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Background: Dopamine transporter (DAT) knockdown
(KD) mice, with approximately 90% loss of expression of
the DAT, allow for the examination of the behavioral
consequences of a chronically dysregulated dopamine
system. The DAT KD mice have hyperdopaminergic tone,
are hyperactive, and show impaired response inhibition in
a number of paradigms. We hypothesized that the DAT KD
mice would also display deficits in prepulse inhibition
(PPI) and would be perseverative in their locomotor
behavior.

Methods: Basal levels of PPI and patterns of locomotor
behavior were measured in two cohorts of DAT KD mice.
In addition, measurements of locomotor behavior were
recorded after pretreatment with 100 mg/kg valproate in
both DAT KD and wildtype mice.

Results: The DAT KD mice were hyperactive and dis-
played perseverative motor behavior but had normal
levels of PPI. The clinically effective antimania drug
valproate significantly attenuated the hyperactivity and
perseverative locomotor behavior in the DAT KD mice
and had no effect in control mice.

Conclusions: The DAT KD mice appear to provide a
model of some aspects of manic behavior. With limited
models of bipolar disorder, the DAT KD mice might
provide a vehicle to screen for new psychiatric therapies
to treat mania and its related symptoms. Biol Psychiatry
2003;53:352–359 © 2003 Society of Biological Psychia-
try
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Introduction

Dysregulation of the dopamine (DA) system is thought
to underlie several psychiatric disorders including

schizophrenia, bipolar disorder, and attention-deficit/hy-
peractivity disorder (ADHD). Psychotic behavior, mania,
and hyperactivity can be triggered in humans by dopami-
nergic stimulants such as amphetamine, suggesting that a
DA-related mechanism may be involved in these behav-
iors. Based on the idea that a hyperdopaminergic state
underlies some psychiatric illnesses, several studies have
focused on the DA transporter (DAT) as a possible
candidate gene in linkage studies in patients with schizo-
phrenia, bipolar disorder, and ADHD (Cook et al 1995;
Crowe and Vieland 1998; Fujiwara et al 1997; Gill et al
1997; Kelsoe 1999; Kelsoe et al 1996; Persico and
Catalano 1998; Persico and Macciardi 1997). Animal
model paradigms have been used to examine certain
aspects of the neurobiological substrates of these disor-
ders. In recent years, DA transporter (DAT) mutant mouse
lines have been generated that may prove useful in
behavioral studies related to these disease states.

A DAT “knockout” (KO) mouse has been created that
completely lacks the gene coding for the DAT (Giros et al
1996). These mice exhibit a chronic hyperdopaminergic
tone because, upon stimulation, DA remains in the extra-
cellular space 300 times longer than it does in the wildtype
(WT) control animals. In addition, these animals also have
profound physiologic alterations (Gainetdinov et al 1998;
Giros et al 1996). The DAT KO mutants are dramatically
hyperactive in a novel environment, have impairments in
spatial cognitive function, and exhibit locomotor hypoac-
tivity in response to psychostimulants such as amphet-
amine and methylphenidate (Gainetdinov et al 1999).
Recently, a second kind of DAT mutant mouse has been
created. Unlike the full DAT KO, these “knockdown”
(KD) mice have an approximately 90% loss of DAT
(Zhuang et al 2001). The generation of the DAT knock-
down has been described previously (Zhuang et al 2001).
Briefly, the reduction in DAT expression is due to the
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insertion of an extra 4-kb DNA sequence into the second
exon in the 5�-untranslated region of DAT, resulting in a
reduction in gene expression efficiency while keeping the
coding sequence intact. These mice also have a chronic
hyperdopaminergic tone (e.g., a 70% increase in extracel-
lular striatal DA), but they do not show gross physical
changes. Behaviorally, the DAT KD mice are hyperactive
in a novel open field and show impaired response inhibi-
tion in a number of paradigms (Zhuang et al 2001). The
DAT KO and KD mutant mice have been proposed to
model aspects of ADHD (Gainetdinov et al 1999; Zhuang
et al 2001), but they may more generally model disease
states characterized by a hyperdopaminergic tone. Hence,
we set out to characterize further the DAT KD mice, mice
that had shown no overt compensatory changes based on
the DAT mutation, in both startle and locomotor behav-
ioral paradigms.

