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Knockout (KO) mice that lack the dopamine transporter (SL6A3; DAT) display
increased locomotion that can be attenuated, under some circumstances, by
administration of drugs that normally produce psychostimulant-like effects, such as
amphetamine and methylphenidate. These results have led to suggestions that DAT
KO mice may model features of attention deficit hyperactivity disorder (ADHD) and that
these drugs may act upon serotonin (5-HT) systems to produce these unusual
locomotor decreasing effects. Evidence from patterns of brain expression and initial
pharmacologic studies led us to use genetic and pharmacologic approaches to
examine the influence of altered 5-HT1B receptor activity on hyperactivity in DAT KO
mice. Heterozygous 5-HT1B KO and pharmacologic 5-HT1B antagonism both
attenuated locomotor hyperactivity in DAT KO mice. Furthermore, DAT KO mice with
reduced, but not eliminated, 5-HT1B receptor expression regained cocaine-stimulated
locomotion, which was absent in DAT KO mice with normal levels of 5-HT1B receptor
expression. Further experiments demonstrated that the degree of habituation to the
testing apparatus determined whether cocaine had no effect on locomotion in DAT KO
or reduced locomotion, helping to resolve differences among prior reports. These
findings of complementation of the locomotor effects of DAT KO by reducing 5-HT1B
receptor activity underscore roles for interactions between specific 5-HT receptors and
dopamine (DA) systems in basal and cocaine-stimulated locomotion and support
evaluation of 5-HT1B antagonists as potential, non-stimulant ADHD therapeutics.
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Introduction
Dopamine (DA) systems have long been implicated in the control of basal [1, 2]
and stimulant-induced locomotion [3–5]. Activity of the dopamine transporter
(SLC6A3, DAT) is a major determinant of DA compartmentalization, modulating
the dynamic temporal profiles of intracellular, synaptic, and extrasynaptic DA
levels [6, 7]. The elimination of DAT expression in DAT KO mice leads to
profound changes in DA release dynamics [8], elevated basal levels of extracellular
DA [8, 9] and profound locomotor hyperactivity [10, 11]. Cocaine-induced
locomotion is also eliminated in DAT KO mice [10, 12]. Indeed, under some
conditions, decreased locomotion is observed in DAT KO mice after administration of cocaine or other psychostimulant drugs [13], mimicking the therapeutic
effects that stimulants provide for many individuals with attention deficit
hyperactivity disorder (ADHD) [14, 15]. DAT KO mice also have deficits in prepulse inhibition of acoustic startle (PPI) [16] that are reversed by psychostimulant
drugs [17]. Similar to the effects of these drugs on locomotion, although they
improve PPI in DAT KO mice, they produce impairments in wildtype (WT) mice.
This pattern of effects of psychostimulant drugs on locomotor behavior and
PPI have led to suggestions that DAT KO mice may serve as a model of ADHD
[18, 19]. Effects of psychostimulant drugs on serotonin (5-HT) function were
initially suggested to be involved in the amelioration of hyperactivity in DAT KO
mice by psychostimulant drugs based on the effects of other serotonergic agents in
this model [13]. 5-HT systems, via interactions with DA systems, have been
implicated in modulation of both basal and psychostimulant-induced locomotion
for some time [20–22]. 5-HT systems that act through 5-HT1B receptors are
especially promising candidates to contribute to these direct and interactive
influences on locomotor behavior based upon their placement in this circuitry
[23–25]. High levels of 5-HT1B receptors are expressed by striatonigral neurons
that provide direct pathway feedback to ventral midbrain dopaminergic neurons
that are heavily implicated in motor control [26–29]. 5-HT can facilitate DA
release [30, 31] in ways that involve 5-HT1B receptors [32], although other 5-HT
receptor subtypes also modulate DA release and neuronal activity [33–35].
Combined deletion of DAT and the serotonin transporter (SERT) to produce
DAT/SERT double KO mice results in even higher basal locomotion than that
displayed by DAT deletion alone and 5-HT1B receptor levels are reduced in the
substantia nigra of these mice [11]. 5-HT1B receptor KO mice display increased
locomotor responses to cocaine [36], while their levels of basal locomotion are
similar to those of wildtype (WT) mice [37, 38].
To elaborate further the role of 5-HT1B receptors in locomotor behavior, and in
the effects of DAT KO on locomotor behavior, genetic and pharmacologic
approaches were used in the present experiments. There was substantial
convergence between the results from studies of lifelong deletion of half of the
normal quantity of 5-HT1B receptors and acute blockade of 5-HT1B receptors in
these experiments. Furthermore, examination of basal and cocaine-stimulated
locomotor activity after both long and short periods of habituation identified this
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factor, which differed in previous studies in DAT KO mice, as the critical factor
determining whether reductions in locomotion were observed after cocaine
treatment in DAT KO mice. The implications of the prominent role for 5-HT1B
receptors in serotonin-dopamine interactions in DAT KO mice identified in these
experiments is considered for the potential to develop non-psychostimulant
therapeutics the treatment of ADHD.

Results
Experiment 1: Basal and Cocaine-induced Locomotor Activity after
an Extended Period of Habituation
During the three hour period of habituation prior to cocaine administration
locomotor activity was greater in DAT 2/2 mice than in DAT +/2 or DAT +/+
mice (Fig. 1; DAT GENOTYPE: F [2, 81]511.4, p,0.0001). In combined
knockout mice, the effect of DAT KO depended strikingly on 5-HT1B genotype.
The basal hyperactivity found in DAT 2/25-HT1B +/+ mice was reduced sharply,
to nearly normal levels, in DAT 2/25-HT1B +/2 mice that have reduced 5-HT1B
receptor expression. This effect appears to require some 5-HT1B expression,
however, since the genetically complementing influence of reducing 5-HT1B
expression was not observed in mice with complete elimination of both DAT and
5-HT1B. Locomotion in DAT 2/25-HT1B 2/2 mice was thus similar to the levels
of hyperactivity noted in the DAT 2/25-HT1B +/+ mice.
There were no significant differences in between-session habituation between
mice of the differing genotypes. Differences in basal locomotion observed in the
first session continued to be observed in later habituation sessions that preceded
dose-response testing later in this experiment. Locomotor activity scores that were
summed for subsequent habituation sessions revealed group effects that were
virtually identical to the locomotion observed during the initial habituation
session (Fig. 2). Data in Fig. 2 documents the persistence of the lower activity of
DAT 2/25-HT1B +/2 mice when compared to either DAT 2/25-HT1B +/+ or
DAT 2/25-HT1B 2/2 mice. The main effect of DAT GENOTYPE was highly
significant (F [2, 81]514.9, p,0.0001). Post hoc examination of the DAT
GENOTYPE effect demonstrated that these effects were dependent on the 5-HT1B
receptor genotype. Scheffe’s comparisons for each DAT 2/2 genotype group
versus DAT +/+5-HT1B +/+ mice found significantly greater locomotion in DAT
2/25-HT1B +/+ mice and DAT 2/25-HT1B 2/2 mice, but not in DAT 2/25HT1B +/2 mice, for all habituation sessions compared to DAT +/+5-HT1B +/+
mice (Fig. 2). By contrast, due to the inverse 5-HT1B gene dose-response
relationship, neither the main effect of 5-HT1B GENOTYPE (F [2, 81]51.8, ns)
nor the DAT GENOTYPE65-HT1B GENOTYPE interaction (F [4, 81]51.3, ns)
reached statistical significance.
Locomotor responses to saline or cocaine injection are presented in Fig. 3. The
differences between locomotion following injection and the summed locomotion
in the two hours of habituation prior to drug injection are represented to correct
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Fig. 1. Experiment 1: Time-course of baseline locomotor activity in combined DAT/5-HT1B KO mice:
long habituation session. Time-course of locomotor activity during the first habituation session in DAT/5HT1B KO mice (9 genotypes: DAT +/+5-HT1B +/+, DAT 2/25-HT1B +/+, DAT +/+5-HT1B 2/2, DAT +/25HT1B 2/2, DAT 2/25-HT1B +/2, DAT 2/25-HT1B 2/2) expressed in terms of total distance traveled. Data
are represented as mean ¡ SEM.
doi:10.1371/journal.pone.0115009.g001

