
Abstract Rationale: Mice lacking the dopamine trans-
porter (DAT–/–) exhibit high extracellular dopamine levels
and marked hyperactivity. This hyperlocomotion is
paradoxically decreased by acute administration of
amphetamine-like psychostimulants, an effect that has
been previously related to the activation of serotonergic
neurotransmission. Objectives: The goal of the present
study was to investigate the effects of acute and daily
administration of d-amphetamine on the locomotor activity
of DAT–/– mice and examine the development of behavioral
sensitization. In addition, we tested the implication of the
serotonin system in the observed effects. Methods:
DAT+/+, DAT+/–, and DAT–/– mice were injected with
acute amphetamine (0, 0.3, 1, 3, or 10 mg/kg, SC),
repeated amphetamine (1 mg/kg for 8 days, SC), or with
the serotonin reuptake inhibitor fluoxetine (0, 5, 10, or
20 mg/kg, SC) and their locomotor activity was evaluated.
Moreover, the expression of the serotonin transporter and
5-HT1A receptors in the brain of DAT–/– mice was studied
using autoradiography. Results: Acute and repeated
d-amphetamine injection (1 mg/kg) induced an hypoloco-
motor response in DAT–/– and DAT+/– mice, but only
DAT+/– mice developed locomotor sensitization to the
drug. Acute treatment with fluoxetine decreased locomo-
tion in DAT–/– mice in a dose-dependent manner. The
common hypolocomotor effect induced by d-amphetamine
and fluoxetine in DAT–/– mice suggests an action on the
serotonin transporter. However, autoradiography of the
serotonin transporter and 5-HT1A receptors showed
normal density and distribution in the brain, suggesting
no compensatory effects due to the deletion of the DAT.

Conclusions: These findings indicate that partial or total
DAT gene deletion result in decreased locomotion in
response to d-amphetamine and modify behavioral sensi-
tization depending on the proportion of DAT removed,
suggesting that inhibition of the DAT is necessary for the
development of sensitization to psychostimulant drugs.
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Introduction

The dopamine transporter (DAT) is located on the plasma
membrane of dopamine (DA) neurons, where it controls
the concentrations of extracellular DA by rapidly removing
the transmitter back into the cytoplasm (Giros and Caron
1993; Povlock and Amara 1997). Recently, a strain of
mice that lacks the DAT has been developed (DAT–/–

mice) (Giros et al. 1996). Deletion of the DAT gene
results in a 5- to 10-fold increase in extracellular DA,
measured by microdialysis and voltammetry studies in
the striatum and nucleus accumbens of the mutant mice
(Jones et al. 1998; Spielewoy et al. 2000a). This pheno-
type is accompanied by numerous compensatory changes
in pre- and postsynaptic neuronal markers, including
reduced intracellular stores of DA (Jones et al. 1998),
decreased D1 and D2 receptor density (Giros et al. 1996),
loss of D2 autoreceptor functions (Jones et al. 1999), and
increased D1 receptor sequestration in the cytoplasmic
compartment (Dumartin et al. 2000). The most promi-
nent behavioral characteristic of DAT–/– mice is their
marked hyperlocomotion (Giros et al. 1996). This hyper-
activity is novelty-driven, long lasting, and persists after
repeated exposure to the same environment (Giros et al.
1996; Gainetdinov et al. 1999; Spielewoy et al. 2000a,
2000b). Thus, the removal of the DAT induces a sponta-
neous hyperlocomotion that is virtually indistinguishable
from that obtained with amphetamine-like psycho-
stimulants in DAT+/+ mice (Giros et al. 1996).
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Although cocaine and d-amphetamine bind with similar
affinity to the DAT, the serotonin transporter (5-HTT)
and the norepinephrine transporter (Amara and Kuhar
1993), it has been widely assumed that the motor stimu-
lating effects and the reinforcing properties of these
drugs result from their action at the DAT (Kuhar et al.
1991; Seiden et al. 1993). Surprisingly, two studies have
recently demonstrated that despite the absence of DAT,
the mutant mice are still sensitive to the reinforcing
properties of cocaine under self-administration (Rocha et
al. 1998) and conditioned place preference (Sora et al.
1998) paradigms. Moreover, DAT–/– mice have been
shown to exhibit an hypolocomotor response to acute
cocaine and d-amphetamine (Gainetdinov et al. 1999).
These paradoxical effects of psychostimulants in DAT–/–

mice have been explained by an action on the 5-HT
system (Rocha et al. 1998; Gainetdinov et al. 1999).
Gainetdinov et al. (1999) reported that agents increasing
5-HT neurotransmission (fluoxetine, 5-hydroxytryptophan
and L-tryptophan) substantially reduce hyperlocomotion
in DAT–/– mice and concluded that the calming effects of
psychostimulants in DAT–/– mice depend on an action on
the 5-HT system.