Although no animal model can fully account for the
complexity of psychiatric disorders, selected behaviors
that are observed experimentally in humans have been
reproduced in animal models. One such behavior is
prepulse inhibition (PPI) of the startle response, a form of
sensorimotor gating in which the startle response is re-
duced when the startling stimulus is preceded by a low
intensity prepulse (Graham 1975; Hoffman and Ison
1980). Several psychiatric populations characterized by
dysregulated DA systems have deficits in PPI, including
schizophrenia, psychotic bipolar affective disorder, and
ADHD comorbid with other disorders (Braff et al 1992;
Castellanos et al 1996; Ornitz et al 1999; Perry et al 2001).
Comparable deficits in PPI are produced in rodents by
stimulating the DA system with agonists such as amphet-
amine and apomorphine (Dulawa and Geyer 1996; Mans-
bach et al 1988; Ralph et al 1999), suggesting that DA is
involved in the modulation of PPI. We have previously
described similar deficits in PPI in DAT KO mice, mice
that were also hyperactive and highly perseverative in
their motor behavior (Ralph et al 2001a). Based on the
reported deficits in PPI in disorders such as bipolar
disorder and ADHD, the evidence of DA-stimulated dis-
ruptions in PPI in mice, and the observed hyperactivity
phenotype in the DAT KD mice, we hypothesized that the
DAT KD mice would show deficits in PPI.

Locomotor hyperactivity has been used for many years
as one aspect of modeling the mania phenotype in animals
(for review, see Lyon 1991). Because the DAT KD mutant
mice exhibit locomotor hyperactivity and because PPI
deficits have been reported in patients with bipolar disor-
der (Perry et al 2001), we hypothesized that the hyperdo-
paminergic state of the DAT KD mice is consistent with a
manic state in humans with bipolar disorder. One approach
to address this hypothesis is to examine whether standard
pharmacologic interventions to treat manic episodes in

bipolar disorder patients are also effective in reducing
locomotor hyperactivity in these mice. Valproate is a
standard treatment for manic and hypomanic episodes in
subjects with bipolar disorder. Similar to the effects of
lithium, valproate reduces hyperactivity, racing thoughts,
and other key symptoms of mania within days of treatment
(Motohashi 1999; Tohen and Grundy 1999). It has been
suggested that the manic episodes during the course of
bipolar disorder are consistent with a temporarily dysregu-
lated DA system (Diehl and Gershon 1992; Emilien et al
1999). If indeed a dysregulated DA system underlies some
of the key symptoms of mania, and if the DAT KD mice
model a dysregulated DA system, we hypothesized that
pharmacological agents that successfully treat manic
symptoms would attenuate the hyperactivity displayed by
the DAT KD mutant mice. Hence, we conducted a
valproate dose-response study and observed that 100
mg/kg valproate had no effect on the overall levels of
locomotor activity in control mice. We then treated the
DAT KD mice with this dose of valproate in an attempt to
attenuate their hyperactivity motor phenotype.

Methods and Materials

Animals
The DAT KD cohort (Zhuang et al 2001) used in the initial
phenotypic characterization was sent to our laboratory from
Columbia University (New York, NY; n � 12 male WT and
DAT KD). All subsequent mice were derived from breedings at
the vivarium at the University of California, San Diego. The
DAT KD mice were generated using embryonic stem cells from
the 129SvJ strain and were inserted in C57BL/6J blastocyst cells;
one of the chimeras was mated with 129SvJ females to generate
heterozygous mutants on a 129SvJ genetic background (for
details, see Zhuang et al 2001). Heterozygous breeding pairs
were used to generate the mice and the DAT protein levels were
quantified by western blot analysis (Zhuang et al 2001; per-
formed by XZ at Columbia University). The DAT KD cohort
used in the second baseline characterization consisted of 38 WT
(female � 23, male � 15) and 28 DAT KD (female � 12, male
� 16), whereas 31 WT (vehicle group � 16 [female � 10, male
� 6] and valproate group � 15 [female � 8, male � 7]) and 27
DAT KD (vehicle group � 13 [female � 7, male � 6] and
valproate group � 14 [female � 10, male � 4]) mice were used
in the test with valproate. We used 40 male C57BL/6J mice to
complete the valproate dose-response study (n � 10 per treat-
ment group). All of the behavioral testing procedures were
approved by an institutional animal care and use committee
(IACUC) before the onset of the experiments. All mice were
maintained in an animal facility approved by the American
Association for Accreditation of Laboratory Animal Care at the
University of California, San Diego. This facility meets all
federal and state requirements for animal care. Mice from each
strain were group housed in a climate-controlled animal colony
with a reversed day–night cycle (lights on at 9:00 PM, off at 9:00
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AM). All behavioral testing started at approximately 8–9 weeks
of age and occurred between 10:00 AM and 6:00 PM. Food
(Harlan Teklab, Madison, WI) and water were available through-
out the experiments, except during behavioral testing.