for differences in baseline activity. Saline administration did not increase
locomotion. Activity of mice of most genotypes, including DAT 2/25-HT1B +/2
mice, was minimal after saline injections. By contrast, the locomotor activity of
DAT 2/25-HT1B +/+ and DAT 2/25-HT1B 2/2 mice continued to decrease
after saline injections; these mice appear to experience continued habituation
from the higher levels of locomotor activity that they display at the beginning of
the test period. As previously reported [12], DAT 2/25-HT1B +/+ mice exhibited
no locomotor stimulant responses to cocaine. These differences from the
substantial increases observed in DAT +/+5-HT1B +/+ and DAT +/25-HT1B +/+
mice resulted in an overall significant effect of DAT GENOTYPE (F [2, 81]514.9,
p,0.0001). Failure to observe increases in DAT 2/25-HT1B +/+ mice did not

Fig. 2. Experiment 1: Baseline locomotor activity in well habituated combined DAT/5-HT1B KO mice.
Total locomotor activity in DAT/5-HT1B KO mice (9 genotypes: DAT +/+5-HT1B +/+, DAT 2/25-HT1B +/+,
DAT +/+5-HT1B 2/2, DAT +/25-HT1B 2/2, DAT 2/25-HT1B +/2, DAT 2/25-HT1B 2/2) expressed in
terms of summed distance traveled during all of the 4 habituation sessions prior to drug (5, 10 and 20 mg/kg
IP cocaine; C5, C10 and C20 respectively) or saline (SAL) injections. *Significant difference from DAT +/+5HT1B +/+ mice based on Scheffe’s post hoc comparison (p,0.05). Data are represented as mean ¡ SEM.
doi:10.1371/journal.pone.0115009.g002
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Fig. 3. Experiment 1: Cocaine-induced locomotion in well habituated DAT/5-HT1B KO mice. Cocaineinduced locomotor activity in DAT/5-HT1B KO mice is expressed as absolute difference s from baseline,
preinjection values. Post hoc analysis by 1 way ANOVA for COCAINE concentration revealed significant
effects of cocaine for all genotypes except DAT 2/25-HT1B +/+ and DAT 2/25-HT1B 2/2. Data are
represented as mean ¡ SEM.
doi:10.1371/journal.pone.0115009.g003

appear to be due to ceiling effects. Habituation had reduced locomotion to
approximately half of initial levels when cocaine was administered (see Fig. 1).
Cocaine administration significantly increased locomotion, with maximal
increases at 20 mg/kg (Fig. 3; DOSE: F [3,243]536.6, p,0.0001), although
increases were not apparent in mice of all genotypes. Post hoc evaluations of the
effect of DOSE (by 1-way ANOVA) in each genotype revealed a significant effect
of DOSE in DAT 2/25-HT1B +/2 mice that was not observed in DAT 2/25HT1B +/+ or DAT 2/25-HT1B 2/2 mice. While deletion of a single copy of the
5-HT1B receptor gene in DAT 2/25-HT1B +/2 mice restored the ability of
cocaine to increase locomotion, some 5-HT1B expression appears necessary to
normalize responses to cocaine in DAT 2/2 mice. Significant effects of cocaine
DOSE were observed in mice of all other genotypes (p,0.01). The interaction of
cocaine DOSE and DAT GENOTYPE was not significant in the ANOVA,
however.

Experiment 2: Cocaine-induced Locomotor Activity after a Brief
Period of Habituation
During 30 minute short habituation sessions, DAT 2/2 mice were significantly
more active than mice of all other genotypes (DAT GENOTYPE: F [2,97]530.6,
p,0.0001; Fig. 4A). During this shorter habituation period there was no
significant complementation observed between DAT and 5-HT1B genotypes (DAT
GENOTYPE65-HT1B GENOTYPE: F [4,97]51.9, NS), although the same overall
pattern was observed as in Experiment 1. Baseline differences in locomotor
activity did not equalize over 30 min habituation periods. Effects of cocaine on
locomotion were thus evaluated as the difference between activity after cocaine
administration and activity after saline administration (Fig. 4B).
There was a significant effect of DAT GENOTYPE on the locomotor stimulant
effects of cocaine (Fig. 4B; F [2,97]511.4, p,0.0001). However, there were no
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Fig. 4. Experiment 2: Locomotor activity in combined DAT/5-HT1B KO mice: short habituation
sessions. (A) Time-course of locomotor activity during the first habituation session in DAT/5-HT1B KO mice
(9 genotypes: DAT +/+5-HT1B +/+, DAT 2/25-HT1B +/+, DAT +/+5-HT1B 2/2, DAT +/25-HT1B 2/2, DAT
2/25-HT1B +/2, DAT 2/25-HT1B 2/2) expressed in terms of total distance traveled. (B) Cocaine-induced
locomotor activity in DAT/5-HT1B KO mice expressed as absolute difference from saline (total activity after
cocaine injection – total activity after saline injection). Data are represented as mean ¡ SEM.
doi:10.1371/journal.pone.0115009.g004

significant effects of either 5-HT1B GENOTYPE (F [2,97]50.1, ns) nor interaction
between DAT GENOTYPE and 5-HT1B GENOTYPE (F [4,97]50.4, ns). The
significant effect of DAT GENOTYPE reflects the large increases in locomotion
produced by cocaine administration after this short period of habituation period
in DAT +/+ mice and DAT +/2 mice, but not DAT 2/2 mice of any 5-HT1B
genotype. Under these experimental conditions cocaine reduced locomotion
below levels observed after saline injection alone in DAT 2/2 mice. 5-HT1B
genotype failed to produce any significant effects on locomotor responses to
cocaine administered after this short period of habituation.
Analyses of the time course of locomotor activity for each genotype separately
(Fig. 5) revealed increased locomotor activity after cocaine in all DAT +/+ and
DAT +/2 genotypes, regardless of 5-HT1B genotype. There were significant
DRUG6TIME interactions (p,0.01) for all DAT +/+ and DAT +/2 genotypes.
For DAT 2/2 genotypes cocaine decreased activity. This effect achieved
significance in DAT 2/25-HT1B +/2 and DAT 2/25-HT1B 2/2 mice, reflected
by significant DRUG6TIME interactions (p,0.01), but not in DAT 2/25-HT1B
+/+ mice. 5-HT1B KO thus appears to slightly enhance the locomotion-reducing
effects when cocaine is administered after a short period of habituation.
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Fig. 5. Experiment 2: Time-course of locomotor activity in DAT/5-HT1B KO mice, short habituation sessions. Time-course of saline and cocaineinduced locomotor activity in DAT/5-HT1B KO mice, represented separately for each genotype. Cocaine increased locomotion in all DAT +/+ and DAT +/2
genotypes (p,0.01), and reduced locomotion in all DAT 2/2 genotypes (p,0.01) except DAT 2/25-HT1B, which was confirmed by individual ANOVA
comparing saline and cocaine locomotion for each genotype. Data are represented as mean ¡ SEM.
doi:10.1371/journal.pone.0115009.g005

