
Role of the Dopamine Transporter in the Differential
Cocaine-Induced Locomotor Activation of Inbred Long-Sleep
and Short-Sleep Mice

Taleen Hanania*,1, Joshua M Gulley1, Danielle O Salaz1, Gaynor A Larson1 and Nancy R Zahniser1

1Department of Pharmacology, Neuroscience Program and School of Pharmacy, University of Colorado Health Sciences Center, Denver, CO, USA

The locomotor-stimulant effects of cocaine, mediated through inhibition of the dopamine transporter (DAT), can be influenced by

environmental factors. Previously, we found that following a short exposure to the testing environment, cocaine induces greater

locomotor activation in inbred long-sleep (ILS) mice, compared to inbred short-sleep (ISS) mice. In the present study, all animals received

prolonged habituation to the testing chambers prior to cocaine injection, and the results were compared with those from our previous

study. When mice were tested with saline on day 1 and with either saline or cocaine (10–20 mg/kg) on day 2, we observed significant

locomotor stimulation in ILS, but not ISS, mice at all tested doses of cocaine. Thus, prolonged habituation does not alter the differential

responsiveness of these two strains of mice to cocaine. We found no strain differences in striatal cocaine levels. However, [3H]WIN

35,428 binding studies showed a lower number of striatal DATs in ILS, compared to ISS, mice. In vivo analysis of striatal DAT activity

revealed not only that ILS mice cleared exogenously applied DA more slowly than ISS mice, but also that cocaine (10 mg/kg) decreased

DA clearance selectively in ILS mice. Thus, functional differences in striatal DATs between ILS and ISS mice likely contribute to the

differential behavioral activation of cocaine in these two mouse strains.
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INTRODUCTION

In humans, initial sensitivity to a drug of abuse can be used
as a marker for liability to drug addiction (Haertzen et al,
1983). Studies have found that genetic factors contribute to
the marked variability among humans in their responsive-
ness to the reinforcing effects of cocaine and influence the
vulnerability of individuals to become cocaine abusers
(Cadoret et al, 1986; Luthar and Rounsaville, 1993;
Merikangas et al, 1998). Furthermore, a family history
positive for alcoholism has been associated with increased
risk for cocaine addiction (Smith, 1986), suggesting that
similar genes underlie the co-morbidity of alcohol and
cocaine abuse.

Pharmacogenetic studies in C57 and DBA mice support
the above-mentioned hypothesis as these mouse lines
exhibit parallel differential sensitivity to the locomotor-
stimulant effects of both ethanol and cocaine, with C57 mice
exhibiting less locomotion to both drugs (Rocha et al, 1998;

Tolliver and Carney, 1995; Womer et al, 1994). However,
this is not the case with all mouse lines. For example, FAST
and SLOW mice were selected for their higher and lower,
respectively, locomotor response to ethanol (Phillips et al,
1992). The replicate line FAST-1 mice also show higher
ethanol-, cocaine-, and methamphetamine-induced loco-
motor activity compared to SLOW-1 mice (Bergstrom et al,
2003). However, no differences in cocaine-stimulated
locomotor activity were found between FAST-2 and
SLOW-2 mice (Bergstrom et al, 2003). Long-sleep (LS)
and short-sleep (SS) mice were selected for their differential
initial sensitivity to the sedative effects of a high dose of
ethanol (McClearn and Kakihana, 1981). They also exhibit
differential sensitivity to the locomotor-stimulant effects of
low doses of ethanol, with SS mice exhibiting greater
locomotor activation, compared to LS mice (DeFries et al,
1989; Dudek and Phillips, 1990). However, studies deter-
mining the sensitivity of these mice to cocaine have yielded
disparate results that appear to depend on whether or not
the mice were habituated to the testing environment (De
Fiebre et al, 1989; George and Ritz, 1990; Jones et al, 1991).
George and Ritz (1990) found that without habituation SS
mice exhibited more cocaine-induced locomotor activity
than LS mice, whereas Jones et al (1991) used a 2-day
testing paradigm and found that LS and SS mice that had
been injected with saline on day 1 exhibited similar
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locomotor activation to cocaine on day 2. Together, these
studies reinforce the notion that while drugs of abuse may
target some common neuronal pathways, independent
mechanisms such as environmental influences are also
involved in initial responsiveness (Phillips et al, 1996).