Drugs
Sodium valproate was obtained from Sigma/RBI (St. Louis, MO)
and was dissolved in distilled water. Free-base drug weights were
used in all drug calculations. In the dose-response study, 100,
200, 400 mg/kg valproate or vehicle were used, whereas the
DAT mutant mice were treated with either 100 mg/kg valproate
or water. All injections were given intraperitoneally at a volume
of 5 mL/kg body weight 1 hour before behavioral testing.

Apparatus
Startle reactivity was measured using four startle chambers
(SR-LAB, San Diego Instruments, San Diego, CA). Each cham-
ber consisted of a clear nonrestrictive Plexiglas cylinder resting
on a platform inside a ventilated box. A high-frequency loud-
speaker inside the chamber produced both a continuous back-
ground noise of 65 dB and the various acoustic stimuli. Vibra-
tions of the Plexiglas cylinder caused by the whole-body startle
response of the animal were transduced into analog signals by a
piezoelectric unit attached to the platform. These signals were
then digitized and stored by a computer. Sixty-five readings were
taken at 1-msec intervals, starting at stimulus onset, and the
average amplitude was used to determine the acoustic startle
response (ASR). Sound levels in dB(A) sound pressure level
were measured as described previously (Dulawa et al 1997). The
SR-LAB calibration unit was used routinely to ensure consistent
stabilimeter sensitivity between test chambers and over time
(Geyer and Swerdlow 1998).

Locomotor activity was measured using a video-tracker (VT),
which tracked mice in four adjacent white Plexiglas enclosures
(41 � 41 � 34 cm). The four adjacent VT enclosures were
surrounded by an opaque plastic curtain. Each mouse was tested
individually in a separate enclosure and had no contact with the
other mice. A video camera, mounted 158 cm above the
enclosures, provided the signal for the Polytrack digitizer (San
Diego Instruments). Using the video-tracking system, a signal
from each of four mice was generated simultaneously by tracking
the uppermost left coordinate of each mouse in their respective
enclosure. The signal was stored in a personal computer for
further offline processing. For this investigation, the (x,y) posi-
tion (in pixels) of each animal sampled at a rate of 18.18 Hz was
used to generate a (x,y,t) coordinate file consisting of the x
location, the y location, and the duration of time (t) spent at that
location. The spatiotemporal resolutions of each event recorded
were 0.32 cm, 0.32 cm, and 55 msec, which corresponded to a
maximum speed of 25 cm/sec.

Prepulse Inhibition Session
All PPI test sessions consisted of startle trials (PULSE-ALONE),
prepulse trials (PREPULSE � PULSE), and no-stimulus trials
(NOSTIM). The PULSE-ALONE trial consisted of a 40-msec

120-dB pulse of broadband noise. Acoustic PPI was measured by
PREPULSE � PULSE trials that consisted of a 20-msec noise
prepulse, 100 msec delay, then a 40-msec 120-dB startle pulse
(120 msec onset to onset interval). The acoustic prepulse
intensities were 4, 8, and 16 dB above the 65-dB background
noise (i.e., 69, 73, and 81 dB). The NOSTIM trial consisted of
background noise only. The acoustic section of the test session
began and ended with five presentations of the PULSE-ALONE
trial; in between, each acoustic or NOSTIM trial type was
presented 10 times in a pseudo-random order. There was an
average of 15 sec (range: 12–30 sec) between trials. After the
mice were placed in the startle chambers, a 65-dB background
noise level was presented for a 5-min acclimation period and
continued throughout the test session.