Experiment 3: The effects of the 5-HT antagonist SB 224289 on
locomotor activity in DAT 2/2 and DAT +/+ mice
In this experiment locomotor activity was again elevated in DAT 2/2 mice
compared to DAT +/+ mice (Fig. 6; DAT GENOTYPE: F [1, 18]530.6,
p,0.0001). The high dose of SB 224289 significantly reduced locomotor activity
in the hyperactive DAT 2/2 mice (DRUG: F [3, 54]54.0, p,0.02) but not in
DAT +/+ mice. There was thus a significant GENOTYPE6DRUG6TIME
interaction (F [15, 270]52.2, p,0.01). Post hoc comparisons of the effect of SB
224289 in each genotype separately confirmed these observations. SB 224289 had
no effect on locomotor activity in DAT +/+ mice (DOSE: F [3, 27]50.5, ns;
DOSE6TIME: F [15, 135]51.1, ns), but the 5-HT1B antagonist significantly
reduced activity in DAT 2/2 mice (DOSE: F [3, 27]53.5, p,0.03;
DOSE6TIME: F [15, 135]52.3, p,0.01).
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Fig. 6. Experiment 3: The effects of the 5-HT antagonist SB 224289 on locomotor activity in DAT KO
and WT mice. Time-course locomotor activity in DAT 2/2 and DAT +/+ mice after injection with 0, 5, 10, or
20 mg/kg SB 224289. Data are represented as mean ¡ the SEM.
doi:10.1371/journal.pone.0115009.g006

Discussion
The present data provide striking evidence that: 1) either chronic genetic or acute
pharmacologic reduction in 5-HT1B receptor function can reduce locomotor
impairments in DAT KO mice; 2) cocaine-induced locomotor activation can be
obtained in the absence of DAT when 5-HT1B receptor function is reduced; and 3)
psychostimulant drugs can decrease locomotion in DAT KO mice under
conditions in which only modest habituation occurs prior to drug administration.
The current data confirm and extend previous findings of: a) locomotor
hyperactivity and elimination of cocaine-stimulated locomotion in DAT knockout mice [10, 12], and b) cocaine-induced reductions in locomotor activity when
administered to mice after short habituation periods [13]. We discuss these
observations in the light of evidence for involvement of DAT and different 5-HT1B
receptor subpopulations in basal- and cocaine-stimulated locomotion, and of
their implications for understanding this model of ADHD.

Genetic complementation and pharmacological confirmation
DAT deletion produces baseline hyperactivity but prevents further cocaineinduced increases in activity. We show here that the effects of DAT deletion on
basal and cocaine-induced locomotion were reversed when a heterozygous 5HT1B receptor KO was combined with a homozygous DAT deletion. This
evidence for classical genetic complementation, reversal of influences of one
genetic change when another is added, provides strong evidence for the
importance of 5-HT systems that involve 5-HT1B receptors in the locomotor
phenotypes observed in DAT KO mice. The pharmacological results of acute
administration of the 5-HT1B antagonist SB 224289 buttress these genetic
findings, and make it less likely that this result depends on adaptations to chronic
5-HT1B depletions in the heterozygous KO mice.
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5-HT1B gene dose response relationship and comparisons
previous findings
By contrast to the results in heterozygous 5-HT1B KO mice, complete deletion of
the 5-HT1B receptor in homozygous 5-HT1B KO mice does not alter the
locomotor effects of DAT gene deletion. These observations support an inverse
gene-dose relationship and a requirement for some level of 5-HT1B receptor
function to normalize locomotor behavior in homozygous DAT 2/2 mice. This
complex gene-dose relationship for homozygous DAT KO mice appears to be
accompanied by differences in dose-response relationships for 5-HT1B antagonists
in modulating locomotion in different genetic and behavioral settings. In the
present work, mice with wildtype DAT genetic backgrounds displayed no
significant differences in locomotion after either genetic 5-HT1B manipulations or
5-HT1B antagonist treatment. Acute 5-HT1B antagonist treatment also exerted
only minimal effects on locomotion in WT mice in another study, although 5HT1B antagonism restored methamphetamine-induced locomotor sensitization in
serotonin transporter (SLC6A4; SERT) KO mice in that study [39]. These
divergent effects of 5-HT1B manipulations on locomotor activity in DAT KO and
SERT KO mice, compared to WT mice, bear some similarity to the divergent
effects on reinforcement in animals with different experimental histories. 5-HT1B
agonists have been shown to enhance cocaine reinforcement but decrease cocaineseeking in a reinstatement model, when they are administered following different
periods of cocaine self-administration and withdrawal [40, 41].
An interesting point here is the lack of effect of 5-HT1B manipulations alone.
Our results differ from those reported by Castanon et al (2000), who found that
5-HT1B KO increased cocaine-induced locomotion while 5-HT1B antagonists
reduced cocaine-induced locomotion. These differences might be due to
differences in the state of the mice tested, since increases in basal or stimulantinduced locomotor activity are likely to depend on dopaminergic cell firing rates
that can be altered substantially by habituation to the environment [42], as was
shown in the present experiments when habituation prior to drug injection was
specifically manipulated. Genetic background might also play a role in these
differences. Castanon et al (2000) used an inbred 129/Sv 5-HT1B KO strain for the
genetic study, but C57Bl/6J mice for the pharmacological study. Genetic variation
across strains, or genetic manipulations that cause perturbations in function
throughout this circuitry such as DAT and SERT, would appear to alter the
consequences of 5-HT1B receptor manipulations.

Adaptation in KO mice versus acute differences in
psychostimulant responses
Studies of the adaptations to the chronic loss of DAT function in DAT KO mice
have centered on DA receptor dynamics [8, 10, 43–45]. Our current results should
add impetus to studies of 5-HT systems and DA-5-HT interactions in these
animals as well [9, 13, 43]. We have previously reported reduced 5-HT1B receptor
expression in mice with combined DAT 2/2 SERT 2/2 gene deletions [11], but
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have not identified changes in brain 5-HT1B mRNA expression in DAT KO mice
(Li, Hall and Uhl, unpublished findings). More subtle region- or cell-specific
changes are still possible, as are adaptations at other (e.g. circuitry) levels (see
below).
Roles for adaptations to the removal of 5-HT1B receptors also remain possible,
although the fit between data from 5-HT1B receptor knockdown (e.g.
heterozygous KO mice) and acute antagonist treatments is consistent with direct
roles of 5-HT1B systems/acute alterations in many of the effects observed here.
Brain changes reported in homozygous 5-HT1B KO mice do include reduced 5HT levels, increased DA levels, and enhanced cocaine-induced DA release in
nucleus accumbens [46]; reduced striatal SERT binding [47]; reductions in 5HT2C receptor function [48]; reduced cocaine-induced c-fos elevation [49]; and
changes in several other receptor systems [50]. The degree to which these changes
occur in heterozygous 5-HT1B KO mice, if at all, is not known however, which
adds to the likelihood that the effects of heterozygous 5-HT1B deletion are the
result of the reduced 5-HT1B receptor numbers, not other chronic adaptations.
The gene-dose dependence of the results that we report here, and their
convergence with the results of acute pharmacological interventions, both focus
attention on mechanisms that require at least some 5-HT1B receptors, and away
from mechanisms that are engaged by the total absence of 5-HT1B receptors.
Observations that mice without any functional copies of either DAT or 5-HT1B
lack any significant cocaine-induced locomotion support the idea that normal 5HT1B mechanisms are involved in cocaine-induced locomotor stimulation in
DAT KO mice and mechanisms that reduce locomotion in WT mice.

