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As a major neuropathogenic factor associated with human immunodeficiency virus (HIV) infection, HIV-1 Tat protein is known to

synergize with psychostimulant drugs of abuse to cause neurotoxicity and exacerbate the progression of central nervous system pathology.

However, the functional consequences of the interaction between HIV-1 Tat and abused drugs on behavior are little known. We tested

the hypothesis that HIV-1 Tat expression in brain would modulate the psychostimulant effects of cocaine. Using the GT-tg bigenic mouse

model, where brain-selective Tat expression is induced by activation of a doxycycline (Dox) promotor, we tested the effects of Tat on

cocaine (10mg/kg, s.c.) induced locomotion and conditioned place preference (CPP). Compared with uninduced littermates or C57BL/6J

controls, cocaine-induced hyperlocomotion was sustained for a significantly longer duration among Tat-induced mice. Moreover, although

all groups displayed similar saline-CPP, Tat-induced GT-tg mice demonstrated a three-fold increase in cocaine-CPP over the response of

either uninduced littermates or Dox-treated C57BL/6J control mice. Induction of Tat also increased the magnitude of a previously

established cocaine-CPP after an additional cycle of cocaine place-conditioning. Despite Tat-induced potentiation, extinction of place

preference occurred within 21 days, commensurate with cocaine-extinction among saline-treated littermates and C57BL/6J controls.

Re-exposure to cocaine produced reinstatement of an equivalent place preference in Tat-induced GT-tg or C57BL/6J mice; however,

induction of Tat protein after the extinction of CPP also produced reinstatement without additional exposure to cocaine. Together, these

data suggest that central HIV-1 Tat expression can potentiate the psychostimulant behavioral effects of cocaine in mice.
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INTRODUCTION

Psychostimulants are highly abused in both general and
human immunodeficiency virus (HIV)-infected populations
(Gorman, 1998), and psychostimulant abusers comprise one
of the fastest growing populations of HIV-infected patients
(Nath et al, 2002; UNAIDS/WHO, 2005). HIV-infected,
drug-abusing individuals may experience more severe or
faster-progressing HIV-1 related neurological impairment
(UNAIDS/WHO, 2005). Dopaminergic systems otherwise
known to mediate drug reward (Di Chiara et al, 2004;
Kalivas and Volkow, 2005; Purohit et al, 2011) may be
modified by chronic cocaine use (such as the up- or
downregulation of cocaine recognition sites on dopamine
(DA) transporters; Malison et al, 1998; Staley et al, 1994;

Wilson et al, 1996), and are also implicated in the
pathogenesis of HIV-1-associated neurological complica-
tions (Berger and Arendt, 2000; Cass et al, 2003). Consistent
with this, autopsy of HIV-1 infected brains demonstrates
infiltration of HIV-infected cells in DA-rich regions (Navia
et al, 1986), and such patients often present comorbid
clinical signs common to dopaminergic disorders (Nath,
1999). However, the HIV-1-mediated mechanisms that may
interact with drugs of abuse, influencing behavioral reward
and/or central pathology, remain poorly understood.
Given that HIV-1 does not infect neurons, indirect

mechanisms may underlie neurological sequelae. Tat is a
polypeptide that transactivates HIV-1 gene expression
(Wei et al, 1998) and is implicated in HIV-related
neurological complications (Frankel and Young, 1998;
Yao and Buch, 2012). In fact, specific mutations within
the first exon of the Tat gene correlate with
HIV clade-specific differences in the prevalence of HIV
dementia (Sacktor et al, 2009) and human neuron toxicity
(Rao et al, 2008; Mishra et al, 2008). Furthermore, Tat
exposure is known to contribute to dysfunction of the
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dopaminergic system (Maragos et al, 2002; Yao and Buch,
2012), influencing DA recycling (Ferris et al, 2009), uptake
kinetics (Zhu et al, 2009), and causing rapid DA transporter
(DAT) dysfunction (Wallace et al, 2006; Zhu et al, 2011).
Given that drug reward is thought to involve the mesolimbic
DA pathway, the ability of Tat to promote dopaminergic
dysfunction implies a biological mechanism by which Tat
may modulate drug reinforcement, but behavioral determi-
nations are lacking.
We hypothesized that expression of HIV-1 Tat protein in a