The amount of PPI was calculated as a percentage score for
each prepulse trial type: % PPI � 100 � {[(startle response for
PREPULSE � PULSE) / (startle response for PULSE-ALONE)]
� 100}. Acoustic startle magnitude was calculated as the
average response to all of the PULSE-ALONE trials, excluding
the first and last blocks of five PULSE-ALONE trials presented.
For brevity, main effects of prepulse intensity (which were
always significant) will not be discussed. Habituation of the
startle response was analyzed by grouping acoustic startle trials
into four blocks (five trials each, grouped by order of presenta-
tion). Data from the NOSTIM trials are not included in the
Results section because the values were negligible relative to
values on trials containing startle stimuli.

Locomotor Pattern Testing
Each mouse was placed in the bottom left-hand corner of each
enclosure at the start of the test session. The movements of the
mice were tracked for 15-min in the DAT KD baseline charac-
terization and data were stored in three 5-min blocks. During
testing with valproate, the mice were tracked for 30 min, with
data being stored in three 10-min blocks. Two categories of
measures were obtained. First, the amount of locomotor activity
was assessed as the number of entries made into predefined areas
of the open field, that is, the wall area, corner area, or center area
(see Geyer et al 1986). Second, the geometric patterns of
locomotor activity were quantified by the spatial scaling expo-
nent d, as described in detail elsewhere (Paulus et al 1999).
Briefly, d measures the degree to which consecutive movements
are along a straight line (d � 1), are characterized by meandering
patterns (d � 1.5), or include many directional changes (d � 2).

Statistical Analyses
In PPI experiments, genotype was a between-subjects variable,
and prepulse intensity and time were within-subjects variables. In
locomotor activity experiments, genotype, drug treatment, or
both were between-subjects variables, and time was a within-
subjects variable. Analyses of variance (ANOVAs) were used to
compare means, and Tukey tests were used for post hoc analysis.
Where applicable, gender was included as a between-subjects
variable. Because there were neither main effects of gender nor
interactions with gender, data from female and male mice were
combined (data not shown). The computations were carried out
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using the BMDP statistical software (Statistical Solutions, Sau-
gus, MA).

Results

DAT Knockdown Baseline Characterization

The first group of DAT KD mice tested had comparable
levels of PPI and acoustic startle reactivity compared with
WT control mice (see Figure 1A and 1B). Similarly,
testing of a second cohort also revealed no significant
difference in PPI between DAT WT and KD mice,
indicating that the lack of a PPI phenotype was reliable
(see Figure 1C). There was, however, a significant main
effect of genotype on acoustic startle responding only in
the second cohort [F(1,64) � 11.4, p � .01]. Specifically,
DAT KD mice had higher acoustic startle reactivity than
the WT control mice (see Figure 1D). Despite this differ-
ence in startle reactivity, both cohorts of DAT WT and KD
mice showed normal habituation to the startle stimuli (data
not shown).

Our locomotor studies confirmed the previous finding
(Zhuang et al 2001) that DAT KD mice were hyperactive
in an open field compared with WT controls. There was a

significant main effect of genotype [F(1,62) � 7.0, p �
.01] on the number of total entries, confirming that the
DAT KD mice were more active than the WT controls.
Post hoc comparisons revealed significant group differ-
ences in blocks 2 and 3 (p � .05 and p � .01, respectively;
see Figure 2A). In addition, the DAT KD mice exhibited
more perseverative patterns of locomotor behavior than
did the WT control mice, as evidenced by a significant
main effect of genotype on spatial d [F(1,62) � 14.5, p �
.001; see Figure 2B]. Specifically, DAT KD mice exhib-
ited significantly straighter sequences of motor patterns
(lower spatial d values) than the WT mice (p � .01). There
were also significant main effects of block of time on both
total entries [F(2124) � 18.5, p � .001] and spatial d
[F(2124) � 9.9, p � .001], but there were no interactions
with genotype. Thus, despite baseline differences, both
groups of mice appeared to be habituating to the test
environment because activity decreased and spatial d
values increased over the test session in both genotypes.

Valproate Dose Response

A valproate dose-response study was completed to deter-
mine an appropriate dose of drug to test in the DAT mice.
There was a significant main effect of drug treatment on
total entries [F(3,41) � 59.4, p � .001], which post hoc
comparisons revealed was because 400 mg/kg valproate
significantly reduced locomotor activity (p � .01; see
Figure 3A). Also, 400 mg/kg produced more circum-
scribed patterns of motor behavior (p � .01), as supported
by a significant main effect of valproate on spatial d

Figure 2. Baseline characterization of locomotor behavior in
dopamine transporter knockdown (DAT KD) mice. (A) Similar
to previous reports, the DAT KD mice were significantly more
active than the DAT wildtype (WT) control mice in blocks 2 and
3. (B) The DAT KD mice displayed more perseverative motor
patterns, as evidenced by significantly lower spatial d values in
each block. Values represent means � SEM for three 5-min
blocks (*p � .05, **p � .01).