The aim of the present work was to investigate the
effect of acute and chronic treatment with d-amphetamine
on the hyperactivity of DAT–/– mice and to study the
possible implication of 5-HT neurotransmission in the
hypolocomotor effects of psychostimulants in these mutant
mice. We first performed a locomotor dose-response to
acute d-amphetamine in DAT+/+, DAT+/–, and DAT–/–

mice, to identify the dose range that decreased hyperac-
tivity in DAT–/– mice under our experimental conditions.
Because the hypolocomotor effect of d-amphetamine in
DAT–/– mice could be due to an increase in stereotyped
behavior induced by the drug, we also measured stereo-
typies after acute administration of d-amphetamine in the
three groups of mice. In a second experiment, mice were
treated daily with d-amphetamine for 8 days, followed
by a saline or drug challenge, to examine locomotor
sensitization. Additionally, in order to study further the
locomotor effects of the 5-HTT inhibitor fluoxetine in
DAT mutant mice, we did a dose-response curve. Finally,
we performed in vitro autoradiography of 5-HTT binding
sites and immunoautoradiography labeling of 5-HT1A
receptors in the brain of DAT–/– mice and their control
littermates, to examine possible compensatory effects in
the 5-HT system during development.

Materials and methods

Animals

Homozygous DAT–/– mice were obtained by genetic manipulation
(Giros et al. 1996) and were backcrossed for 12 generations on a
C57BL/6 background. DAT–/–, heterozygous DAT+/–, and wild-type
DAT+/+ littermates were obtained from the mating of DAT+/– mice
and their genotypes were determined by Southern blot analysis as
previously described (Giros et al. 1996). Mice were maintained in
a temperature-controlled colony room (22°C, humidity 60%),
under a 12-h light/dark cycle (lights on from 0730 to 1930 hours).

All mice used were 8–10 weeks old and drug-naive. They were
handled daily during the week preceding the experiments. All
experiments were conducted in accordance with standard ethical
guidelines (European Communities Council Directive 86/609/EEC
for the care and use of laboratory animals) and approved by the
local ethical committee.

Drugs

d-Amphetamine sulfate (Sigma) and fluoxetine (Lilly) were
dissolved in saline (0.9% NaCl) and distilled water, respectively.
Drugs were injected subcutaneously (SC) in a volume of
0.01 ml/g. Control mice received vehicle injections.

Behavioral analysis

Locomotion was evaluated in activity boxes (20×15×25 cm) located
in a sound-attenuated experimental room under moderate illumi-
nation (<5 lux). The animal’s displacements were measured by
photocell beams located across the long axis, 15 mm (horizontal
activity) and 30 mm (vertical activity) above the floor. Each box
was connected by an interface to a computer (Imetronic,
Bordeaux, France).

The acute locomotor dose-responses to d-amphetamine and
fluoxetine were evaluated between 1100 and 1600 hours. Mice
were randomly assigned to a treatment group: d-amphetamine
(0, 0.3, 1, 3, and 10 mg/kg, SC) or fluoxetine (0, 5, 10, and
20 mg/kg, SC). They were weighed, injected and immediately
placed in the activity boxes for a 1-h session.

Stereotypies induced by acute amphetamine (1 and 10 mg/kg,
SC) were evaluated with a rating scale (Creese and Iversen 1973).
Each mouse was observed for a 15-s period at 5-min intervals over
the 1-h period following drug administration. Subjects were
scored as follows: 0, asleep/inactive; 1, intermittent locomotor
activity; 2, continuous locomotor activity with stereotyped sniffing,
rearing or grooming; 3, stereotyped behavior maintained over a
wide range of the cage; 4, continuous stereotypy in a restricted
area of the cage; 5, continuous stereotyped behavior in a restricted
location with licking at the walls or floor; 6, continuous stereotyped
behavior in a restricted location with biting.