Dopamine, serotonin and locomotor control
DA systems are widely implicated in locomotor control by data from DA lesion,
antagonist and structure-activity studies [51–56]. Initial results in DAT KO mice
supported the longstanding view that DA is the primary mediator of locomotor
behavior and that cocaine is a locomotor stimulant due to its ability to elevate DA
levels by blocking DAT. Current results demonstrating restoration of cocaineinduced locomotion in the absence of DAT in DAT 2/25-HT1B +/2 mice add to
other evidence that this view is oversimplified. Support for 5-HT1B receptors as
plausible sites for serotonergic effects on basal- and cocaine-modulated locomotor
activity comes from increased locomotion induced by the 5-HT1B receptor agonist
RU24969 [57] that can be blocked by the 5-HT1B receptor antagonist GR127935
[58] and 5-HT1B agonist treatment can potentiate nucleus accumbens dopamine
release in wildtype mice [59]. This pharmacological data alone might suggest that
5-HT1B receptors might have a role in ADHD.

Relevance to ADHD and ADHD symptomatology
DAT KO mice have been proposed to constitute an animal model of ADHD based
on the behavioral phenotypes observed in these mice and responses to drugs that
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treat ADHD [13, 18]. This is consistent with transmission disequilibrium studies
that have associated human DAT genomic markers with ADHD in several, though
not all, clinical samples [60–63], although certainly none of those studies
identified a homozygous DAT KO in humans. Nonetheless, the decreased
locomotion noted in stimulant-treated DAT 2/2 mice under some circumstances
[13] has been suggested to parallel the ‘‘calming’’ effects of psychostimulants in
hyperactive children [14, 15]. The dependence of these effects in DAT 2/2 mice
on the degree of environmental stimulation in the current habituation studies is
consistent with reports in ADHD as well. Similar to these effects on DAT
hyperactivity, while administration of psychostimulant drugs to WT mice impairs
PPI, the deficits in PPI found in DAT KO mice are reversed by administration of
psychostimulant drugs that treat ADHD [17], the selective norepinephrine
reuptake blocker nisoxetine [17], and nicotine [64]. Much of this data is
consistent with the rate dependency theory of drug action in ADHD [65], which
has gained support from both clinical and brain imagining studies [66, 67].
Genetic studies in humans have associated the htr1B gene with ADHD in some
studies [68–71]. Such associations have not been found in all studies, but
suggestions of gene-gene interactions for ADHD susceptibility and parent of
origin effects [72] may account for some of these negative findings. Furthermore,
those authors suggested that epigenetic regulation of htr1B may also be involved.
That expression of the 5-HT1B receptor may affect ADHD is also suggested by
observations that genetic differences in the regulation of htr1B gene expression by
the microRNA miR96 are also associated with ADHD [73]. It remains to be seen
how genetic differences in this gene may interact with other genetic, or nongenetic, differences in DAT function in humans. The present results certainly
suggest that this possibility should be investigated.

Potential circuitry underlying DAT-5HT1B interactions in DAT KO
mice
Circuits connecting midbrain to striatum include ventral midbrain dopaminergic
neurons that project to striatum, accumbens and cortex that receive reciprocal
direct pathway inputs from striatofugal fibers [24]. There are substantial
serotonergic inputs to these regions, including high concentrations of 5-HT1B
receptors on direct pathway/striatofugal connections from striatum to substantia
nigra and ventral tegmental area neurons [23, 25]. Although it is not possible to
exclude roles for other 5-HT1B receptor populations based on the present results,
it is tempting to focus on the direct pathway for explanations for many of the
effects of reduced 5-HT1B expression in DAT KO mice. 5-HT1B receptors in the
prefrontal cortex certainly modulate other behaviors [74], so it is possible that
receptors in that brain region influence behavior in DAT KO mice, but the
preponderance of evidence for 5-HT1B influences on locomotion involve
receptors in other brain regions. It thus appears most likely that the locus of 5HT1B effects is likely to be downstream from altered corticostriatal projections in
DAT KO mice [75].
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Accumulating evidence in DAT KO mice has indicated that the prefrontal
cortex is the locus of psychostimulant drug effects in this model. Because of
differences in the distribution of DAT in DA terminal regions, the consequences
of DAT deletion on release dynamics in these regions are quite different. This can
be observed in terms of the profound effect of DAT KO on basal DA levels in the
striatum but rather minimal effects in the prefrontal cortex [9]. This imbalance in
DA levels appears to be further associated with alterations in corticostriatal
afferents and downstream circuitry [75, 76]. Subtle cognitive deficits have been
found in DAT KO mice that are associated with changes in brain derived
neurotrophic factor in the prefrontal cortex [77]. A potential model of aspects of
impaired decision-making in ADHD, the cliff avoidance reaction, is also impaired
in DAT KO mice and these deficits can also be reversed by drugs that treat ADHD
[78]. One consequence of these changes is the impairment of PPI in these mice
[16], which is ameliorated by administration of psychostimulant drugs or selective
norepinephrine transporter (NET) blockers [17], the later finding suggesting that
psychostimulant drugs produce these actions by blocking NET. Interestingly, in
manner similar to effects of psychostimulants on locomotor activity, although
psychostimulants normalize PPI in DAT KO mice, they produce impairments in
wildtype mice. Furthermore, the locus of these effects is in the prefrontal cortex
based on intracerebral injection experiments [75]. Nicotine, used as a form of selftreatment for attentional deficits in ADHD [79], also acts in the prefrontal cortex
to ameliorate PPI deficits in DAT KO mice [64]. Although the role of 5-HT1B
receptors has not been specifically investigated in DAT KO mice using the PPI
model, serotonergic mechanisms were suggested to be important in the
amelioration of hyperactivity in DAT KO mice by psychostimulants [13], as well
as in the mechanism of action of nicotine in ameliorating PPI deficits [64]. This
certainly warrants further investigation.

Roles for behavioral state
Previous studies in two strains of DAT KO mice produced separately in different
laboratories found that DAT KO can eliminate the locomotor stimulant effects of
cocaine [10–12], but also that cocaine can reduce locomotor activity in DAT KO
mice [13]. The major difference in this later study from the previous studies
appeared to be the period of habituation prior to drug injection. Experiments 1
and 2 therefore confirm both types of psychostimulant effects in the same strain of
DAT KO mice under similar experimental conditions: elimination of cocaineinduced increase in locomotor activity in Experiment 1 and cocaine-induced
reductions in locomotion in Experiment 2. 5-HT1B gene deletion thus has effects
on basal and cocaine-stimulated locomotion that depend on DAT genotype and
on the degree of habituation to the testing environment. Constitutive 5-HT1B
deletion alone does not affect basal or cocaine-stimulated locomotion in DAT +/+
mice under the conditions used here. Furthermore, in Experiment 3 the effect of
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the 5-HT1B antagonist SB 224289 on locomotion was observed only in DAT 2/2,
and not in DAT +/+ mice. Taken together with effects of habituation (comparing
Experiments 1 and 2), we can conclude that 5-HT1B manipulations alter
locomotion most prominently under conditions of high locomotor activity, e.g.
with little habituation to the environment, or under conditions that otherwise
elevate locomotion, such as DAT deletion. As discussed above, other data
supports the idea that 5-HT1B manipulations can increase or decrease DA
mediated behavior under different conditions. Interestingly, it has also been
reported 5-HT1B agonists have biphasic effects on locomotion at different time
periods after withdrawal from chronic cocaine self-administration [80].