Inbred LS (ILS) and SS (ISS) mice, derived from LS and
SS sibling matings, also are differentially sensitive to the
hypnotic effects of ethanol, with ILS mice exhibiting longer
loss of righting reflex than ISS mice (Markel et al, 1995). On
the other hand, low doses of ethanol induce greater
locomotor activation in ISS mice, compared to ILS mice
(Hanania and Zahniser, 2002). However, an effect opposite
to ethanol is seen with cocaine: ILS mice exhibit more
locomotor activation than ISS mice (Hanania and Zahniser,
2002). In these experiments, the behavioral testing was
carried out following a short habituation period (60 min).

Cocaine inhibits monoamine transporters (Ritz et al,
1990) and increases synaptic levels of dopamine (DA),
serotonin (5-HT), and norepinephrine (NE). The behavioral
effects of cocaine have been most often associated with the
mesolimbic and nigrostriatal DA systems (Kuhar et al, 1991;
Morse et al, 1995; Miner, 1997). Both nucleus accumbens
(NAc) and striatum (ie, dorsal striatum) have been shown
to be involved in the locomotor-stimulant effects of cocaine
and amphetamine (Delfs et al, 1990; Heusner et al, 2003;
Mao and Wang, 2000; Willuhn et al, 2003). Furthermore,
cocaine increases extracellular DA levels in both NAc and
striatum (Di Chiara and Imperato, 1988; He and Shippen-
berg, 2000).

Our laboratory has shown that outbred male Sprague–
Dawley rats can be profiled as high or low cocaine
responders, based on their initial behavioral responsiveness
to an acute low dose of cocaine (10 mg/kg) (Gulley et al,
2003; Sabeti et al, 2002). Furthermore, the differential
behavioral responsiveness of the high and low responders to
cocaine is accompanied by functional differences in DATs
in NAc and striatum (Sabeti et al, 2002). It is possible that
similar differences in DAT function may also contribute to
the differences in cocaine-induced behavior observed in ILS
and ISS mice.

In order to further investigate the differential locomotor
responsiveness of ILS and ISS mice to cocaine, we first
tested whether minimizing the novelty of the behavioral test
chamber would alter the differential behavioral cocaine
responsiveness from that previously seen (Hanania and
Zahniser, 2002). Subsequently, we studied whether differ-
ences in striatal levels of cocaine and/or striatal DAT
function contribute to the differential behavioral sensitivity
of ILS and ISS mice to cocaine.

MATERIALS AND METHODS

Animals

Adult (80–90 days old), male ILS and ISS mice were
obtained from the Institute for Behavioral Genetics
(Boulder, CO). The mice were housed in groups of five
and exposed to a 12-h light–dark cycle with food and water
available ad libitum. Experiments were conducted between
0700 and 1700 hours. All animal use procedures were in
strict accordance with the NIH Guide for the Care and Use
of Laboratory Animals and were approved by the Institu-

tional Animal Care and Use Committee, University of
Colorado Health Sciences Center.

Locomotor Activity

On day 1, drug-naı̈ve ILS and ISS mice were transferred to
the testing room, in which the lights were off for the
duration of experimental testing. They were allowed to
habituate for 60 min in clear acrylic open-field activity
chambers (1600 � 1600 � 1500) that were surrounded by an
8� 8 photobeam frame (San Diego Instruments, San Diego,
CA). Following habituation, mice were injected with saline
and locomotor activity was monitored for 30 min before a
second saline injection and behavioral monitoring for an
additional 60 min. On day 2, the same mice were again
transferred to the darkened testing room. The habituation
and injection procedures were repeated, with one exception:
a randomly selected group of ILS and ISS mice were injected
with (�)cocaine HCl (10, 15, or 20 mg/kg, i.p.) instead of the
second saline injection. Saline and cocaine (dissolved in
saline) were administered i.p. at 1 ml/100 g body weight. The
purpose of the first saline injection on day 2 was to ensure
that both mouse strains exhibited similar baseline activity
prior to cocaine treatment. Horizontal and vertical loco-
motor activities were determined from the number of
consecutive photobeam breaks/5 min.

Cocaine Levels

A separate group of ILS and ISS mice underwent the same
behavioral testing as described above for day 1. On day 2,
cocaine (10, 15, or 20 mg/kg, i.p.) was administered to all of
the mice. At 30 min after cocaine injection, mice were killed
by cervical dislocation and their striata were dissected and
frozen at �801C. Cocaine levels in striatum were measured
using reverse-phase high-performance liquid chromato-
graphy coupled with ultraviolet detection as previously
described (Gulley et al, 2003).