rodent model would potentiate the behavioral psychostimu-
lant response to cocaine. We tested the effects of Tat expres-
sion on cocaine-induced locomotion and reward using the
GT-tg bigenic mouse (Kim et al, 2003). These transgenic mice
have a Tat ‘knock in’ gene encoding 86 amino acids from the
first and second exons of HIV-1 HXB2. Tat expression is
controlled using a tet-on inducible system, which becomes
transcriptionally active when doxycycline (Dox) is intro-
duced. The gene is driven by the astrocyte-specific glial
fibrillary acidic protein (GFAP) promotor, resulting in brain-
specific Tat protein expression when induced (Kim et al,
2003). Tat-induced mice recapitulate many clinical findings
of HIV-1 infection, including central macrophage/monocyte
infiltration, T-lymphocyte infiltration, and neuronal cell
death (Kim et al, 2003). Using Western blot analysis, we
previously established that the magnitude of Tat expression
correlates with the treatment dose of Dox and duration of
Dox administration (Carey et al, 2012). Exposure to Tat
protein results in behavioral deficits of learning and memory
and reductions of gray-matter density in limbic regions of
GT-tg mouse brains as measured with ex vivo magnetic
resonance imaging (Carey et al, 2013). Accordingly, we
utilized this mouse model to determine if HIV-Tat protein
is sufficient to alter the behavioral effects and rewarding
properties of a commonly abused psychostimulant, cocaine.

MATERIALS AND METHODS

Animals and Housing

Adult male GT-tg bigenic and C57BL/6J wild-type (Jackson
Labs, Bar Harbor, ME) mice (7–10 weeks of age) were
maintained in the Northeastern University and Torrey Pines
Institute animal facilities. All experiments were pre-
approved by respective Institutional Animal Care and Use
Committees in accordance with the 1996 National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
The creation of the GT-tg bigenic mice and the genotype
confirmation of the inducible and brain-targeted HIV-Tat
protein was described previously (Carey et al, 2013; Kim
et al, 2003).

Chemicals

Chemicals were obtained from Sigma-Aldrich (St Louis,
MO). Cocaine (10mg/kg) and Dox hyclate (see below) were
dissolved in 0.9% saline before injection.

Induction of Brain-Targeted Tat with Dox Treatment

To express Tat1-86, GT-tg bigenic mice were administered
Dox via i.p. injection with a single daily dose (25, 50, or

100mg/kg), dissolved in 0.9% saline in a volume of 0.3ml/
30 g body weight for 1, 3, 5, or 7 days as indicated and
characterized previously (Carey et al, 2013). However, the
majority of induction experiments utilized a dose of 100mg/
kg, i.p. once daily for 7 days, given that we have previously
observed this dose to have the greatest efficacy inducing
central Tat protein expression (Carey et al, 2013). GT-tg
mice administered saline (‘uninduced’) and C57BL/6J mice
administered saline or Dox provide respective isogenic and
congenic, negative controls.

Locomotor Activity

Distance traveled (cm) was recorded using the Noldus
EthoVision Pro tracking software as described previously by
Carey et al (2009). After 60min of habituation to the testing
arena, mice were administered saline (0.9%, s.c.) or cocaine
(10mg/kg, s.c.) and activity was measured for 30min.

Conditioned Place Preference (CPP)

Mice were conditioned via a biased cocaine-CPP paradigm
with the apparatus and automated measurement system
(San Diego Instruments, San Diego, CA) described by Carey
et al (2007). Animals were treated with vehicle (0.9% saline)
or Dox (25–100mg/kg) for 1, 3, 5, or 7 days as described
above. Note that this treatment was administered before
the start of conditioning, although two sets of mice received
Dox (100mg/kg, 7 days) following completion of condition-
ing to test for the ability of Tat protein to alter established
place preference responses (see Results). An initial pre-
conditioning preference was determined by measuring the
amount of time the individual mice spent in each chamber
during a 30-min testing period. After administration of
cocaine, mice were immediately confined for 30min in the
initially non-preferred chamber. Conditioning with vehicle
(0.9% saline, s.c.) followed 4 h later in a similar manner, but
paired to the initially preferred chamber. This cocaine-
saline conditioning ‘cycle’ was repeated for two cycles, one
cycle per day. Mice were tested for preference 24 h after the
completion of conditioning by allowing the mice free access
to the apparatus and measuring the time they spent in each
chamber over a 30-min testing period. Notably, detection of
positive CPP in similarly ‘biased’ designs can be influenced
by anti-aversive or anti-anxiety-like effects that are
unrelated to the rewarding aspects of drug manipulation
(Carr et al, 1989). However, these concerns are minimized
in the present experimental design given that neither
cocaine nor Tat would be expected to reduce anxiety-like
behavior. Indeed, cocaine may potentiate fear and/or
anxiety behaviors among mice (Blanchard and Blanchard,
1999), and any effects of Tat induction on anxiety-like
status are expected to be similar given recent demonstra-
tions of HIV-Tat on negative mood-like states of mice
(Lawson et al, 2011).