Figure 1. Characterization of prepulse inhibition (PPI) and
acoustic startle reactivity in dopamine transporter (DAT) wild-
type (WT) and knockdown (KD) mice. There were no significant
differences in (A) PPI or (B) in acoustic startle responding
between DAT WT and KD mice. Similarly, in a second cohort of
DAT KD mice, (C) both WT and KD mice displayed comparable
levels of PPI. (D) The DAT KD mice, however, had higher
startle response than WT control mice (**p � .01). Prepulse
inhibition values represent mean percent PPI � SEM and startle
values (arbitrary units) represent mean startle magnitude �SEM.

Valproate Attenuates Behaviors in DAT Mice 355BIOL PSYCHIATRY
2003;53:352–359



[F(3,41) � 32.6, p � .001; see Figure 3B]. It was clear
that 400 mg/kg significantly altered both the amount and
the patterns of motor behavior; however, at 200 mg/kg,
valproate tended to decrease entries and increase spatial d.
Thus, the 100 mg/kg dose of valproate, which had no
apparent effects on either activity or spatial d, was chosen
to test in both the DAT KD and KO mice

Valproate in DAT Knockdown Mice

When the DAT KD mice were treated with valproate,
there were main effects of both genotype [F(1,54) � 33.4,
p � .001] and drug treatment [F(1,54) � 5.1, p � .05] on
total entries. Most important, a significant genotype-by-
drug interaction [F(1,54) � 6.1, p � .05] on total entries
confirmed the hypothesis that valproate would block the
hyperactivity seen in the DAT KD mice. As expected, the
DAT KD mice were hyperactive compared with the WT
mice when treated with vehicle (p � .01). Treatment with
valproate, however, reduced the hyperactivity in the DAT
KD mice in blocks 1 and 2 (p � .01 and p � .05,
respectively), while having no effect in the WT control
mice (see Figure 4A).

Vehicle-treated DAT WT mice exhibited a mixture of
straight, meandering, and circumscribed movements,
whereas the DAT KD mice were significantly more active
and displayed straighter sequences of locomotor activity
(see Figure 5). These differences were confirmed quanti-
tatively using total entries and the spatial scaling exponent,
d, which quantifies the degree to which sequences of
movements are straight (d� 1) or circumscribed (d� 2;
Paulus and Geyer 1991; Ralph et al 2001a, 2001b). In
measures of spatial d, there were main effects of genotype
[F(1,54) � 26.5, p � .001] and drug treatment [F(1,54) �

8.3, p � .001], as well as the critical genotype by drug
interaction [F(1,54) � 5.3, p � .001]. As in earlier studies,
the DAT KD mice exhibited perseverative patterns of

Figure 5. Patterns of motor behavior in individual dopamine
transporter (DAT) wildtype (WT) and knockdown (KD) mice
after treatment with either vehicle or 100 mg/kg valproate.
Patterns were reconstructed using the (x,y,t) coordinates of one
mouse per treatment group for the first 10 min of motor behavior
sampled. Sample patterns were selected based on data closest to
the group means for both the total amount of activity and average
spatial d for each genotype and treatment.

Figure 3. Valproate dose-response study in C57BL/6J mice. 400
mg/kg valproate significantly (A) reduced the amount of activity
and (B) increased spatial d in each block of time (**p � .01).
Values represent means � SEM for three 10-min blocks.