[3H]WIN 35,428 Binding

Drug-naı̈ve ILS and ISS mice were killed by cervical
dislocation. Their striata were dissected, homogenized in
ice-cold assay buffer containing 30 mM NaH2PO4, 15 mM
Na2HPO4, and 0.32 M sucrose (pH 7.4), and centrifuged
(20 000g; 41C) for 20 min. To generate indirect saturation
binding isotherms, the pellets were re-suspended in assay
buffer and were incubated for 60 min on ice in tubes
containing [3H]WIN 35,428 (B4.2 nM) and various con-
centrations of unlabeled WIN 35,428 (1� 10�5–3.16�
10�10 M). Nonspecific binding was determined in the
presence of 30 mM benztropine. Following rapid vacuum
filtration over GF/B filters (Brandel Inc., Gaithersburg, MD)
and three washes with ice-cold assay buffer, the radio-
activity retained on the filters was measured by liquid
scintillation spectrometry. Proteins were determined by the
method of Bradford (1976) using bovine serum albumin as
the standard. Affinity values (IC50 and Ki) and the total
number of binding sites (Bmax) were determined from
nonlinear curve fitting (GraphPad Software, San Diego, CA),
according to the method of DeBlasi et al (1989).

Cocaine-induced activity in ILS and ISS mice
T Hanania et al

1815

Neuropsychopharmacology



In Vivo Electrochemistry

Exogenous DA clearance was measured as previously
described (Gulley et al, 2003; Zahniser et al, 1999). Briefly,
drug-naı̈ve ILS and ISS mice were anesthetized with
urethane to a deep surgical level (see Results) and
placed in a stereotaxic frame. A small hole was drilled in
the skull to allow insertion of an Ag/AgCl reference
electrode near the parietal cortex. A second hole was drilled
overlying the left striatum (1.2 mm anterior and 1.4 mm
lateral to bregma; Franklin and Paxinos, 1997) to allow
insertion of an electrode/micropipette assembly (lowered
2.5–4.0 mm ventral to the skull surface). The assembly
consisted of a Nafion-coated carbon fiber electrode (30 mm
diameter) attached to a single-barrel pipette (tip opening:
10–20 mm) such that tips were parallel and separated by
200–300 mm. Pipettes were filled with 200 mM DA and
100 mM ascorbic acid (in 0.1 M phosphate-buffered saline,
pH 7.4).

High-speed chronoamperometric measurements were
made using an IVEC-10/FAST-12 system (Quanteon, LLC,
Lexington, KY), which applied square-wave pulses of
0.00–0.55 V (with respect to reference) at a frequency of
5 Hz. For each recording, a stable background current was
established and set to zero prior to pressure-ejecting DA
(5–20 psi for 0.1–2.5 s) at calibrated volumes (10–300 nl).
Resulting oxidation currents were digitally integrated
during the last 80 ms of each 100-ms pulse, and signal
changes were converted to DA concentrations based on an
in vitro calibration (Gerhardt et al, 1984). Two signal
parameters were analyzed from DA oxidation currents:
maximal amplitude (Amax) and signal decay time (T80).
Amax reflects the maximal extracellular DA concentration
detected, whereas T80 is the time for the signal to
rise to Amax and decay by 80%. Both parameters are
affected by DAT inhibitors (eg, Zahniser et al, 1999) and
reflect changes in DA clearance (Cass et al, 1993; May et al,
1988).

For a given assembly and recording location, an ejection
volume was chosen that resulted in Amax values of
0.75–3.85 mM. Ejections were made at 5-min intervals, and
signals used to determine ‘baseline’ were established when
Amax and T80 time varied by p15% for two consecutive
applications. At 4 min after the second baseline DA
application, mice were injected (i.p.) with either saline or
10 mg/kg cocaine, and subsequent DA ejections were given
1 min later and then every 5 min for the next 30 min. Data
were normalized by obtaining a mean value for parameters
during the two-point baseline period, setting this value as
100%, and expressing all data (including the two baseline
data points) as a percentage of baseline. In one ISS and one
ILS mouse, recordings were obtained following both saline
and cocaine injections; saline treatment occurred first and
recordings were obtained at striatal locations that were
separated by at least 200 mm. After experiments were
completed, a small current was passed through the
recording electrode to produce a marking lesion. The brain
was then removed and stored in buffered formalin (4% w/v)
for at least 3 days. Subsequently, coronal sections (40 mm) at
the level of the striatum were made using a vibratome,
mounted to glass slides, and stained with cresyl violet to
localize recording sites.