Extinction and Reinstatement Testing

Mice were place-conditioned for four cycles and the place
preference response to cocaine made extinct similar to
previously described methods (Carey et al, 2007). The
conditioning cycle was repeated once per day for 4 days.
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The four-cycle paradigm has been demonstrated to be
optimal for producing a long-lasting CPP using this dose of
cocaine (Brabant et al, 2005). Place-conditioned mice were
subsequently tested twice weekly for place preference until
they demonstrated extinction, defined as the return of the
preference response to values statistically similar to initial
responses (Brabant et al, 2005; Carey et al, 2007). Upon
demonstration of extinction, reinstatement of drug pre-
ference was examined after exposure to an additional
cocaine-saline cycle of place-conditioning (Carey et al,
2007). Note that exposing C57BL/6J mice to a single cycle of
place-conditioning has been found to be insufficient to
produce cocaine-CPP (McLaughlin et al, 2003; Brabant et al,
2005). Reinstatement preference was examined 24 h after
the single cycle of conditioning.

Statistical Analysis

Locomotor activity was analyzed via three-way repeated
measures ANOVA (with ‘strain,’ ‘Dox condition,’ and
‘cocaine condition’ as between-subjects factors and ‘time
from cocaine administration’ as the within-subjects factor).
CPPs were assessed via one-way ANOVA (when factors
were ‘Dox dose’ or ‘days of Dox exposure’), two-way
ANOVA (when factors were ‘strain’ and ‘Dox condition’),
and repeated measures ANOVA (when assessing extinction
and reinstatement). Main effects were followed by Tukey’s
HSD post hoc tests to delineate significant group differences.
Interactions were assessed via simple main effects followed
by main effect contrasts to assess group differences. All
effects were considered significant when po0.05 in a
Bonferroni-corrected manner to control for family-wise
error. Data are presented as mean±SEM.

RESULTS

Exposure to HIV-1 Tat Potentiated Cocaine-Induced
Locomotor Activity

We first assessed the behavioral effect of brain-specific
HIV-1 Tat protein on psychostimulants by examining the
locomotor activity induced by cocaine (10mg/kg, s.c.).
GT-tg bigenic mice or C57BL/6J mice were pretreated daily
with vehicle (0.9% saline, i.p.) or Dox (100mg/kg, i.p.) for 7
days before locomotor testing. All independent variables
interacted (F(2,152)¼ 3.12, po0.05) such that mouse strain,
cocaine administration, Dox exposure, and time across the
30min testing session all contributed to the distance (cm)
mice traveled in the open field (Figure 1). Among C57BL/6J
control mice (see circles in Figure 1), simple main effects
indicated that mice traveled a significantly greater distance
(F(2,132)¼ 5.53, p¼ 0.005) in the first 10 (p¼ 0.001) or 20
(p¼ 0.04) min, compared with locomotion by 30min in the
task. Compared with saline, cocaine administration sig-
nificantly increased the distance traveled across the task
(F(1,132)¼ 18.05, po0.0001). Similarly, the distance traveled
among GT-tg bigenic mice (see squares in Figure 1) was
significantly greater (F(2,96)¼ 11.60, po0.0001) in the first
10 (po0.0001) or 20 (p¼ 0.002) min than that observed
by 30min in the locomotion task. Unlike C57BL/6J
controls, Dox administration to GT-tg mice significantly
enhanced cocaine’s effects to increase the distance traveled

(F(1,96)¼ 8.32, p¼ 0.005) by 20 (p¼ 0.04) or 30 (p¼ 0.01)
min compared with the effect observed after the first 10min
in the task. Thus, the locomotor effects of cocaine observed
in the first 10min of the task were potentiated at 20 and
30min among GT-tg mice expressing the Tat transgene.