The locomotor response to chronic treatment with d-amphet-
amine was studied between 1100 and 1500 hours. The experiment
was divided in three phases: pre-exposure, pairing phase and test
phase. During the pre-exposure session, performed the day before
the beginning of the pairing phase, mice received no injection and
were placed in the activity boxes for 1 h to measure their basal
locomotor activity. During the pairing phase (days 1–8), mice
were injected daily with saline or d-amphetamine (1 mg/kg, SC)
and immediately placed in the activity boxes for a 1-h session.
The test phase lasted 2 days (days 9–10), and examined the
environmental and pharmacological conditioning to the drug. On
day 9, mice were injected with saline before the introduction in
the activity boxes, and on day 10 all mice were given a challenge
injection of d-amphetamine (0.5 mg/kg, SC).

Autoradiography of 5-HTT binding sites

Mice were killed by decapitation, the brains were rapidly
removed, frozen in isopentane chilled at –30°C with dry ice and
stored at –20°C. Coronal sections (20 µm) were cut in a cryostat at
–20°C, thaw-mounted onto gelatin-coated slides and stored at
–20°C until used. Autoradiographic experiments with [3H]citalopram,
a selective 5-HTT inhibitor, were performed as described
(D’Amato et al. 1987). Briefly, slides were brought to room
temperature during 15 min and then preincubated for 15 min in
50 mM TRIS-HCl buffer, pH 7.4, containing 5 mM KCl and
120 mM NaCl, at 25°C. The incubation proceeded for 2 h at 25°C
in fresh buffer with 0.7 nM [3H]citalopram (85 Ci/mmol, Amersham).
Non-specific binding was estimated from adjacent sections
incubated in the presence of 10 mM fluoxetine. Sections were then
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washed four times for 2 min each in TRIS buffer at 4°C, and
rapidly immersed in ice-cold distilled water. They were dried under
a stream of cold air and apposed to 3H-Hyperfilm (Amersham) for
10 days at 4°C. Optical density on the autoradiographic films was
measured using a computerized image analysis system (Biocom, Les
Ulis, France) and converted to fmol/mg tissue of specifically bound
[3H]citalopram according to a [3H] standard scale (Amersham).

Immunoautoradiography of 5-HT1A receptors

Mice were anesthetized with pentobarbital (100 mg/kg, IP) and
perfused transcardially with 100 ml of 0.9% (w/v) NaCl and 0.1%
(w/v) NaNO2. After decapitation, the brain was removed, frozen
in isopentane at –30°C and stored at –20°C until used. Polyclonal
antibodies that specifically recognize 5-HT1A receptors were purified
and used as described (Gérard et al. 1994). Briefly, coronal
sections (20 µm) were fixed for 5 min at 4°C with 4% paraformal-
dehyde in phosphate buffered saline (PBS; 50 mM
NaH2PO4/Na2HPO4, 154 mM NaCl, pH 7.4), and preincubated for
1 h in PBS with 3% (w/v) bovine serum albumin and 1% (v/v)
donkey serum. They were then incubated overnight at 4°C with
purified anti-5-HT1A receptor antibodies (1/750 final dilution).
After extensive washings, sections were incubated for 2 h at room
temperature in PBS with donkey anti-rabbit [125I]IgG
(750–3000 Ci/mmol, 0.2 mCi/ml, Amersham), then washed, dried
and apposed to βmax film (Amersham) for 4–5 days. Optical
density on the immunoautoradiograms was measured using an
image analysis system (Biocom).

Statistical analysis

Analyses of variance (ANOVA) were used to compare the results
of the behavioral experiments. Post-hoc comparisons were made
using Tukey’s test. The results of the autoradiography and
immunoautoradiography studies were analyzed using Student’s
t-test. Data are presented as mean±SEM. Statistical analyses were
performed using the CRUNCH statistical package (Crunch Software
Corporation, Oakland, Calif., USA).