Statistical Analysis

Locomotor activity and rearing data were analyzed using
analysis of variance (ANOVA) followed by Tukey’s post hoc
tests. Striatal cocaine levels, correlations between cocaine
levels and locomotor activity and [3H]WIN 35,428 binding
parameters were analyzed using Student’s t-tests. For in
vivo electrochemistry, baseline measures of DAT function
(eg Amax, T80) were evaluated using unpaired Student’s
t-test, while strain differences in the effects of drug
treatment were evaluated using a mixed, two-factor ANOVA
followed by Tukey’s post hoc tests. In all cases, po0.05 was
considered to be statistically significant.

Materials

Chemicals were purchased from either Sigma/RBI (St Louis,
MO) or Fisher (Pittsburgh, PA). (�)cocaine HCl and WIN
35,428 were obtained from the National Institute on Drug
Abuse (RTI International, Research Triangle Park, NC).
[3H]WIN 35,428 was purchased from PerkinElmer Life
Sciences Products (Boston, MA).

RESULTS

Effect of Novelty/Habituation on Locomotor Activity of
ILS and ISS Mice

The locomotor response of ILS and ISS mice to novelty was
tested on day 1 during the first 30 min that the mice were in
the open field chambers. As shown in Figure 1, ILS and ISS
mice exhibited similar locomotor activity when placed in a
novel environment. During this same time period on day 2,
both mouse strains showed a significant decrease in
locomotor activity relative to day 1 (Figure 1, inset).
Between-strain analysis revealed that on day 2 ILS mice

Figure 1 Time course for the effects of novelty/habituation on
locomotor activity in ILS and ISS mice tested on two consecutive days.
Inset: Locomotor activity (mean7SEM, n¼ 43–44) during 1–30 min, over
which the data were averaged for the response to novelty. Two-way
ANOVA revealed a significant difference in the response of ILS and ISS
mice to novelty between days 1 and 2 ((F(1,171)¼ 11.07, po0.05)).
Tukey’s post hoc analysis found no significant differences in the response of
ILS and ISS mice to novelty on day 1 (p40.05). However, on day 2, ILS
mice had significantly lower locomotor activity than ISS mice (#po0.05).
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exhibited significantly less activity compared to ISS mice,
suggesting that ILS mice were more habituated to the testing
apparatus (Figure 1, inset).

Effect of Cocaine on Locomotor and Rearing Activities

Following the habituation procedure, we then determined
the dose–response relationship for cocaine-induced activa-
tion in the two mouse strains. To do this, ILS and ISS mice
that had received two saline injections on day 1 were
injected on day 2, first with saline and then with either
saline or cocaine (10, 15, or 20 mg/kg, i.p.). The time course
for cocaine (20 mg/kg)-induced locomotor activity is shown
in Figure 2 (inset). Compared to their saline-treated
cohorts, cocaine significantly increased locomotor activity
in ILS, but not ISS, mice (Figure 2). Between-strain analysis

revealed that at all doses of cocaine tested, ILS mice
exhibited higher locomotor activity, compared to ISS mice
(Figure 2). The locomotor activity of cocaine-treated ISS
mice was not significantly different from the saline-treated
mice. However a nonsignificant trend toward increased
activity was seen at 20 mg/kg cocaine. Strain differences in
cocaine-induced locomotor activation were not due to
differences in rearing activity, since no significant differ-
ences were observed in cocaine-induced rearing between
ILS and ISS mice (data not shown). There were also no
strain differences in the locomotor activity of ILS and ISS
mice during the 30 min period following the first saline
injection and prior to cocaine injection (data not shown).
Thus, baseline differences in locomotor activity do not
contribute to strain differences in cocaine-induced loco-
motor activity.

Cocaine Levels in Striatum

To test whether differences in cocaine pharmacokinetics
between ILS and ISS mice might account for their
differential behavioral sensitivity to the drug, we adminis-
tered 10, 15, or 20 mg/kg (i.p.) cocaine to a separate group
of habituated mice. These mice were killed 30 min after
injection in order to measure striatal drug concentrations at
the time of maximal behavioral activation. The results of
these experiments are summarized in Table 1. No sig-
nificant differences in striatal cocaine levels were observed
between ILS and ISS mice at any of the doses. Furthermore,
striatal cocaine levels and cocaine-induced locomotor
activity were not significantly correlated within each mouse
strain at any of the cocaine doses tested (Table 1).

[3H]WIN 35,428 Binding in Striatum

The affinity and number of DATs in striatal membranes
were determined from indirect [3H]WIN 35,428 saturation
curves (Figure 3). Affinities for the radioligand were similar
between ILS and ISS mice (Ki values: 9.571.1 and
8.870.3 nM, respectively). However, ILS mice had a
significantly lower number of DATs (B24%), compared
to ISS mice (Bmax values: 2.970.2 and 3.670.1 pmol/mg
protein, respectively).