HIV-1 Tat Potentiated Cocaine-Conditioned Place
Preference

To initially test the hypothesis that HIV-1 Tat protein
expression would potentiate the rewarding effect of
psychostimulants, C57BL/6J and GT-tg bigenic mice were
treated with vehicle (0.9% saline, i.p.) or Dox (100mg/kg,
i.p.) once daily for 7 days. Following treatment, all mice
were place-conditioned with cocaine (10mg/kg, s.c.) for 2
days as described in the Methods. Mice were tested for final
preference 24 h after the completion of conditioning.
Before conditioning, there were no significant differences

between the initial place preference responses of Tat-induced
(� 224±36 s) or uninduced (� 193±29 s) GT-tg bigenic
mice, and those of vehicle-pretreated (� 195±26 s) or Dox-
pretreated C57BL/6J mice (� 232±54 s) (F(8,127)¼ 1.00,
p¼ 0.41, NS). Following conditioning, all groups demon-
strated cocaine-CPP, as indicated by a significant increase
in the time mice spent in the cocaine-paired chamber
compared with matching pre-conditioning baseline re-
sponses (F(8,127)¼ 5.66, po0.05) (Figure 2a). However,
Dox-treated GT-tg mice demonstrated a potentiation of
cocaine-CPP that was significantly greater than post-
conditioning responses of either the vehicle- (po0.001) or
Dox-pretreated (po0.01) C57BL/6J mice or uninduced GT-tg
bigenic mice (po0.001; Figure 2a). Significant differences in

Figure 1 Induction of human immunodeficiency virus 1 (HIV-1) Tat
potentiated the duration of cocaine-induced locomotor activity. C57BL/6J
(circles) or GT-tg bigenic (squares) mice were pretreated for 7 days with
vehicle (saline 0.9%, i.p.; depicted as open icons) or Dox (100mg/kg, i.p.;
depicted as filled icons) and administered saline (0.9%, s.c.) or cocaine
(10mg/kg, s.c.) before locomotor assessment in an open field for 30min.
Cocaine significantly increased the distance (cm) traveled in the open field
amongst all groups compared with saline, but this potentiation was greater
among Tat-induced GT-tg mice than other groups following the initial
10min in the task. *Indicates significant difference from uninduced GT-tg
bigenic mice, po0.05, repeated measures analysis of variance (ANOVA).
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post-CPP responses were not observed among negative
control groups (vehicle- or Dox-pretreated C57BL/6J mice,
or uninduced GT-tg bigenic mice).
As a control to verify the need for cocaine in place

preference conditioning, an experiment was conducted
wherein cocaine was replaced with saline in the conditioning
trials. Data indicated no significant increase in the time spent
in the non-preferred chamber compared with the matching
pre-conditioning preference (data as pre- vs post-CPP:
C57BL/6J, � 183±42 vs � 136±62 s, p¼ 0.35; uninduced
GT-tg, � 182±56 vs � 41±70 s, p¼ 0.23; Tat-induced
GT-tg, � 228±76 vs � 93±151, p¼ 0.3, NS).

HIV-1 Tat Potentiated Cocaine-CPP in a Dose- and
Duration-Dependent Manner

To test the hypothesis that HIV-1 Tat expression influences
psychostimulant reward in an exposure-dependent manner,

additional GT-tg bigenic mice were administered saline or
one of three different doses of Dox (25, 50 or 100mg/kg,
i.p.) for 7 days, or a 100mg/kg dose for one of four different
durations (1, 3, 5 or 7 days). The Tat-induced potentia-
tion of cocaine-CPP proved dependent on the dose
(F(3,182)¼ 8.18, po0.05) (Figure 2b) and duration
(F(4,182)¼ 6.53, po0.05) (Figure 2c) of Dox administration.
The cocaine-CPP responses of GT-tg mice administered 25
and 50mg/kg Dox for 7 days were not significantly greater
than those of uninduced GT-tg bigenic mice (p¼ 0.99 and
p¼ 0.38, respectively; Figure 2b). However, the final
preference of mice induced for 7 days with 50mg/kg was
also not significantly different than the final preference of
the mice administered 100mg/kg for 7 days (p¼ 0.20;
Figure 2b), suggesting a Dox-induction dose-dependent
increase in cocaine-CPP. Likewise, when compared with
uninduced mice, GT-tg mice administered 100mg/kg Dox
for 5, but not 1 or 3 days, demonstrated a potentiation of
cocaine-CPP (po0.05; Figure 2c). Post-conditioning pre-
ference for cocaine did not differ for mice administered
100mg/kg Dox for 5 or 7 days (p¼ 0.63). Together, these
results suggest that the magnitude (dose and duration) of
Dox administration determined the degree of Tat-induced
potentiation of cocaine-CPP.

