (Minassian et
al., 2011).

Direct cross-species comparisons of treatment effects using similar measures are rarely
available. Despite such limitations however, the anticonvulsant drug VPA has been used
frequently to test the predictive validity of animal models of BD mania. Several studies have
observed that acute VPA treatment attenuated hyperactivity in animals treated with
amphetamine (Dencker and Husum, 2010; Flaisher-Grinberg and Einat, 2010; Kalinichev
and Dawson, 2011) or a combination of amphetamine and chlordiazepoxide (Kozikowski et
al., 2007). Acute VPA also reversed hyperactivity induced by sleep deprivation in D-box
binding protein (DBP) knockout (KO) mice (Le-Niculescu et al., 2008). It is important to
note however, that acute VPA can also lower basal activity levels in saline-treated animals
(Dencker and Husum, 2010), confounding the interpretation of the ‘therapeutic’ effects as
being specific to the manipulation-induced hyperactivity. Acute VPA attenuated
hyperactivity in DAT KD mice while not affecting the activity of WT mice however (Ralph-
Williams et al., 2003). Acute VPA treatment did not remediate GBR12909-induced
hyperactivity in mice, leading to suggestions that the predictive validity of the GBR12909
model for BD mania should be examined using chronic treatment (Douma et al., 2011). In
support of this point, treatment of BD mania requires chronic administration of a mood-
stabilizer, nominally at least 3 weeks in clinical trials (Cipriani et al., 2011). When chronic
treatment is used in animal models to eliminate the risk of false-positive or false-negative
effects, the activity-attenuating effects are less striking. Eleven days of oral treatment with
1.2% VPA in drinking water non-significantly attenuated the dopamine D2/D3 agonist
quinpirole-induced hyperactivity (Shaldubina et al., 2002), which may have been due to
lower end VPA blood concentrations (≈50 mcg/m). Chronic VPA treatment failed to
normalize ‘mania-like’ behaviors in a rat model of mania (D’Aquila et al.,
2006).Nevertheless, chronic VPA treatment normalized hyperactivity in transgenic CN98
mice (Herzog et al., 2008) and VPA microinjections into the nucleus accumbens attenuated
amphetamine-induced hyperactivity in rats (Kim et al., 2008). Thus, positive data for models
have been generated using chronic VPA treatment but methodologies have been diverse and
few studies examined VPA concentrations to determine whether therapeutic levels were
achieved.

In addition to marked hyperactivity in patients with BD mania, other aspects of abnormal
exploratory behavior of patients with BD mania were quantified in the human BPM (Perry
et al., 2009). Although therapeutic concentrations of VPA attenuated hyperactivity in the
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present models, specific exploration and locomotor patterns remained unaffected or
worsened. One could speculate that the ineffectiveness of VPA on specific exploration may
go beyond this behavior and be related to cognitive impairments that currently go untreated
in BD mania as well. For example, holepoking behavior in the mouse BPM correlated with
risk preference in the mouse Iowa Gambling Task (Young et al., 2011c). Furthermore,
greater object interactions in the human BPM correlated with poor human performance in
another frontal-mediated task, the Wisconsin Card Sorting Task (Henry et al., 2011).
Chronic VPA treatment increased holepoking in C57BL/6J mice in the present studies. This
effect is similar to a human BPM study in which subjects receiving VPA exhibited
significantly more object interactions than those not receiving VPA (Perry et al., 2009).
Although specific pharmacological treatment comparisons would aid such cross-species
comparisons, these data reinforce the need for therapeutics that treat the multiple facets of
BD (Gould and Einat, 2007; Young et al., 2011a; Fig. 6). Accordingly, a drug that would
reduce specific exploration in the BPM may also have beneficial effects on cognitive
functions. The models based on reduced functioning DAT provide a robust and practical
method of investigating the effects of novel compounds.

The mechanisms by which VPA exerts its therapeutic effects in humans are still not fully
understood. VPA affects multiple processes, including glycogen synthase kinase-3 (GSK-3)
(Sutton and Rushlow, 2011), γ-aminobutyric acid (GABA)ergic neurotransmission (Guidotti
et al., 2011), and N-methyl-D-aspartate (NMDA) glutamatergic signaling (Rapoport et al.,
2009). One of the biological constructs by which VPA attenuated the mania-like behavior
could be by increasing DAT gene expression in the brain (Wang et al., 2007). Importantly,
VPA-induced increase in DAT expression continued to rise with the duration of treatment
(Wang et al., 2007), underscoring the necessity for chronic treatment. Furthermore, VPA
down-regulates dopaminergic D2-like (D2, D3, and D4) receptor signaling (Ramadan et al.,
2011), supporting a dopaminergic mechanism for VPA. Future studies could target these
putative mechanisms.