Figure 4. Characterization of locomotor behavior in dopamine
transporter (DAT) wildtype (WT) and knockdown (KD) mice
with 100 mg/kg valproate. (A) The DAT KD mice were
hyperactive compared with the WT control mice. Treatment with
valproate attenuated the hyperactive behavior of the DAT KD
mice in blocks 1 and 2, while having no effect on the DAT WT
mice. (B) DAT KD mice were more perseverative in the motor
patterns than the DAT WT control mice. Valproate had no effect
on DAT WT mice, but treatment with the drug significantly
attenuated the DAT KD patterns of locomotor activity. Values
represent means � SEM for three 10-min blocks ( p � .10, **p
� .01 compared with WT mice; †p � .05, ††p � .01 compared
with vehicle-treated mice).
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motor activity (straighter patterns of locomotor behavior
as indicated by lower spatial d values) than the KD WT
control mice (p � .01). Whereas drug treatment had no
effect on spatial d in the WT control mice, valproate
attenuated the perseverative patterns of motor behavior
(diminished the predominance of straight sequences of
locomotor activity as evidenced by increased spatial d)
seen in the DAT KD mice (p � .01, p � .10, and p � .05
in blocks 1, 2, and 3, respectively; see Figure 4B).

Discussion

In this study, we examined the behavioral phenotypes of
DAT KD mice and their role as possible models for a
dysregulated DA system, a state that is thought to contrib-
ute to schizophrenia, bipolar disorder, and ADHD. We
obtained four main results. Unlike the full DAT KO, DAT
KD mice do not show deficits in PPI compared with WT
controls. Similar to the DAT KO mice, however, the DAT
KD mice are hyperactive and display perseverative motor
patterns. Following a dose-response study, the DAT KD
mice were treated with 100 mg/kg valproate. The drug
significantly attenuated the hyperactivity in the DAT KD
mice but had no effect on motor behavior in the WT
controls. Finally, valproate also diminished the degree of
perseverative straight locomotor patterns in DAT KD
mice.

The DAT KD unexpectedly displayed normal levels of
PPI compared with WT control mice, despite their hyper-
dopaminergic state. In contrast, when tested using the
same procedures and parameters used here, the full DAT
KO mice showed robust and replicable disruptions in PPI
(Ralph et al 2001a). Perhaps the differences in the DAT
phenotypes relate to the degree to which the DA systems
are perturbed in the different DAT mutants. For example,
the DAT KD mice might not have a large enough increase
in dopaminergic tone to cause deficits in PPI. The full
deletion of the DAT causes profound changes in the DA
system of the DAT KO mice, with a fivefold increase in
DA that persists 300 times longer in the cleft than in
control mice (Gainetdinov et al 1998; Giros et al 1996).
The DAT knockdown have a 70% increase in extracellular
DA, and DA clears at a slower rate than control mice, but
they have some transporter to clear the DA from the cleft
(Zhuang et al 2001). Consequently, there appears to be
enough increased DA tone to produce hyperactivity, but
not enough to produce deficits in PPI. It is interesting that
a small amount of DAT appears to be sufficient to protect
against a PPI deficit. It has been reported that DAT plays
a far more important role in the striatum than in the cortex
(Tanda et al 1997; Wayment et al 2001; Yamamoto and
Novotney 1998). One potential explanation for the pheno-
typic differences caused by 10% remaining DAT is that

the remaining low levels of DAT are sufficient for
maintaining normal cortical but not striatal dopaminergic
transmission. Another significant difference between the
knockdown and knockout is that the knockout has severe
growth retardation (Bosse et al 1997), which might affect
general cognitive development. This difference in behav-
ioral sensitivity to alterations in DA function is consistent
with reports that higher doses of amphetamine, a drug that
increases DA by blocking the DAT, are required to disrupt
PPI than are required to produce hyperactivity in mice
(Curzon and Decker 1998; Ralph et al 1999; Wenger
1989). Furthermore, DAT heterozygous (�/�) mice, in
which the DA system is only partially dysregulated, also
exhibit normal PPI (Ralph et al 2001a). The difference in
the dysregulation of the DA system of the two DAT
mutant strains may also represent different psychiatric
disease states. There have been numerous reports of PPI
deficits in schizophrenia patients (Braff et al 2001) and,
more recently, in currently manic patients with psychotic
bipolar affective disorder (Perry et al 2001); however, PPI
deficits have not been found in subjects with ADHD
except when it was comorbid with other disorders, such as
nocturnal enuresis (Ornitz et al 1999) or a tic disorder
(Castellanos et al 1996). Thus, the full DAT KO might be
more representative of the dysregulated dopaminergic
systems seen in schizophrenia, the manic phase of bipolar
disorder, and ADHD comorbid with other disorders,
whereas the DAT KD might be more analogous to ADHD
alone.