Conclusions
Observations that deletion of one copy of the 5-HT1B receptor gene restores
cocaine-induced locomotion in DAT 2/2 mice appears to rule out the simplest
form of the ‘‘DAT is it’’ hypothesis of cocaine-induced locomotion, just as finding
at least some retained cocaine reward in DAT KO mice ruled out the simple ‘‘DAT
is it’’ hypothesis of cocaine reinforcement [12, 81]. This genetic complementation
also supports at least some 5-HT1B-dependence of the development or expression
of some of the adaptive processes found in DAT KO mice, including those that
contribute to basal hyperactivity and to elimination of cocaine-stimulated
locomotion [10–12]. The influence of 5-HT receptor activation on DA function is
quite complex however, as indicated by the observation that 5-HT1B antagonist
treatment reduces locomotor sensitization to methamphetamine in WT mice but
restores sensitization in SERT KO mice [39]. This finding, among others, makes it
apparent that different 5-HT1B receptor populations can influence locomotor
behavior in different ways, and that the overall effect of 5-HT1B receptor agonism
or antagonism can be quite different under different circumstances.
The current data document how adaptations to lifelong absence of DAT can
involve non-dopaminergic systems in addition to the well-documented alterations
in dopaminergic parameters in DAT KO mice [8, 45]. Some of the adaptations to
shorter-term blockade of DAT by psychostimulants may parallel these
consequences of lifelong DAT deletion. Further studies that elucidate the roles of
5-HT1B autoreceptors located on raphé neurons, 5-HT1B receptors on
striatonigral cells, and 5-HT1B receptors located on other neurons in locomotor
circuits will clarify the multiple roles of 5-HT1B receptors in these different states.
Such studies have helped to identify particular 5-HT1B receptor populations
involved in different aspects of cocaine reinforcement and reinstatement [82]. The
current results thus seem to warrant increased consideration of 5-HT1Bdependent mechanisms in normal locomotor control, locomotor modulation by
acute psychostimulant administration and variations in motor control due to
genetic and/or developmental variations in dopaminergic systems that may be
associated with ADHD.
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Materials and Methods
Subjects
DAT [12] and 5-HT1B receptor [83] KO mice were used to generate combined
DAT/5-HT1B KO mice by crosses of these lines to produce double heterozygous
KO mice in the F1 generation, and subsequent double heterozygous crosses that
resulted in all combinations of genotypes, including double homozygous KO
mice, beginning in the F2 generation. Mice were of a mixed genetic background,
C57BL/6J and 129/Sv, derived from each of the original KO strains. Mice were
tested at 12–18 weeks of age. The number of subjects per condition in each
particular experiment is listed below. Each genotype group consisted of equal
numbers of males and female mice, but this was not included in the analysis and
the group sizes are not listed separately by sex below. The majority of mice used in
these studies were products of double heterozygous crosses, however, because of
the rarity of double KO and double WT mice under these conditions, and the
increased mortality that has been noted in DAT KO mice previously, an
additional breeding strategy was used to produce a sufficient number of subjects;
this involved crosses of DAT+/25-HT1B +/+, DAT +/+5-HT1B +/2, and DAT +/
25-HT1B 2/2 mice. All of these breeder mice were derived from double
heterozygous crosses. Crosses of all genotypes produced similar initial litter sizes
and expected genotype distributions (given the increased DAT mortality). Those
crosses that produced higher numbers of DAT 2/2 mice than double
heterozygote crosses did have greater postnatal and post-weaning mortality which
was solely attributable to the loss of DAT 2/2 mice. No gross abnormalities or
behavioral phenotypes were obvious in double KO mice beyond those that have
already been reported for the single KO mice. All experiments were conducted in
accordance with National Institutes of Health (USA) guidelines governing the use
of animals in experimental research under protocols approved by the National
Institute on Drug Abuse (USA) Intramural Research Program Animal Care and
Use Committee (Protocol number 10-MNRB-07).

Genotyping
Mice were genotyped by PCR for DAT and 5-HT1B genotypes using two internal
primers, one targeted at the NEO portion of the transgenic construct (KO primer)
and one targeted at the WT gene (WT primer), and one external primer for each
gene. PCR using Takara ExTaq or e2Tak DNA polymerase (Takara, Japan) was
performed on tail DNA eluted after digestion overnight in Protease K. For DAT
genotyping the forward primer (59 GAC TTG CTG TGA CCT GGC TAG GAA C
39) and the WT primer (59 GCC TTG AGC TCT TAT CGG GCC TCC 39)
produced a 640 bp band, while the forward primer and the KO primer (59 GCC
TCT GTC CGC AGT TCA TTC AG 39) produced a 900 bp band. For 5-HT1B
receptor genotyping the forward primer (59 GAC TTG GTT CAC GTA CAC AG
39) and the WT primer (59 CCC ATC AGC ACC ATG TAC AC 39) produced a
560 bp band, while the forward primer and the KO primer (59 CTT CTA TCG
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CCT TCT TGA CG 39) produced a 680 bp band. The PCR products were
separated and visualized using gel electrophoresis for determination of individual
genotypes.

Locomotor Activity Testing
Locomotor activity was assessed in Plexiglas boxes (36618618 cm) using an
automated Optovarimax system (Columbus Instruments, Columbus, OH, USA).
The total distance traveled during each time bin was calculated from infrared
beam-breaks by ATS software that localized the subject’s position in the apparatus
(Columbus Instruments, Columbus, OH, USA). The locomotor activity monitors
were placed in sound-attenuating chambers and all locomotor activity was
assessed under dark conditions between 10 AM and 4 PM. The methods used to
examine locomotor behavior are generally similar to our previous publications
with DAT KO and DAT/SERT KO mice [11, 12]. Habituation, duration of testing
and timing of drug injections was different for each experiment. These details are
described below.

Experiment 1: Basal and Cocaine-induced Locomotor Activity after
an Extended Period of Habituation
Using a within subjects design, mice from all 9 DAT/5-HT1B double KO genotype
combinations (n59–11 per genotype) were placed in the locomotor test chambers
and allowed to habituate for 3 hours prior to injection with cocaine (0.0, 5.0, 10.0
and 20.0 mg/kg s.c.). At least 48 hours separated each testing day. The order of
doses was counter-balanced. Locomotor activity was assessed as described above.
There was no evidence for locomotor sensitization when the order of testing was
examined as a factor using analysis of variance (ANOVA; data not presented).

Experiment 2: Cocaine-induced Locomotor Activity after a Brief
Period of Habituation
To allow comparison to the results of previously reported locomotor studies in
DAT KO mice that have used different periods of pre-injection habituation [10–
13], locomotor activity was also assessed in all 9 genotypes of DAT/5-HT1B double
KO mice (N58–13 per genotype) after 30 minutes of habituation to the
locomotor test chambers, using a within-subjects design after injections with 0
(saline vehicle) or 20 mg/kg s.c. cocaine. At least 48 hours separated each testing
day and the dose order was counter-balanced.

Experiment 3: Effects of the 5-HT antagonist SB224289 on
locomotor activity in DAT KO and WT mice
Locomotor activity was assessed in DAT 2/2 and wildtype, DAT +/+ littermates
(n510 mice per genotype) as previously described. Mice were injected with the 5HT1B antagonist SB224289 (0, 5, 10 or 20 mg/kg i.p.) prior to placement in
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locomotor activity chambers for 1 hour. A within-subjects design was used, at
least 48 hours separated each testing day and the dose order was counterbalanced.