One of the limitations of this study and others when assessing the pharmacological
predictive validity of an animal model for BD mania is the use of suboptimal therapeutics to
validate the models. By using a multivariate approach to quantify exploration however, the
effects of a treatment can be assessed on different aspects of exploratory behavior beyond
motor hyperactivity alone. Future studies should be performed to assess the effects of other
chronic medications such as the mood-stabilizer lithium on the behavioral profile of the
DAT KD and GBR12909-treated mice. Additionally, while most treatment studies involve
animal models, these data provide a specific testable hypothesis for longitudinal drug testing
in humans in the BPM; to wit, VPA treatment for mania would reduce hyperactivity
compared to patients in an unmedicated state, but would not affect increased specific
exploration or reduced spatial d.

In conclusion, mania-like behavior of mice with reduced functional DAT is partially
alleviated by chronic treatment with VPA, mimicking the real-life situation in which BD
treatment does not alleviate all symptoms. The data presented here provide predictive
validation that selective DAT inhibition enables modeling of BD mania-like behavior,
although more explicit human medication studies would provide more specific support. The
DAT model can be used to screen better therapeutics treating the complete mania-like
behavioral profile including cognitive dysfunction associated with mania.
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Fig. 1.
Serum concentrations of VPA (mcg/mL) after 28 days of different doses of VPA-chow
treatment. Dose-dependent effects of chronic VPA treatment concentrations were observed
on serum concentrations in mice. 1.0 % VPA-chow resulted in low, while 2.0 % VPA-chow
resulted in high/toxic VPA concentrations. The current experiments with 1.5 % VPA chow
resulted in optimal therapeutic serum concentrations for Bipolar Disorder (between 60-80
mcg/mL). Data are presented as the mean + SEM.
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Fig. 2.
Effects of chronic treatment with the mood-stabilizer VPA on the exploratory profile of
C57BL/6J mice administered acute GBR12909 at 9 mg/kg. GBR12909 increased activity as
measured by transitions, which was attenuated by VPA (a). VPA also attenuated
GBR12909-induced increases in center entries (b). Chronic VPA-chow treatment did not
affect activity alone (a-b). GBR12909 did not affect holepoking, while VPA increased
holepoking (c). GBR12909 increased specific exploration as measured by rearing, which
was not affected by VPA treatment (d). GBR12909 induced more linear patterns of
movement (reduced spatial d), which also were unaffected by VPA (e). Data are presented
as the mean + SEM. * Denotes p<0.05 and # denotes p<0.1 when compared with the vehicle-
chow treatment group and $ denotes p<0.05 when compared with saline.
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Fig. 3.
Effects of chronic treatment with VPA on the mania-like profile of DAT KD mice in the
BPM. The DAT KD mice were significantly more active than the WT mice as measured by
transitions, behavior that was attenuated by VPA treatment (a). DAT KD mice also
exhibited more center entries compared with WT mice, which was unaffected by VPA
treatment (b). DAT KD mice exhibited increased specific exploration as measured by the
amount of holepokes, which was not affected by VPA (c). No genotype or treatment effects
were observed on rearing behavior (d). DAT KD mice exhibited straighter paths of
movement than the WT mice (reduced spatial d), which were further reduced by VPA
treatment (e). Data are presented as the mean + SEM. * Denotes p<0.05 and # denotes p<0.1
when compared with the vehicle-chow treatment group and $denotes p<0.05 when compared
with WT mice.
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Fig. 4.
Representative X-Y plots from each study are displayed. These figures are representative
behavioral patterns from mice of each study. As shown, VPA treatment did not affect the
patterns of movement of saline-administered mice (a-b). Chronic VPA treatment attenuated
GBR12909-induced hyperactivity (c-d), but did not affect specific exploration or sequential
organization. VPA treatment did not affect the behavioral patterns of WT mice (e-f). VPA
treatment attenuated the hyperactive behavioral pattern of DAT KD mice (g-h), but did not
affect specific exploration or sequential organization.
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Fig. 5.
Heat maps from each study are displayed. These figures represent the average group data
and are based on 72 evenly distributed sector entries. As displayed, VPA treatment did not
affect activity levels of saline-treated mice (a-b). Chronic VPA treatment attenuated
GBR12909-induced hyperactivity (c-d). VPA treatment did not affect activity levels of WT
mice (e-f), but attenuated the hyperactive behavioral pattern of DAT KD mice (g-h). The
scale ranges from 0 – 120 for (a-d) and from 0 – 80 for (e-h), because of the higher baseline
activity of the mice on a C57BL/6J background.
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Fig. 6. Schematic on the utility of a multivariate approach for developing treatments for Bipolar
Disorder (BD) mania
In the top panel (left), patients with BD exhibit hyperactivity, more specific exploration, and
straighter line movements through space compared with healthy subjects. Both reduced
functioning dopamine transporter (DAT) models (knockdown mice and GBR12909-treated
mice (right)) exhibit a similarly altered pattern of exploration to that of BD patients. In the
bottom panel (left), the results of the current study are summarized whereby valproate only
attenuated the hyperactivity of these models while not affecting other measures of abnormal
exploration. Thus, using these models, an ideal treatment (bottom right panel) could be
identified that treats each aspect of abnormal exploration.
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