As reported previously, the DAT mutant mice were
hyperactive compared with their respective WT control
mice in measures of the amount of activity (Zhuang et al
2001). In addition, the DAT KD mice also displayed
differences in the sequential organization of their behav-
ior. As we have shown previously (Ralph et al 2001a), the
full DAT KO had highly perseverative motor patterns.
Similarly, the DAT KD mice displayed perseverative
motor patterns, moving in significantly straighter se-
quences than the KD WT mice. In line with these findings,
straighter patterns of motor behavior are observed in mice
treated with the indirect DA agonist amphetamine, al-
though the effects are strain-dependent (Ralph et al
2001b). Therefore, it appears that increasing DA tone, via
removal of the DAT or by related pharmacologic manip-
ulations, leads to a narrowing of the behavioral repertoire
of the mouse in which activity is increased in a pattern-
specific manner. When the DAT KD mice were treated
with the clinically effective antimania drug valproate,
however, both their hyperactivity and their perseverative
motor behavior were significantly attenuated. Thus, val-
proate, which reduces hyperactivity, racing thoughts, and
other key symptoms of mania in subjects with bipolar
disorder during manic episodes (Motohashi 1999; Tohen
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and Grundy 1999), also had a normalizing effect in mice
with a chronically dysregulated DA system. It has been
suggested that the manic episodes during the course of
bipolar disorder are consistent with a temporarily dysregu-
lated DA system (Diehl and Gershon 1992; Emilien et al
1999), and there has been a great deal of investigation of
the DAT in human gene linkage studies (Cook et al 1995;
Crowe and Vieland 1998; Fujiwara et al 1997; Gill et al
1997; Kelsoe 1999; Kelsoe et al 1996; Persico and
Catalano 1998; Persico and Macciardi 1997). Taken to-
gether with phenotypes reported here, the DAT KD mice
may indeed emerge as a useful tool in investigating some
disorders characterized with dysregulated DA systems,
such as bipolar disorder and ADHD.

Although valproate has been proven to be a highly
effective treatment for bipolar disorder, the mechanisms
by which it exerts its therapeutic effects are not fully
understood. Similarly unclear is the mechanism by which
valproate attenuates the behavioral hyperactivity displayed
by the DAT KD mice. Some of the reported effects of
valproate include enhancing GABAergic inhibition, inhib-
iting high-frequency firing rates of neurons via voltage-
dependent sodium channels, inhibiting the enzyme that
converts inositol monophosphates to myo-inositol in the
phosphoinositol cycle, and increasing glutamate release in
the mouse cortex (for review, see Johannessen 2000;
O’Donnell et al 2000). Thus, although our studies do not
address this issue, one could speculate that the enhanced
GABAergic inhibition produced by valproate “dampens”
the hyperdopaminergic influences found in the DAT KD
mice, resulting in a normalizing of locomotor hyperactiv-
ity and perseverative motor patterns; however, it is impor-
tant to note that any of these processes, or combinations
thereof, might be the mechanisms by which valproate
exerts its behavioral effects in DAT KD mice.

Valproate clearly attenuates both amount of activity and
the pattern of motor behavior in the DAT KD mice, but the
effects of the drug on the habituation of the DAT KD mice
to the open field remain unclear. In this study, we gave
DAT KD mice an acute treatment of valproate with a
1-hour pretreatment time and monitored locomotor activ-
ity for 30 min. Although it is possible that valproate
treatment reduces habituation in the DAT KD mice, it is
equally plausible that the activity-attenuating effects of
valproate are wearing off. Thus, further studies are war-
ranted examining the time course of valproate treatment to
provide more complete characterization of the effects of
the drug in DAT KD mice.

The DAT KD mice provide an opportunity to investi-
gate the behavioral consequences of chronically dysregu-
lated DA systems. The DAT mutation results in hyperac-
tivity and perseverative motor patterns. Valproate, a drug
used routinely to treat idiopathic mania, attenuates the

disrupted behavior in the DAT KD mice. The behavioral
deficits present in the DAT KD mice are seen in several
psychiatric illnesses characterized by hyperdopaminergic
states. Although others have suggested that the DAT KD
mice provide a model of some aspects of ADHD (Zhuang
et al 2001), they might also model some aspects of manic
behavior. Thus, the DAT mutant mice could help us better
understand the pathophysiology of psychiatric diseases
characterized by dysregulated DA systems such as bipolar
disorder and could provide a screen for new psychiatric
therapies to treat such disorders.
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