Results

Effect of acute d-amphetamine

Analysis of the acute locomotor response of DAT+/+,
DAT+/– and DAT–/– mice to saline and increasing doses
of d-amphetamine (0.3, 1, 3, and 10 mg/kg, SC) revealed
a genotype effect [F(2,210)=37.03, P<0.0001], a dose
effect [F(4,210)=7.59, P<0.0001], and a genotype×dose
interaction [F(8,210)=13.12, P<0.0001] (Fig. 1). DAT+/+

mice showed an increase in locomotion at 3 mg/kg
d-amphetamine, while the lower doses (0.3 and 1 mg/kg)
were inactive and the higher dose (10 mg/kg) induced
stereotypies that interfered with the expression of hyper-
locomotion [dose effect: F(4,72)=15.96, P<0.0001;
Tukey’s test 3 mg/kg versus saline: P<0.01]. In DAT+/–

mice, the dose-response curve to d-amphetamine showed
a decrease in locomotion at 1 mg/kg, and an increase at
10 mg/kg [dose effect: F(4,74)=10.39, P<0.0001;
Tukey’s test: P<0.05 for 1 mg/kg, and P<0.01 for
10 mg/kg]. In contrast, d-amphetamine decreased the
hyperlocomotion of DAT–/– mice at the doses of 1, 3, and
10 mg/kg [dose effect: F(4,62)=8.77, P<0.0001; Tukey’s
test: P<0.05 for 1 and 3 mg/kg, and P<0.01 for
10 mg/kg].

Analysis of stereotypies of DAT+/+, DAT+/–, and
DAT–/– mice in response to saline and d-amphetamine
(1 and 10 mg/kg, SC) revealed no genotype effect
[F(2,44)=1.77, p>0.1], a dose effect [F(2,44)=7.55,
P<0.002], and a genotype×dose interaction [F(4,44)=
4.58, P<0.004] (Fig. 2). As expected, DAT+/+ mice
showed a large increase in stereotypies after 10 mg/kg of
d-amphetamine (Tukey’s test: P<0.01), whereas the dose

Fig. 1 Locomotor dose-response to acute d-amphetamine in
DAT+/+

, DAT+/–
, and DAT–/– mice. Animals were injected with

d-amphetamine (0.3, 1, 3 and 10 mg/kg, SC) or saline, and placed
in the activity boxes. Locomotion was measured as the number of
photocell beam breaks during 1 h. Values represent mean±SEM;
DAT+/+

, n=10–16; DAT+/–, n=11–16; and DAT–/–, n=8–15.
*P<0.05 and ** P<0.01 versus saline-treated mice (ANOVA
followed by Tukey’s test)

Fig. 2 Effect of acute d-amphetamine on stereotypies in DAT+/+
,

DAT+/–
, and DAT–/– mice. Animals (n=5) were injected with

d-amphetamine (1 or 10 mg/kg, SC) or saline, and placed in the
experimental boxes. Stereotypies were evaluated with a rating
scale at 5-min intervals over the 1-h period following drug
administration. Values represent mean±SEM; **P<0.01 versus
saline-treated mice (ANOVA followed by Tukey’s test)
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of 1 mg/kg was inactive. In contrast, stereotypies were
not significantly modified by either dose of the drug in
DAT+/– and DAT–/– mice.

Effect of daily d-amphetamine

For the chronic treatment with d-amphetamine, we
selected the dose of 1 mg/kg because it decreased loco-
motion in DAT+/– and DAT–/– mice. Analysis of the loco-
motor response to daily administration of d-amphet-
amine or saline during the pairing phase revealed a
genotype effect [F(2,42)=43.03, P<0.0001], a treatment
effect [F(1,42)=9.39, P<0.004], a day effect [F(7,301)=
3.28, P<0.002], a genotype×treatment interaction
[F(2,42)=15.18, P<0.0001], and a genotype×day interac-
tion [F(14,301)=2.23, P<0.007], but no treatment×day or
genotype×treatment×day interactions (Fig. 3).

In DAT+/+ mice, analysis of the locomotor activity
during the pairing phase revealed a treatment effect

[F(1,14)=12.52, P<0.004], but no day effect or treat-
ment×day interaction (Fig. 3). In d-amphetamine-treated
mice, locomotion increased during daily injections [day
effect: F(7,63)=2.15, P<0.05]. The acute challenge with
saline on day 9 induced a higher level of locomotion in
drug-pretreated than in saline-pretreated mice, indicating
the development of environmental conditioning of the
locomotor response (Tukey’s test: P<0.05). The last
day, DAT+/+ mice pretreated with the psychostimulant
displayed higher locomotor activity after the d-amphet-
amine challenge (0.5 mg/kg, SC) than saline-pretreated
mice (P<0.01), indicating the development of behavioral
sensitization.