Statistics
Statistical comparisons were made with ANOVA followed by Scheffe’s post hoc
comparisons using Statview (SAS). Data are presented as mean ¡ SEM for each
experimental group. In Experiment 1 there were substantial differences in basal
activity across genotypes observed during the long habituation period. This
difference in activity between genotypes did not equalize even by the end of this
extended period of habituation. The habituation sessions were compared to each
other to determine if the patterns observed in the first exposure were maintained
or if there were differences in habituation resulting from DAT GENOTYPE or 5HT1B GENOTYPE or any other factors. Because the activity of the groups was not
equalized by the end of the habituation period, cocaine-induced locomotion was
analyzed in terms of difference scores of the summed activity over the two hours
of testing post-cocaine minus the summed activity over the 2 hours of baseline
activity immediately prior to cocaine injection. Since the short habituation data in
Experiment 2 did not allow this correction, the difference in locomotor activity
after saline injection was compared to locomotor activity after cocaine injection in
the initial ANOVA, and then the time-course of cocaine and saline responses was
examined in separate ANOVA for each genotype. In ANOVA, the betweensubjects factors used were DAT GENOTYPE and 5-HT1B GENOTYPE, along with
the within-subjects factors TIME (for baseline locomotion), habituation SESSION
(for pre-cocaine habituation sessions) and DOSE of cocaine or SB 224289, where
appropriate.

Acknowledgments
This research was supported by the National Institute on Drug Abuse, Intramural
Research Program (NIH/DHHS, USA).

Author Contributions
Conceived and designed the experiments: FSH IS RH GRU. Performed the
experiments: FSH. Analyzed the data: FSH. Contributed reagents/materials/
analysis tools: RH IS GRU. Wrote the paper: FSH IS GRU.

References
1. Iversen SD, Koob GF (1977) Behavioral implications of dopaminergic neurons in the mesolimbic
system. Adv Biochem Psychopharmacol 16: 209–214.
2. Koob GF, Riley SJ, Smith SC, Robbins TW (1978) Effects of 6-hydroxydopamine lesions of the
nucleus accumbens septi and olfactory tubercle on feeding, locomotor activity, and amphetamine
anorexia in the rat. J Comp Physiol Psychol 92: 917–927.

PLOS ONE | DOI:10.1371/journal.pone.0115009 December 16, 2014

16 / 20

DAT/5-HT1B Complementation
3. Joyce EM, Stinus L, Iversen SD (1983) Effect of injections of 6-OHDA into either nucleus accumbens
septi or frontal cortex on spontaneous and drug-induced activity. Neuropharmacology 22: 1141–1145.
4. Kelly PH, Iversen SD (1976) Selective 6OHDA-induced destruction of mesolimbic dopamine neurons:
abolition of psychostimulant-induced locomotor activity in rats. Eur J Pharmacol 40: 45–56.
5. Kelly PH, Seviour PW, Iversen SD (1975) Amphetamine and apomorphine responses in the rat
following 6-OHDA lesions of the nucleus accumbens septi and corpus striatum. Brain Res 94: 507–522.
6. Sotnikova T, Beaulieu JM, Gainetdinov RR, Caron M (2006) Molecular biology, pharmacology and
functional role of the plasma membrane dopamine transporter. CNS and neurological disorders drug
targets 5: 45–56.
7. Pereira DB, Sulzer D (2012) Mechanisms of dopamine quantal size regulation. Frontiers in BioscienceLandmark 17: 2740–2767.
8. Jones SR, Gainetdinov RR, Jaber M, Giros B, Wightman RM, et al. (1998) Profound neuronal
plasticity in response to inactivation of the dopamine transporter. Proc Natl Acad Sci U S A 95: 4029–
4034.
9. Shen HW, Hagino Y, Kobayashi H, Shinohara-Tanaka K, Ikeda K, et al. (2004) Regional differences in
extracellular dopamine and serotonin assessed by in vivo microdialysis in mice lacking dopamine and/or
serotonin transporters. Neuropsychopharmacology 29: 1790–1799.
10. Giros B, Jaber M, Jones SR, Wightman RM, Caron MG (1996) Hyperlocomotion and indifference to
cocaine and amphetamine in mice lacking the dopamine transporter. Nature 379: 606–612.
11. Sora I, Hall FS, Andrews AM, Itokawa M, Li XF, et al. (2001) Molecular mechanisms of cocaine reward:
combined dopamine and serotonin transporter knockouts eliminate cocaine place preference. Proc Natl
Acad Sci U S A 98: 5300–5305.
12. Sora I, Wichems C, Takahashi N, Li XF, Zeng Z, et al. (1998) Cocaine reward models: conditioned
place preference can be established in dopamine- and in serotonin-transporter knockout mice. Proc Natl
Acad Sci U S A 95: 7699–7704.
13. Gainetdinov RR, Wetsel WC, Jones SR, Levin ED, Jaber M, et al. (1999) Role of serotonin in the
paradoxical calming effect of psychostimulants on hyperactivity. Science 283: 397–401.
14. Sarkis EH (2000) ‘‘Model’’ behavior. Science 287: 2160–2162.
15. Volkow ND, Gatley SJ, Fowler JS, Wang GJ, Swanson J (2000) Serotonin and the therapeutic effects
of ritalin. Science 288: 11.
16. Ralph RJ, Paulus MP, Fumagalli F, Caron MG, Geyer MA (2001) Prepulse inhibition deficits and
perseverative motor patterns in dopamine transporter knock-out mice: differential effects of D1 and D2
receptor antagonists. J Neurosci 21: 305–313.
17. Yamashita M, Fukushima S, Shen HW, Hall FS, Uhl GR, et al. (2006) Norepinephrine transporter
blockade can normalize the prepulse inhibition deficits found in dopamine transporter knockout mice.
Neuropsychopharmacology 31: 2132–2139.
18. Arime Y, Kubo Y, Sora I (2011) Animal Models of Attention-Deficit/Hyperactivity Disorder. Biological &
Pharmaceutical Bulletin 34: 1373–1376.
19. Gainetdinov RR, Caron MC (2001) Genetics of childhood disorders: XXIV. ADHD, part 8:
Hyperdopaminergic mice as an animal model of ADHD. Journal of the American Academy of Child
and Adolescent Psychiatry 40: 380–382.
20. Carter CJ, Pycock CJ (1979) The effects of 5,7-dihydroxytryptamine lesions of extrapyramidal and
mesolimbic sites on spontaneous motor behaviour, and amphetamine- induced stereotypy. Naunyn
Schmiedebergs Arch Pharmacol 308: 51–54.
21. Gately PF, Poon SL, Segal DS, Geyer MA (1985) Depletion of brain serotonin by 5,7dihydroxytryptamine alters the response to amphetamine and the habituation of locomotor activity in
rats. Psychopharmacology 87: 400–405.
22. Neill DB, Grant LD, Grossman SP (1972) Selective potentiation of locomotor effects of amphetamine
by midbrain raphe lesions. Physiol Behav 9: 655–657.
23. Di Giovanni G, Di Matteo V, Pierucci M, Esposito E (2008) Serotonin-dopamine interaction:
electrophysiological evidence. Serotonin-Dopamine Interaction: Experimental Evidence and Therapeutic
Relevance 172: 45–71.