Figure 2 Dose–response relationships for locomotor activity induced by
cocaine in habituated ILS and ISS mice on day 2 of the treatment protocol.
Inset: Time–response for locomotor activity induced by injections of saline
(first arrow) and cocaine (20 mg/kg, i.p.; second arrow). For the dose–
response analysis, locomotor activity was averaged between 91 and
120 min (mean7SEM; 9–13 mice/group). Two-way ANOVA revealed a
significant genotype� drug interaction ((F(3,72)¼ 3.94, po0.05)). Tukey’s
post hoc analysis indicated that ILS mice had higher locomotor cocaine-
induced activity compared to the saline-treated group (#po0.05) and that
cocaine had no significant effect in ISS mice. At all doses of cocaine, ILS
mice exhibited significantly higher locomotor activity compared to ISS mice
(*po0.05).

Table 1 Striatal Cocaine Levels and Correlations between Striatal Cocaine Levels and Cocaine-Stimulated Locomotor Activity in ILS and
ISS Mice

N Cocaine (10mg/kg) Cocaine (15mg/kg) Cocaine (20mg/kg)

Striatal cocaine levels (ng/mg protein)

ILS 6–8 1.3870.11 2.1070.08 2.5470.37

ISS 6–8 1.2970.32 2.0670.35 2.2270.22

Correlations between striatal cocaine levels and locomotor activity (r2)

ILS 6–8 0.276 0.559 0.112

ISS 6–8 0.283 0.025 0.018

Two-way ANOVA revealed no significant differences in striatal cocaine levels between ILS and ISS mice at any of the cocaine doses tested ((F(2.32)¼ 0.14, p40.05)).
Within-strain analysis found no significant correlations between striatal cocaine levels and cocaine-induced locomotor activity at any dose of cocaine tested (p40.05).
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In Vivo DAT Function in Striatum

In preparation for in vivo chronoamperometric recordings,
drug-naı̈ve mice were anesthetized with urethane. Not
surprisingly, ISS mice required more urethane to maintain
a surgical level of anesthesia (De Fiebre et al, 1992; Wehner
et al, 1992). The mean dose used in ISS mice was
2.2070.70 g/kg, whereas it was 1.6770.04 g/kg in ILS mice.
This difference corresponded to B32% higher dose in ISS
mice and was statistically significant (t18 ¼ 7.18, po0.001).
In our sample of 12 recordings/strain from 10 mice/strain,
there were no significant differences in baseline Amax

(B2 mM) or in the volume of DA needed to attain these
signal amplitudes (Table 2). However, there were strain
differences in the signal decay time, or T80, of exogenously
applied DA. On average, DA was cleared B27% more slowly
in ILS mice, compared to ISS mice (Table 2).

As shown in Figure 4a, cocaine (10 mg/kg) had variable
effects on Amax in the striatum of both ILS and ISS mice.
While there was an overall trend for cocaine to increase
Amax in both strains, this effect was not consistent within
either group at any time point during the 30-min
postinjection period. In contrast, measures of signal decay
time were less variable (Figure 4b). In ILS mice, T80 was
significantly increased by 28%, compared to baseline, in the
30-min period following injection. Despite the fact that
cocaine did not significantly alter T80 in ISS mice, there was

a trend for T80 to increase following cocaine injection.
Therefore, no significant strain differences were found in
the effects of cocaine. In both ILS and ISS mice, saline
injection did not significantly alter either Amax or T80 (data
not shown).

DISCUSSION

The results from this study confirm our previous findings
and indicate that ILS mice, compared to ISS mice, show
consistently greater responsiveness to the locomotor-
stimulant effects of cocaine when either short (60 min;
Hanania and Zahniser, 2002) or prolonged (two 60-min)
habituation sessions are used. In addition, we provide
evidence for differences in striatal DAT function and
inhibition by cocaine in the two mouse strains, likely
reflecting the lower number of striatal DATs in the ILS mice.

Figure 3 [3H]WIN 35,428/WIN 35,428 saturation binding isotherms in
striatal membranes of drug-naı̈ve ILS and ISS mice. Ki and Bmax values were
derived from nonlinear curve fitting. While WIN 35,428 affinities were
similar in both strains, ILS mice had significantly lower number of DATs
compared to ISS mice (mean7SEM; *po0.05, n¼ 4 mice/strain).