In DAT+/– mice, the results of the pairing phase
showed a treatment effect [F(1,13)=10.08, P<0.01], a
day effect [F(7,98)=4.06, P<0.001], and a treatment×day
interaction [F(7,98)=2.46, P<0.02] (Fig. 3). DAT+/– mice
injected daily with d-amphetamine displayed a progressive
decrease in locomotion [day effect: F(7,56)=5.83,
P<0.0001], whereas the locomotor activity of saline-
treated DAT+/– mice did not change significantly over
time [F(7,42)=1.86, P>0.1]. During the saline test
performed on day 9, d-amphetamine-pretreated mice
displayed a higher level of locomotion than control animals
(P<0.05). Thus, whereas saline-pretreated mice showed
the same level of locomotion in response to the saline
challenge as the day before, drug-pretreated mice exhibited
an increase in locomotor activity compared with the last
day of the pairing phase (P<0.01), indicating the absence
of conditioned response to the hypolocomotor action of
d-amphetamine. The drug test on day 10 revealed no
differences between the two groups of DAT+/– mice.

The results of the pairing phase in DAT–/– mice
showed a treatment effect [F(1,13)=13.54, P<0.003], a day
effect [F(7,98)=2.53, P<0.02], but no treatment×day inter-
action (Fig. 3). DAT–/– mice injected with d-amphetamine
displayed a hypolocomotor response which did not
increase progressively over daily injections [F(7,56)=2.45,
P<0.03], whereas DAT–/– mice given repeated saline

Fig. 3 Effect of repeated administration of d-amphetamine on the
locomotor response of DAT+/+

, DAT+/–
, and DAT–/– mice. Animals

were first exposed to the testing environment without any injection
(pre-exposure phase, not shown), followed by a daily injection of
d-amphetamine (1 mg/kg, SC; filled symbols) or saline (open
symbols) in the same environment for 8 days (pairing phase). During
the saline test (day 9), all mice were exposed in a drug-free state
to the environment repeatedly associated to the effect of
d-amphetamine or saline. During the drug test (day 10), all mice
were injected with d-amphetamine (0.5 mg/kg, SC) to examine the
pharmacological sensitization to the behavioral effects of the drug.
Locomotion was evaluated daily during a 1-h session and is
expressed as total number of photocell beam breaks. Please note
that DAT–/– mice are hyperactive when compared to DAT+/+ and
DAT+/– mice and that the vertical scales in the three graphs are
different. Values represent mean±SEM; DAT+/+, n=6–9; DAT+/–,
n=6–8; and DAT–/–, n=6–8. ANOVA followed by Tukey’s test:
*P<0.05 and **P<0.01, versus saline-treated mice of the same
genotype at the same time point; #P<0.05, versus the first pairing
day within the same treatment group; §P<0.05 and §§P<0.001,
versus the last pairing day within the same treatment group
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remained hyperactive. The injection of saline on day 9
had no effect on the locomotor activity of d-amphetamine
and saline-pretreated DAT–/– mice, and both groups were
hyperactive, suggesting the absence of environmental
conditioning of the hypolocomotor response to the
psychostimulant. The acute challenge with d-amphetamine
(0.5 mg/kg) on day 10 induced a marked decrease in
hyperlocomotion in both saline- and drug-pretreated
mice.

Effect of acute fluoxetine

Figure 4 shows the dose-response curve for acute fluoxetine
(5, 10, and 20 mg/kg, SC) on the locomotor activity of
DAT+/+, DAT+/–, and DAT–/– mice. The ANOVA revealed
a genotype effect [F(2,59)=165.45, P<0.0001], a dose
effect [F(3,59)=9.56, P<0.0001], and a genotype×dose
interaction [F(6,59)=7.21, P<0.0001]. DAT+/+ mice
showed a decrease in locomotion after 10 mg/kg fluoxe-
tine, while the lower and the higher doses (5 and

20 mg/kg) had no effect [dose effect: F(3,19)=3.56,
P<0.04; Tukey’s test 10 mg/kg versus vehicle: P<0.05].
Fluoxetine did not affect locomotor activity in DAT+/–

mice at any of the doses studied [dose effect:
F(3,19)=0.93, P<0.4]. In contrast, fluoxetine 10 and
20 mg/kg decreased the hyperlocomotion of DAT–/–

mice, but the effect reached significance only at the
higher dose [dose effect: F(3,19)=9.86, P<0.001;
Tukey’s test 20 mg/kg versus vehicle: P<0.01].