PLOS ONE | DOI:10.1371/journal.pone.0115009 December 16, 2014

17 / 20

DAT/5-HT1B Complementation
24. Humphries MD, Prescott TJ (2010) The ventral basal ganglia, a selection mechanism at the crossroads
of space, strategy, and reward. Progress in Neurobiology 90: 385–417.
25. Parent M, Wallman MJ, Gagnon D, Parent A (2011) Serotonin innervation of basal ganglia in monkeys
and humans. Journal of Chemical Neuroanatomy 41: 256–265.
26. Cameron DL, Williams JT (1994) Cocaine inhibits GABA release in the VTA through endogenous 5-HT.
J Neurosci 14: 6763–6767.
27. Morikawa H, Manzoni OJ, Crabbe JC, Williams JT (2000) Regulation of central synaptic transmission
by 5-HT(1B) auto- and heteroreceptors. Mol Pharmacol 58: 1271–1278.
28. Sari Y, Lefevre K, Bancila M, Quignon M, Miquel MC, et al. (1997) Light and electron microscopic
immunocytochemical visualization of 5- HT1B receptors in the rat brain. Brain Res 760: 281–286.
29. Sari Y, Miquel MC, Brisorgueil MJ, Ruiz G, Doucet E, et al. (1999) Cellular and subcellular localization
of 5-hydroxytryptamine1B receptors in the rat central nervous system: immunocytochemical,
autoradiographic and lesion studies. Neuroscience 88: 899–915.
30. West AR, Galloway MP (1996) Regulation of serotonin-facilitated dopamine release in vivo: the role of
protein kinase A activating transduction mechanisms. Synapse 23: 20–27.
31. Yadid G, Pacak K, Kopin IJ, Goldstein DS (1994) Endogenous serotonin stimulates striatal dopamine
release in conscious rats. J Pharmacol Exp Ther 270: 1158–1165.
32. Boulenguez P, Rawlins JN, Chauveau J, Joseph MH, Mitchell SN, et al. (1996) Modulation of
dopamine release in the nucleus accumbens by 5-HT1B agonists: involvement of the hippocampoaccumbens pathway. Neuropharmacology 35: 1521–1529.
33. Bowers BJ, Henry MB, Thielen RJ, McBride WJ (2000) Serotonin 5-HT(2) receptor stimulation of
dopamine release in the posterior but not anterior nucleus accumbens of the rat. J Neurochem 75:
1625–1633.
34. Bonhomme N, De Deurwaerdere P, Le Moal M, Spampinato U (1995) Evidence for 5-HT4 receptor
subtype involvement in the enhancement of striatal dopamine release induced by serotonin: a
microdialysis study in the halothane-anesthetized rat. Neuropharmacology 34: 269–279.
35. De Deurwaerdere P, L’Hirondel M, Bonhomme N, Lucas G, Cheramy A, et al. (1997) Serotonin
stimulation of 5-HT4 receptors indirectly enhances in vivo dopamine release in the rat striatum.
J Neurochem 68: 195–203.
36. Rocha BA, Scearce-Levie K, Lucas JJ, Hiroi N, Castanon N, et al. (1998) Increased vulnerability to
cocaine in mice lacking the serotonin-1B receptor. Nature 393: 175–178.
37. Malleret G, Hen R, Guillou JL, Segu L, Buhot MC (1999) 5-HT1B receptor knock-out mice exhibit
increased exploratory activity and enhanced spatial memory performance in the Morris water maze.
J Neurosci 19: 6157–6168.
38. Ramboz S, Saudou F, Amara DA, Belzung C, Segu L, et al. (1996) 5-HT1B receptor knock outbehavioral consequences. Behav Brain Res 73: 305–312.
39. Igari M, Shen HW, Hagino Y, Fukushima S, Kasahara Y, et al. In Press) Absence of
methamphetamine-induced behavioral sensitization in serotonin transporter knockout mice is restored
by serotonin 1B receptor antagonist. Behavioral Pharmacology.
40. Pentkowski NS, Acosta JI, Browning JR, Hamilton EC, Neisewander JL (2009) Stimulation of 5HT1B receptors enhances cocaine reinforcement yet reduces cocaine-seeking behavior. Addiction
Biology 14: 419–430.
41. Pentkowski NS, Cheung THC, Toy WA, Adams MD, Neumaier JF, et al. (2012) Protracted Withdrawal
from Cocaine Self-Administration Flips the Switch on 5-HT1B Receptor Modulation of Cocaine AbuseRelated Behaviors. Biological Psychiatry 72: 396–404.
42. Legault M, Wise RA (2001) Novelty-evoked elevations of nucleus accumbens dopamine: dependence
on impulse flow from the ventral subiculum and glutamatergic neurotransmission in the ventral tegmental
area. Eur J Neurosci 13: 819–828.
43. Fauchey V, Jaber M, Bloch B, Le Moine C (2000) Dopamine control of striatal gene expression during
development: relevance to knockout mice for the dopamine transporter. Eur J Neurosci 12: 3415–3425.

PLOS ONE | DOI:10.1371/journal.pone.0115009 December 16, 2014

18 / 20

DAT/5-HT1B Complementation
44. Fauchey V, Jaber M, Caron MG, Bloch B, Le Moine C (2000) Differential regulation of the dopamine
D1, D2 and D3 receptor gene expression and changes in the phenotype of the striatal neurons in mice
lacking the dopamine transporter. Eur J Neurosci 12: 19–26.
45. Jones SR, Gainetdinov RR, Hu XT, Cooper DC, Wightman RM, et al. (1999) Loss of autoreceptor
functions in mice lacking the dopamine transporter. Nat Neurosci 2: 649–655.
46. Ase AR, Reader TA, Hen R, Riad M, Descarries L (2000) Altered serotonin and dopamine metabolism
in the CNS of serotonin 5- HT(1A) or 5-HT(1B) receptor knockout mice. J Neurochem 75: 2415–2426.
47. Ase AR, Reader TA, Hen R, Riad M, Descarries L (2001) Regional changes in density of serotonin
transporter in the brain of 5- HT1A and 5-HT1B knockout mice, and of serotonin innervation in the 5HT1B knockout. J Neurochem 78: 619–630.
48. Clifton PG, Lee MD, Somerville EM, Kennett GA, Dourish CT (2003) 5-HT1B receptor knockout mice
show a compensatory reduction in 5-HT2C receptor function. European Journal of Neuroscience 17:
185–190.
49. Lucas JJ, Segu L, Hen R (1997) 5-Hydroxytryptamine1B receptors modulate the effect of cocaine on cfos expression: converging evidence using 5-hydroxytryptamine1B knockout mice and the 5hydroxytryptamine1B/1D antagonist GR127935. Mol Pharmacol 51: 755–763.
50. Ase AR, Reader TA, Hen R, Descarries L (2008) Regionally selective changes in neurotransmitter
receptors in the brain of the 5-HT1B knockout mouse. Journal of Chemical Neuroanatomy 35: 356–363.
51. Creese I, Iversen SD (1972) Amphetamine response in rat after dopamine neurone destruction. Nat
New Biol 238: 247–248.
52. Creese I, Iversen SD (1973) Blockage of amphetamine induced motor stimulation and stereotypy in the
adult rat following neonatal treatment with 6-hydroxydopamine. Brain Res 55: 369–382.
53. Creese I, Iversen SD (1974) The role of forebrain dopamine systems in amphetamine induced
stereotyped behavior in the rat. Psychopharmacologia 39: 345–357.
54. Miller R, Sahakian B (1974) Differential effects of neuroleptic drugs on amphetamine-induced
stimulation of locomotor activity in 11-day-old and adult rats. Brain Res 81: 387–392.
55. Steck H (1954) Le syndrome extrapyramidal et diencephalique au cours des treatements au Largactil et
au Serpasil. Annales medico-psychologiques 112: 737–743.
56. Kuhar MJ, Ritz MC, Boja JW (1991) The dopamine hypothesis of the reinforcing properties of cocaine.
Trends Neurosci 14: 299–302.
57. Tricklebank MD, Middlemiss DN, Neill J (1986) Pharmacological analysis of the behavioural and
thermoregulatory effects of the putative 5-HT1 receptor agonist, RU 24969, in the rat.
Neuropharmacology 25: 877–886.
58. Chaouloff F, Courvoisier H, Moisan MP, Mormede P (1999) GR 127935 reduces basal locomotor
activity and prevents RU 24969-, but not D-amphetamine-induced hyperlocomotion, in the Wistar-Kyoto
hyperactive (WKHA) rat. Psychopharmacology (Berl) 141: 326–331.
59. O’Dell LE, Parsons LH (2004) Serotonin1B receptors in the ventral tegmental area modulate cocaineinduced increases in nucleus accumbens dopamine levels. J Pharmacol Exp Ther 311: 711–719.
60. Barr CL, Xu C, Kroft J, Feng Y, Wigg K, et al. (2001) Haplotype study of three polymorphisms at the
dopamine transporter locus confirm linkage to attention-deficit/hyperactivity disorder. Biol Psychiatry 49:
333–339.
61. Cook EH, Jr., Stein MA, Krasowski MD, Cox NJ, Olkon DM, et al. (1995) Association of attentiondeficit disorder and the dopamine transporter gene. Am J Hum Genet 56: 993–998.
62. Kirley A, Hawi Z, Daly G, McCarron M, Mullins C, et al. (2002) Dopaminergic system genes in ADHD:
toward a biological hypothesis. Neuropsychopharmacology 27: 607–619.
63. Vandenbergh DJ, Thompson MD, Cook EH, Bendahhou E, Nguyen T, et al. (2000) Human dopamine
transporter gene: coding region conservation among normal, Tourette’s disorder, alcohol dependence
and attention-deficit hyperactivity disorder populations. Mol Psychiatry 5: 283–292.
64. Uchiumi O, Kasahara Y, Fukui A, Hall FS, Uhl GR, et al. (2013) Serotonergic involvement in the
amelioration of behavioral abnormalities in dopamine transporter knockout mice by nicotine.
Neuropharmacology 64: 348–356.