Effects of HIV-1 Tat Exposure on Established
Cocaine-CPP

We next determined whether exposure to Tat protein could
potentiate the rewarding effects of cocaine among subjects
already place-conditioned with cocaine and demonstrating
a place preference. Two groups of untreated GT-tg bigenic
mice place-conditioned with cocaine daily for 2 days (see
squares in Figure 3a schematic) demonstrated equivalent

Figure 2 Human immunodeficiency virus 1 (HIV-1) Tat induction
potentiated cocaine-conditioned place preference (CPP). (a). Post-
conditioning preference was potentiated in Tat-induced mice. C57BL/6J
mice (white bars left of dashed line) pretreated with Dox (100mg/kg, striped
white bar) demonstrated a cocaine-CPP that was similar to vehicle-
pretreated C57BL/6J mice (0.9% saline, solid white bar), demonstrating that
there was no effect of Dox pretreatment itself on CPP. Post-conditioning
responses of the C57BL/6J and uninduced GT-tg mice (solid gray bar right of
dashed line) did not differ significantly from each other. In contrast, Tat-
induced GT-tg mice (striped gray bar) showed a significantly increased
cocaine-CPP compared with C57BL/6J and uninduced mice. (*Indicates
significant difference from all other post-CPP responses, po0.05, two-way
analysis of variance (ANOVA). (b) Tat-induced potentiation of cocaine-CPP
was Dox dose-dependent. GT-tg bigenic mice induced with 25 mg/kg Dox
for 7 days (striped white bar) did not demonstrate a significantly potentiated
cocaine-CPP compared with vehicle-pretreated (ie, uninduced, solid white
bar) GT-tg bigenic mice. GT-tg mice administered 50mg/kg Dox for 7 days
(striped gray bar) showed an elevated cocaine-CPP, which did not differ
from uninduced mice, but also did not differ from mice induced with the
maximum Dox dose (100mg/kg, 7 days, striped dark gray bar). (*Indicates
significant difference from uninduced GT-tg bigenic mice, po0.05, one-way
ANOVA.). (c) Potentiation of cocaine-CPP was dependent on the length of
induction of Tat. GT-tg bigenic mice induced with 100mg/kg Dox for 1 or 3
days (first and second striped light gray bars, respectively) did not
demonstrate a significant difference in cocaine-CPP as compared with
uninduced GT-tg bigenic mice (solid white bar). However, mice administered
100mg/kg Dox for 5 and 7 days (third and fourth striped gray bars,
respectively) showed a significant potentiation of cocaine-CPP compared
with uninduced mice. *Indicates significant difference from uninduced GT-tg
bigenic mice, po0.05, one-way analysis of variance (ANOVA.)
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post-conditioning preference for the cocaine-paired cham-
ber (73±80 s and 140±63 s) (F(1,40)¼ 0.44, p¼ 0.51)
(Figure 3b, open bars). Upon demonstration of place
preference, mice were administered Dox (100mg/kg, i.p.,
daily for 7 days) to induce Tat-protein expression or
received saline vehicle as a negative control (ie, remained
uninduced). Following Dox- or vehicle-induction, mice
were exposed to an additional cocaine-saline place-
conditioning cycle and were then tested for place preference
(see Figure 3a for schematic). As expected, an additional
cycle of cocaine place-conditioning did not alter the
established cocaine-CPP of saline-administered GT-tg con-
trol mice not expressing Tat protein (Figure 3b, striped
left bar); however, exposure to Tat-protein resulted in
a significant 3.1-fold potentiation of cocaine-CPP over
the prior preference response after an additional cycle
of cocaine place-conditioning (F(2,72)¼ 13.65, po0.05)
(Figure 3b, striped gray bar).