5-HTT and 5-HT1A binding sites

Quantitative autoradiographic studies with the 5-HTT
selective radioligand [3H]citalopram did not reveal any
significant differences in the distribution and density of
5-HTT binding sites between DAT+/+ and DAT–/– mice in
the substantia nigra, globus pallidus, striatum and hippo-
campus (Table 1). Similarly, optical density measure-
ments on immunoautoradiograms using 5-HT1A receptor
antibodies revealed no significant differences in 5-HT1A
immunolabeling between DAT+/+ and DAT–/– mice in the
hippocampus and dorsal raphe nucleus (Table 2). 

Discussion

In the present study, we further characterized the hypolo-
comotor effect of d-amphetamine in DAT–/– mice. We
first showed that besides the hypolocomotor effect of
2 mg/kg of d-amphetamine reported by Gainetdinov et
al. (1999), lower (1 mg/kg) and higher doses (3 and
10 mg/kg) of the drug also decreased the locomotor
hyperactivity of DAT–/– mice. Interestingly, we revealed
that DAT+/– mice exhibited a biphasic dose-response to
d-amphetamine, characterized by hypolocomotion at a
low dose (1 mg/kg), as in DAT–/– mice, and increased
locomotion at higher doses (3 and 10 mg/kg). Moreover,
we demonstrated that the decrease in locomotion
induced by d-amphetamine in DAT–/– and DAT+/– mice is
not due to an increase in stereotypies. In fact, stereotyped
behaviors (sniffing, rearing and grooming) appeared to
be slightly decreased in response to d-amphetamine
1 mg/kg in both groups of mice.

Our results also showed that the hypolocomotor
response to d-amphetamine (1 mg/kg) in DAT+/– and
DAT–/– mice persisted during daily injections of the
drug, whereas the same treatment produced a progressive
increment in the motor activity of DAT+/+ mice. In DAT+/–

mice, the hypolocomotor effect of d-amphetamine

Fig. 4 Locomotor dose-response to acute fluoxetine in DAT+/+
,

DAT+/–
, and DAT–/– mice. Animals (n=5) were injected with

fluoxetine (5, 10, and 20 mg/kg, SC) or vehicle, and immediately
placed in the activity boxes during 1 h. Locomotion was measured
as the number of photocell beam breaks (mean±SEM). *P<0.05
and **P<0.01 versus saline-treated mice (ANOVA followed by
Tukey’s test)

Table 1 Quantification of the autoradiographic labeling of the
5-HTT by [3H]citalopram in the brain of DAT+/+ and DAT–/– mice.
Values represent mean±SEM fmol/mg tissue of four mice per
group

Brain region DAT+/+ DAT–/–

Substantia nigra 16.08±2.45 16.36±2.26
Globus pallidus 15.15±0.66 17.46±0.62
Striatum 6.47±0.54 5.51±0.68
Hippocampus 15.65±1.55 15.93±1.68

Table 2 Quantification of the immunoautoradiographic labeling
of 5-HT1A receptors by anti-5-HT1A receptor antibodies in the
brain of DAT+/+ and DAT–/– mice. Values represent mean±SEM
optical densities (arbitrary units) of four to seven mice per group