Table 2 In Vivo DAT Function during Baseline Recording

No. of mice/strain ILS ISS

Amax (mM) 10 2.1670.20 2.1970.24

T80 (s) 10 29.372.02* 21.472.75

DA ejection volume (nl/mM) 10 64.0716.1 44.079.77

Mean7SEM. po0.05, ILS vs ISS mice (t22¼ 2.31). Note that for each recording
site, DA ejection volume is expressed as a ratio with Amax to normalize for
between-recording differences in electrode sensitivity and in the construction of
electrode/micropipette assemblies.

Figure 4 Effects of cocaine on the in vivo DA clearance parameters Amax

(a) and T80 (b) in dorsomedial striatum of ILS and ISS mice. Arrows indicate
time of cocaine (10 mg/kg, i.p.) injection. Mean7SEM, n¼ 10 mice/strain.
(a) Two-way repeated measures ANOVA found that relative to baseline,
cocaine trended to increase Amax in both strains, but this was not
statistically significant (F(8,77)¼ 0.11), p40.05)). (b) Two-way repeated
measures ANOVA found no significant between-strain differences in the
effects of cocaine on T80 (F(8,77)¼ 0.43), p40.05)). However, cocaine
significantly increased signal decay time by up to 28% over baseline in ILS,
but not ISS, mice (*po0.05). Insets: Representative chronoamperometric
recordings of in vivo DA clearance in dorsomedial striatum indicating the
parameters analyzed (Amax (a) and T80 (b)) from the electrochemical DA
oxidation signals.
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These differences could help to explain the differential
sensitivity of ILS and ISS mice to cocaine-induced
locomotor activation.

In rodents, habituation to the testing environment has
been shown to influence the locomotor-stimulant effects of
various drugs of abuse (Koechling et al, 1991; Mazurski and
Beninger, 1987). For example, LS and SS mice tested with
saline on day 1 and cocaine on day 2 exhibited similar
cocaine-induced locomotor stimulation (Jones et al, 1991).
However, George and Ritz (1990) found that without
habituation, cocaine induced higher locomotor activity in
SS mice than in LS mice, and De Fiebre et al (1989) found
that LS mice had higher cocaine-induced arm entries when
they were placed in a Y-maze. We have previously found
that following a brief habituation period, cocaine enhances
locomotor activity of ILS mice to a greater extent than ISS
mice (Hanania and Zahniser, 2002). The disparate results
(De Fiebre et al, 1989; George and Ritz, 1990; Jones et al,
1991; Hanania and Zahniser, 2002) suggest that environ-
mental factors could be important in the differential
sensitivity of LS/SS and ILS/ISS mice to the locomotor-
stimulant effects of cocaine. Thus, differences in exploratory
behaviors in a novel environment between these mice might
explain the contradictory results. However, in the current
study, we found that treating ILS and ISS mice with saline in
the activity chambers on the first test day did not alter their
sensitivity to the locomotor-stimulant effects of either saline
(ILS¼ ISS) or cocaine (ILS4ISS) on the second test day. It
is also noteworthy that in a preliminary study testing
locomotor activation in four ILS and three ISS mice with no
previous experience in the testing environment (ie, no
habituation), ILS and ISS mice traveled an average of 5000
and 3000 cm, respectively, during the 20-min period
following a 10 mg/kg cocaine injection (T Hanania and
NR Zahniser, unpublished observations). Thus, it is unlikely
that the disparate results in the literature are due to
differences in novelty responses in either the ILS/ISS or LS/
SS strains. Conflicting results in inbred vs outbred strains
may instead be due to genetic differences that likely resulted
from the inbreeding process. In addition, our data support
previous studies showing that response to novelty does not
influence the response of rats to acute cocaine (Gulley et al,
2003; Sabeti et al, 2002; also see Chefer et al, 2003).

Because we used a multiple-day habituation procedure
that included successive saline injections, it is possible that
the behavioral responses of ILS and ISS mice to cocaine
were influenced by the unexpected outcome of receiving a
drug on the second test day, rather than another saline
injection. In other words, mice in the two strains might
differ in the extent to which they form and/or express
learned associations between the environment and expected
outcomes. While this issue has not been addressed
specifically, conditioned behavioral responses have been
assessed in the outbred lines. For example, LS and SS mice
exhibit similar learning and subsequent maintenance of
fixed-ratio responding for water in an operant-reinforce-
ment paradigm (Elmer and George, 1994). In addition,
when ILS and ISS mice are given cocaine after a brief
habituation period, ILS mice still exhibit greater cocaine-
induced locomotor behavior (Hanania and Zahniser, 2002).
Thus, it is unlikely that strain differences in the response to
unexpected outcomes can explain the robust differences in

behavior we observed previously (Hanania and Zahniser,
2002) and in the current study.