PLOS ONE | DOI:10.1371/journal.pone.0115009 December 16, 2014

19 / 20

DAT/5-HT1B Complementation
65. Glick SD, Milloy S (1973) Rate-dependent effects of d-amphetamine on locomotor activity in mice:
possible relationship to paradoxical amphetamine sedation in minimal brain dysfunction.
Eur J Pharmacol 24: 266–268.
66. Teicher MH, Polcari A, Anderson CM, Andersen SL, Lowen SB, et al. (2003) Rate dependency
revisited: understanding the effects of methylphenidate in children with attention deficit hyperactivity
disorder. J Child Adolesc Psychopharmacol 13: 41–51.
67. Volkow ND, Fowler JS, Wang GJ, Ding YS, Gatley SJ (2002) Role of dopamine in the therapeutic and
reinforcing effects of methylphenidate in humans: results from imaging studies. Eur
Neuropsychopharmacol 12: 557–566.
68. Ramos-Quiroga JA, Sanchez-Mora C, Casas M, Garcia-Martinez I, Bosch R, et al. (2014) Genomewide copy number variation analysis in adult attention-deficit and hyperactivity disorder. J Psychiatr Res
49: 60–67.
69. Smoller JW, Biederman J, Arbeitman L, Doyle AE, Fagerness J, et al. (2006) Association between
the 5HT1B receptor gene (HTR1B) and the inattentive subtype of ADHD. Biol Psychiatry 59: 460–467.
70. Hawi Z, Dring M, Kirley A, Foley D, Kent L, et al. (2002) Serotonergic system and attention deficit
hyperactivity disorder (ADHD): a potential susceptibility locus at the 5-HT(1B) receptor gene in 273
nuclear families from a multi-centre sample. Mol Psychiatry 7: 718–725.
71. Ogdie MN, Macphie IL, Minassian SL, Yang M, Fisher SE, et al. (2003) A genomewide scan for
attention-deficit/hyperactivity disorder in an extended sample: suggestive linkage on 17p11. Am J Hum
Genet 72: 1268–1279.
72. Banerjee E, Banerjee D, Chatterjee A, Sinha S, Nandagopal K (2012) Selective maternal inheritance
of risk alleles and genetic interaction between serotonin receptor-1B (5-HTR1B) and serotonin
transporter (SLC6A4) in ADHD. Psychiatry Res 200: 1083–1085.
73. Sanchez-Mora C, Ramos-Quiroga JA, Garcia-Martinez I, Fernandez-Castillo N, Bosch R, et al.
(2013) Evaluation of single nucleotide polymorphisms in the miR-183-96-182 cluster in adulthood
attention-deficit and hyperactivity disorder (ADHD) and substance use disorders (SUDs). Eur
Neuropsychopharmacol 23: 1463–1473.
74. Faccidomo S, Quadros IM, Takahashi A, Fish EW, Miczek KA (2012) Infralimbic and dorsal raphe
microinjection of the 5-HT(1B) receptor agonist CP-93,129: attenuation of aggressive behavior in CFW
male mice. Psychopharmacology (Berl) 222: 117–128.
75. Arime Y, Kasahara Y, Hall FS, Uhl GR, Sora I (2012) Cortico-Subcortical Neuromodulation Involved in
the Amelioration of Prepulse Inhibition Deficits in Dopamine Transporter Knockout Mice.
Neuropsychopharmacology 37: 2522–2530.
76. Zhang XW, Bearer EL, Boulat B, Hall FS, Uhl GR, et al. (2010) Altered Neurocircuitry in the Dopamine
Transporter Knockout Mouse Brain. Plos One 5.
77. Li BJ, Arime Y, Hall FS, Uhl GR, Sora I (2010) Impaired spatial working memory and decreased frontal
cortex BDNF protein level in dopamine transporter knockout mice. European Journal of Pharmacology
628: 104–107.
78. Yamashita M, Sakakibara Y, Hall FS, Numachi Y, Yoshida S, et al. (2013) Impaired cliff avoidance
reaction in dopamine transporter knockout mice. Psychopharmacology 227: 741–749.
79. Matthies S, Holzner S, Feige B, Scheel C, Perlov E, et al. (2013) ADHD as a Serious Risk Factor for
Early Smoking and Nicotine Dependence in Adulthood. Journal of Attention Disorders 17: 176–186.
80. O’Dell LE, Manzardo AM, Polis I, Stouffer DG, Parsons LH (2006) Biphasic alterations in serotonin-1B
(5-HT1B) receptor function during abstinence from extended cocaine self-administration. J Neurochem
99: 1363–1376.
81. Rocha BA, Fumagalli F, Gainetdinov RR, Jones SR, Ator R, et al. (1998) Cocaine self-administration
in dopamine-transporter knockout mice. Nat Neurosci 1: 132–137.
82. Neumaier JF, Vincow ES, Arvanitogiannis A, Wise RA, Carlezon WA (2002) Elevated expression of
5-HT1B receptors in nucleus accumbens efferents sensitizes animals to cocaine. Journal of
Neuroscience 22: 10856–10863.
83. Saudou F, Amara DA, Dierich A, LeMeur M, Ramboz S, et al. (1994) Enhanced aggressive behavior
in mice lacking 5-HT1B receptor. Science 265: 1875–1878.

PLOS ONE | DOI:10.1371/journal.pone.0115009 December 16, 2014

20 / 20