Brain region DAT+/+ DAT–/–

Dorsal raphe nucleus 12.02±2.04 14.09±2.23
Hippocampus 10.38±1.14 11.08±0.92



increased after repeated drug exposure, indicating that
the partial removal of the DAT leads to the development
of sensitization to the hypolocomotor action of the
psychostimulant drug. In contrast, DAT–/– mice displayed
a strong decrease of locomotion after acute d-amphetamine
administration that was not enhanced by repeated injec-
tions. These findings suggest that neuronal changes in
DA transmission resulting from total removal of the
DAT disrupted the establishment of sensitization. Psycho-
stimulant-induced sensitization has been commonly
associated with disturbances in the synaptic regulation of
DA in the nucleus accumbens and striatum, the best
documented dysregulation being an increase in the release
of DA (Pierce and Kalivas 1997). Deletion of the DAT
gene results in a 5- to 10-fold increase in extracellular
DA levels in the nucleus accumbens (Spielewoy et al.
2000a) and in the striatum (Jones et al. 1998) that
mimics the action of d-amphetamine and may have
prevented the development of sensitization. Furthermore,
impaired DA autoreceptor function and postsynaptic
events, such as enhanced responsiveness of D1 receptors
in the nucleus accumbens, have also been implicated in
the development of behavioral sensitization (Henry and
White 1991; White and Kalivas 1998). In DAT–/– mice,
D2 receptor mRNA and binding sites are decreased by
50% in both terminal fields and cell body regions (Giros
et al. 1996; Jones et al. 1999), and the function of the
remaining receptors is decreased by approximately 90%
(Jones et al. 1999). DAT–/– mice also exhibit a 55%
decrease in D1 receptor mRNA (Giros et al. 1996), together
with a striking accumulation of the receptor in the cyto-
plasmic compartment and decreased delivery to the
plasma membrane (Dumartin et al. 2000). These compen-
satory changes provide additional mechanisms for the
disturbed expression of psychostimulant-induced sensiti-
zation in DAT–/– mice. By contrast, DAT+/– mice have
been described as having an intermediate biochemical
phenotype, characterized by a 2-fold increase in extra-
cellular DA levels and 25% to 30% reduction in DA
receptor sites and autoreceptor functions (Giros et al.
1996; Jones et al. 1998, 1999). This phenotype resulted
in the establishment of sensitization to the hypolocomotor
effects of d-amphetamine, a phenomenon that is diametri-
cally opposite to what is observed in DAT+/+ mice.

The degree of locomotor sensitization depends not
only on the pharmacological sensitization to the psycho-
stimulant action, but also on the environmental context
in which repeated drug injections are given (Anagnostaras
and Robinson 1996). Environmental conditioning to the
stimulant effect of d-amphetamine has been related to
the activation of the mesolimbic DA system (Gold et al.
1988; Kalivas et al. 1993). During the saline test
performed after the last injection of d-amphetamine,
DAT+/+ mice developed the expected conditioned hyper-
locomotor response to contextual cues, whereas DAT+/–

and DAT–/– mice showed no environmental conditioning
to the hypolocomotor action of the drug. One possible
explanation could be that, under our experimental condi-
tions, the hypolocomotor effect of d-amphetamine does

not condition to the environment, even if DAT were not
deleted. Alternatively, this finding could suggest that the
synaptic DA dysregulations present in DAT+/– and
DAT–/– mice prevented the neural processes underlying
conditioned locomotion induced by d-amphetamine.
Hence, DAT+/– mice showed an environmental-indepen-
dent sensitization to the hypolocomotor action of
d-amphetamine that might probably be triggered by
different mechanisms than the environmental-dependent
sensitization to the hyperlocomotor effect of the drug
observed in DAT+/+ mice. This absence of environmental
conditioning in DAT–/– mice is particularly interesting
because it has recently been reported that despite the
lack of DAT, these mutant mice display a conditioned
response to cocaine, expressed as self-administration and
conditioned place preference (Rocha et al. 1998; Sora et
al. 1998). These results indicate that conditioning of the
locomotor and the rewarding effects of psychostimulant
drugs are not equally affected in DAT–/– mice and may
thus involve different neural mechanisms.