The differential responsiveness of ILS and ISS mice to
cocaine-induced locomotion is not influenced by differ-
ences in striatal cocaine pharmacokinetics. As shown in
Table 1, all doses of cocaine tested resulted in similar
striatal cocaine levels in the two mouse strains. Further-
more, there was no significant correlation between striatal
cocaine levels and cocaine-stimulated locomotor activity
within each mouse strain. Our findings are in agreement
with other reports showing no differences in brain cocaine
levels in mice or rats, despite their differential sensitivity to
cocaine-induced locomotion (Ruth et al, 1988) or to
developing cocaine self-administration behavior (Piazza
et al, 2000; Rocha et al, 1998). It is possible, however, that
there are strain differences in cocaine levels in brain regions
other than the striatum that could influence the differential
sensitivity of ILS and ISS mice to cocaine-induced locomo-
tion. For example, Wiener and Reith (1990) found a
significant correlation between cocaine-induced locomotor
activity and cocaine levels in mouse cortex. In addition, we
recently found a small (r2¼ 0.18), but significant, correla-
tion between cocaine-induced locomotor activity and
cocaine levels in NAc, but not dorsal striatum, of rats
(Gulley et al, 2003). However, since we have previously
shown that other DAT inhibitors such as amphetamine and
GBR 12909 also stimulate higher locomotor activity in ILS
mice, compared to ISS mice (Hanania and Zahniser, 2002),
it is unlikely that pharmacokinetics alone can explain the
differential behavioral sensitivity of ILS and ISS mice to
cocaine.

Inhibition of striatal DAT is clearly critical for psychos-
timulant-induced behaviors. In DAT knockdown mice that
express 10% of striatal DAT or in DAT knockout mice,
amphetamine and cocaine either attenuate or fail to
stimulate locomotor activation (Giros et al, 1996; Sora
et al, 1998; Spielewoy et al, 2001; Trinh et al, 2003; Zhuang
et al, 2001). Here, we found that ILS mice have B24% fewer
striatal DAT binding sites, compared to ISS mice. Based on
occupation theory, cocaine would be expected to occupy the
same percentage of DATs in ILS and ISS mice since their
DATs have the same affinity for cocaine. However, the
higher number of DATs in the ISS mice may represent
‘spare transporters’ so that lower doses of cocaine, such as
used here, may cause significant increases in extracellular
DA and thereby greater locomotor activation only in the ILS
mice. Janowsky et al (2001) found that DAT expression in
the striatum is genetically correlated with cocaine- and
methamphetamine-induced locomotor activity in BXD
recombinant inbred mice. Furthermore, the same group
reported an inverse correlation between the number of
striatal DATs and locomotor activity induced by cocaine
(10 mg/kg). These findings are consistent with our results
showing higher cocaine-stimulated locomotor activity and
lower striatal DATs in ILS mice. However, another plausible
explanation would be that striatal extracellular DA con-
centrations differ between ILS and ISS mice. The modeling
results of Wu et al (2001a, b) point to a role for differential
DA release, rather than DAT number, being the critical
determinant for sensitivity to cocaine. If ILS mice have
higher extracellular DA concentrations than ISS mice, then
the transporters in ILS mice would be more readily
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saturated after cocaine inhibition, leading to enhanced drug
effects. This possibility remains to be explored.

It was important to test whether the ILS/ISS strain
differences in striatal DAT number had functional con-
sequences. We and others have used detailed kinetic
analyses to show that in vivo electrochemical measures of
DA signal decay time reflect transporter activity (Cass et al,
1993; May et al, 1988; Wu et al, 2001a, b). Here, we used
in vivo high-speed chronoamperometry and found that
exogenous DA applied in the striatum was cleared at an
B27% slower rate in ILS mice, compared to ISS mice. These
baseline differences in DAT function are consistent with the
differences we observed in DAT number between the two
strains. It is noteworthy that in these experiments, ILS mice
required B32% less urethane than ISS mice to maintain a
surgical level of anesthesia. However, this strain difference
in total anesthetic dose, which has been demonstrated
previously (De Fiebre et al, 1992; Wehner et al, 1992), is not
surprising given that these animals were selectively bred for
their sedative response to ethanol (Markel et al, 1995;
McClearn and Kakihana, 1981). Furthermore, it is unlikely
to account for the differences we observed in DAT activity
because urethane anesthesia has no effect on exogenous DA
clearance in rats (Sabeti et al, 2003).