Presence of HIV-1 Tat Did Not Influence Rate of
Extinction, But Reinstated Extinguished Cocaine-CPP

The duration, extinction and reinstatement of cocaine-CPP
were characterized in uninduced and Tat-induced GT-tg
bigenic mice. Both uninduced and Tat-induced GT-tg mice
were place-conditioned with four conditioning ‘cycles’ (see
Figure 4a schematic, squares). Mice were tested for
preference 24 h after the completion of conditioning

(Figure 4a, triangle) and twice weekly thereafter for 3 weeks
(Figure 4a, circles) until there was no longer a significant
preference for the cocaine-paired chamber, a demonstra-
tion of extinction. After the preference for cocaine was no
longer evident, mice were exposed to one additional con-
ditioning cycle to induce reinstatement of cocaine-CPP
(Carey et al, 2007). Preference was then examined in both
uninduced and Tat-induced GT-tg bigenic mice to examine
reinstatement of cocaine-CPP.
Repeated measures ANOVA indicated a significant inter-

action between test session and Dox condition (F(4,120)
¼ 5.59, po0.05) (Figure 4b). Consistent with previous
results, simple main effects indicated that Dox-induced
GT-tg mice demonstrated a significant potentiation of
cocaine-CPP compared with the post-conditioning prefer-
ence of uninduced littermates (F(1,24)¼ 8.68, po0.01) post-
CPP (po0.0001) and 2 weeks later (po0.001; Figure 4b).
However, after 3 weeks, both Tat-induced and uninduced
mice demonstrated equivalent extinction of CPP, as
preference for the cocaine-paired chamber did not statis-
tically differ from pre-conditioning responses (p40.10;
Figure 4b). Notably, when exposed to an additional cycle of
place-conditioning, both uninduced and Tat-induced mice
demonstrated reinstatement of CPP (po0.01), but the

Figure 3 Induction of Tat potentiated the reward associated with
previously established, cocaine-conditioned place preference (CPP).
(a) Schematic of experimental design. Uninduced GT-tg bigenic mice
were tested for place preference (triangles) the days before and after
place-conditioning with cocaine and saline for 2 days (squares). Mice were
then either administered doxycycline (Dox) to induce Tat expression or
control vehicle (Veh) daily for 7 days. Treated mice were given an
additional cycle of conditioning (day 12) and re-tested for place preference
(day 13). (b) Dox treatment potentiates a previously established CPP after
an additional cycle of place-conditioning. Both groups of uninduced mice
demonstrated equivalent post-conditioning cocaine preference (open
bars). Vehicle-treated mice given an additional cycle of conditioning
demonstrated no change in cocaine place-preference (striped white bar to
the left of dashed line). However, Tat-induced mice displayed a post-
induction cocaine-CPP (striped gray bar) that was significantly potentiated
from both the previous matching group preference (striped white bar to
the left of dashed line) and the preference of the vehicle-treated uninduced
mice (solid white bar to right of dashed line). *Indicates significant
difference from uninduced GT-tg bigenic mice, po0.05; NS, no significant
difference between groups, one-way analysis of variance (ANOVA).

Figure 4 Human immunodeficiency virus 1 (HIV-1) Tat potentiated
cocaine-conditioned place preference (CPP) does not influence the rate of
extinction or the magnitude of reinstatement. (a) Time course schematic of
extinction and reinstatement experiment. In the first week, mice were
preference tested (triangles) the days preceding and following place-
conditioning with cocaine (10mg/kg, s.c.) and saline daily for 4 days
(squares). Mice were then tested for place preference twice weekly during
weeks 2, 3, and 4 (circles). After extinction (3 weeks after conditioning; 5
weeks into the experiment), mice were given a priming conditioning cycle,
and tested the following day again for place preference. (b) Results of
extinction and reinstatement experiment. Uninduced (white bars) and Tat-
induced (striped gray bars) mice demonstrated significant cocaine-CPP
compared with pre-conditioning preferences. As expected, the Tat-
induced mice showed a significantly potentiated response. This potentiation
was still evident 2 weeks after conditioning. Three weeks after the
completion of conditioning, induced and uninduced mice demonstrated
extinction of CPP. Following a priming cycle of cocaine conditioning
(dashed line), both sets of mice demonstrated reinstatement of a similar
magnitude of place preferences (bars to right of dashed line). *Indicates
significant difference from response of uninduced mice in same test session,
po0.05, repeated measures analysis of variance (ANOVA).
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reinstated preferences of the uninduced and Tat-induced
mice did not differ significantly (p¼ 0.61; Figure 4b, right-
most bars).
To test the hypothesis that exposure to Tat protein alone