During the drug challenge performed 48 h after the
last daily injection, the three groups of d-amphetamine-
pretreated mice responded to the injection of 0.5 mg/kg
d-amphetamine, a dose that did not modify locomotion
when administered to drug-naive subjects (not shown).
This observation supports the establishment of a pharma-
cological sensitization to the action of the drug, indicated
by a hyper- or hypolocomotor response to d-amphet-
amine in DAT+/+ and DAT+/– mice, respectively. Interest-
ingly, both drug- and saline-pretreated DAT–/– mice
showed decreased hyperactivity in response to this dose
of d-amphetamine, indicating that the drug effect was
independent of the pretreatment, and therefore did not
result from pharmacological sensitization in drug-
pretreated mice. It is possible that repeated exposure
to the testing environment allowed this low dose of
d-amphetamine to unmask an habituation effect in both
groups of DAT–/– mice, thereby inducing a hypolocomotor
response at a dose that was inactive when administered
in a novel environment. One could argue that a similar
habituation process might have developed during repeated
exposure to the testing environment in DAT+/– mice, as
saline-pretreated mice showed a tendency towards
decreased locomotion. This possibility would confound
the interpretation of the sensitization effect observed in
the DAT+/– amphetamine-treated group. However, the
decrease in locomotion observed in DAT+/– mice treated
chronically with saline was not statistically significant,
whereas the progressive decrease in locomotor activity
in amphetamine-treated DAT+/– mice was significant.
Moreover, it has been shown previously that DAT+/–

mice fail to develop habituation over consecutive days of
testing in the same environment (Spielewoy et al.
2000b).

Recently, 5-HT systems have been implicated in the
hypolocomotor action of d-amphetamine in DAT–/– mice,
because agents increasing serotonergic neurotransmission
also reduced the hyperlocomotion of these mice
(Gainetdinov et al. 1999), suggesting that an interaction
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of psychostimulants with the 5-HTT could mediate the
observed effects. In agreement with this hypothesis, in
the present study we replicated the result of Gainetdinov
et al. (1999), showing that fluoxetine (20 mg/kg) mimics
the hypolocomotor effect of d-amphetamine in DAT–/–

mice. Furthermore, we report that the action of fluoxetine
is dose-dependent since the hypolocomotor effect is not
observed after 5 or 10 mg/kg. We also show that fluoxetine
is efficient in reducing hyperactivity in DAT–/– mice not
only when administered 30 min after placement of the
animals in the testing boxes (Gainetdinov et al. 1999), but
also when injected immediately before the beginning of
the test (present results). In contrast, fluoxetine did not
reduce locomotion in DAT+/– mice, at any of the doses
examined. However, since the hypolocomotor effect of
d-amphetamine in DAT+/– mice was only observed at the
dose of 1 mg/kg (but not after 0.3 or 3 mg/kg), the lack of
effect of fluoxetine in these mice suggests that we did not
find the dose that would reduce locomotor activity and
that additional doses need to be tested.

The hypolocomotor effect of d-amphetamine in
DAT–/– mice could be explained by adaptive changes in
5-HT neuronal markers that have developed in response
to DAT removal and may have facilitated the effect of
d-amphetamine on 5-HT release, thus decreasing the
locomotor activity of these mice. 5-HTT and 5-HT1A
receptors are known to actively regulate extracellular
5-HT levels and 5-HT neuron firing (Baumgarten and
Grozdanovic 1994); 5-HT1A receptors also mediate the
action of 5-HT on other neurotransmitter neurons (Glennon
and Dukat 1995). However, we revealed no compensatory
changes in the density and distribution of the 5-HTT and
5-HT1A receptors in the DAT–/–brain. Furthermore, no
changes were observed in basal 5-HT levels or 5-HT
efflux induced by administration of paroxetine in the
ventral hippocampus and the frontal cortex of DAT–/–

mice (Smadja et al. 1999). These results suggest either
that the 5-HT system is not altered in DAT–/– mice or
that compensatory changes affected the functional
properties of the receptors and the transporter without
modifying their expression levels.

In conclusion, we demonstrated that genetic deletion
of the DAT gene in mice results in an hypolocomotor
response to d-amphetamine, abolishes environmental
conditioning to the locomotor effect of the drug and
allows the establishment of pharmacological sensitization
depending on the proportion of DAT removed. These
data suggest that inhibition of the DAT is mandatory for
the establishment of locomotor sensitization, independently
of the direction of the locomotor changes induced by the
psychostimulant, thus strengthening the implication of
DA transmission in these long-lasting changes. Our
findings also suggest that in the absence of DAT,
d-amphetamine could be acting on alternative targets
such as the 5-HTT, as suggested by the hypolocomotor
effects induced by fluoxetine in DAT–/– mice. However,
considering that d-amphetamine also binds to the norepi-
nephrine transporter, this system also needs to be investi-
gated in DAT–/– mice.
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