Despite the fact that cocaine significantly increased T80

from baseline in striata of ILS mice, no significant effects of
cocaine on either Amax or T80 were observed between the
two strains. These results are consistent with the results we
obtained in in vitro experiments showing no strain
difference in cocaine inhibition of striatal [3H]DA uptake
(Hanania and Zahniser, 2002). In the present study, we
analyzed the effects of cocaine on DAT activity using a dose
(10 mg/kg) that produces significant locomotor activation
in ILS, but not ISS, mice. It is possible that significant strain
differences in cocaine-induced inhibition of DAT function
might be observed if higher doses were tested. Regardless,
the present analysis of cocaine-induced changes in DAT
function, especially when considered along with the
between-strain differences we observed in baseline DAT
activity, suggests that differences in DAT number and
function contribute to, but are not solely responsible for,
the differential behavioral effects of cocaine between ILS
and ISS mice.

In addition to DAT, cocaine inhibits the NE transporter
(NET), and NE can influence cocaine-induced locomotor
activity. For example, inhibition of a1-adrenergic receptors
attenuates cocaine-stimulated activity in rats (Drouin et al,
2002); at lower doses, the selective DAT inhibitor GBR
12783 stimulates less locomotor activation in a1b knockout
mice than in wild-type mice (Villégier et al, 2003). In NET
knockout mice, i.p. cocaine injection results in greater
locomotor stimulation than in wild-type mice (Xu et al,
2000) whereas i.v. cocaine administration induces less
locomotor stimulation, compared to wild-type mice (Mead
et al, 2002). The opposing results in these studies could be
due to the different routes of cocaine administration, and
subsequent differences in drug metabolism and distribution
(Mead et al, 2002). Alternatively, the stress caused by an i.p.
injection could increase NE levels to a greater extent than an
i.v. injection, and this could account for the differential
behavioral responses of NET knockout mice to cocaine
(Pacak et al, 1995; Mead et al, 2002; Reith et al, 1997). In

any case, these results underscore the potential contribution
of NET to differential cocaine activation. Studies from our
laboratory found that ILS mice have B30% fewer brain
NETs than ISS mice (HM Haughey, AL Kaiser, TE Johnson,
B Bennett, JM Sikela, NR Zahniser, unpublished observa-
tions). If fewer NETs result in supersensitivity to systemic
cocaine-induced locomotor activity (Xu et al, 2000), then
lower NET number in ILS mice might also contribute to the
greater behavioral sensitivity of these mice to the stimulant
effects of cocaine.

Cocaine also inhibits the 5-HT transporter (SERT).
Interestingly, SERT antagonists can substitute for cocaine
in conditioned place preference studies in DAT knockout
mice (Mateo et al, 2004) and can modulate the locomotor-
stimulant effects of cocaine in rodents (Bubar et al, 2003;
Reith et al, 1991). Previously, we found no significant
differences in the number of cortical SERTs between ILS
and ISS mice (Hanania et al, 2002). However, preliminary
data show differential strain modulation of cocaine-induced
activity by the SERT inhibitor fluoxetine, as well as by the
various 5-HT receptor antagonists (T Hanania, AC
McCreary, DO Salaz, AM Lyons, NR Zahniser, unpublished
observations). Therefore, strain differences in the 5-HT
system could also contribute to the differential behavioral
sensitivity of ILS and ISS mice to cocaine.

Although cocaine may increase DA levels and locomotor
activity to a greater extent in ILS mice via direct inhibition
of DAT, both NE and 5-HT systems interact with the DA
system, as well as with each other, to modulate psychosti-
mulant-induced locomotor activity and DA neurotransmis-
sion (Auclair et al, 2002; Broderick and Phelix, 1997; Mateo
et al, 2004; Munoz et al, 2003; Shi et al, 2000). Thus, cocaine
inhibition of NET and SERT indirectly increasing DA levels
to a greater extent in ILS mice may also contribute to the
differential locomotor-stimulant effects of cocaine in ILS
and ISS mice. These possibilities remain to be examined.

In summary, our data suggest that differences in DAT
number and function contribute to the differential initial
sensitivity of ILS and ISS mice to the locomotor-stimulant
effects of cocaine. The opposing responsiveness of these
mice to cocaine makes them a valuable model for studying
not only DA systems, but also other monoamine systems,
that potentially contribute to this phenotype, as well as for
elucidating genes that mediate initial sensitivity to cocaine.
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