can reinstate an extinguished cocaine-CPP independent
of cocaine-priming, C57BL/6J control mice and uninduced
GT-tg bigenic mice were place-conditioned with cocaine and
the response extinguished (see Figure 5a schematic). As
expected, test session and Dox condition significantly
interacted (F(5,275)¼ 5.23, po0.05) (Figure 5b). Simple main
effects indicated that both C57BL/6J control mice (F(5,155)¼
8.27, po0.05) and uninduced GT-tg mice (F(5,105)¼ 12.12,
po0.05) demonstrated a significant preference for the
cocaine-paired chamber upon the completion of place-
conditioning (pC57BL/6Jo0.0001; pGT-tgo0.0001), and demon-
strated extinction of the place-preference response 3 weeks
later (pC57BL/6J¼ 0.40; pGT-tg¼ 0.38; Figure 5b). Dox admin-
istration to C57BL/6J control mice produced no change in the
extinction response (p¼ 0.86), but significantly increased the
time spent in the cocaine-paired chamber by GT-tg mice
(po0.0001), suggesting that exposure to Tat-protein rein-
stated extinguished cocaine-CPP.

DISCUSSION

Substance abuse is highly comorbid with HIV infection
(Mathers et al, 2008; Purohit et al, 2011), but relatively little
is known regarding how HIV may impact the rewarding
effects of abused drugs. These experiments utilized a
bigenic mouse model capable of brain-specific expression
of HIV-Tat protein to examine the hypothesis that exposure
to Tat protein was sufficient to influence the psychostimu-
lant and rewarding effects of cocaine. Once expressed,
HIV-Tat prolonged the locomotor effects of cocaine and
potentiated cocaine-CPP. Effects to enhance the rewarding
properties of cocaine in a CPP paradigm occurred in a Dox-
dose- and duration-dependent manner. Tat expression did
not influence the time to CPP-extinction or the magnitude
of cocaine-induced reinstatement. However, induction of
Tat following extinction produced a reinstatement of
extinguished cocaine-CPP. These results demonstrate that
central expression of HIV-Tat protein is sufficient to
potentiate motivation for cocaine and extend previous
findings of Tat-mediated dopaminergic activity and/or
sensitization to cocaine’s effects (Harrod et al, 2008; Ferris
et al, 2010). Moreover, these data support the utility of the
Tat bigenic mouse as an in vivo model to investigate the
behavioral modifications caused by HIV-Tat in the context
of an intact organism.
Tat modulation of dopaminergic activity within the CNS

may contribute to its capacity to potentiate cocaine’s
psychomotor effects. Herein, we observed that Tat induc-
tion maintained cocaine-mediated hyperlocomotion for a
longer duration than was observed when Tat was not
induced, or when the transgene was not present (as is the
case amongst control C57BL/6J mice). Consistent with these
results, exogenous microinjection of a 72-amino-acid Tat
protein directly into the nucleus accumbens (NAc) of rats
increased acute locomotor responding to cocaine (Harrod
et al, 2008). These results are logical, given reports that Tat
protein allosterically modulates DAT in a dose-dependent

and reversible manner (Aksenov et al, 2001; 2006; Ferris
et al, 2009; Zhu et al, 2009, 2011), inhibiting [3H]DA uptake
into striatal synaptosomes time- and concentration-depen-
dently (Zhu et al, 2009). These actions may directly
contribute to decreased DA recycling, subsequently increas-
ing extracellular DA in the NAc to potentiate the
psychostimulant effects of cocaine when both are present
(Ferris et al, 2009, 2010). The NAc is an area integral to the
addictive effects of psychostimulants (Kalivas and Volkow,
2005), and also a major reservoir in the brain for HIV
(Wiley et al, 1998) likely to express Tat protein. As such, it
seems likely that a dopaminergic mechanism is involved in
Tat’s potentiation of cocaine reward in the present
behavioral study.
It should be noted that Tat potentiation of cocaine-CPP

may arise from a number of direct and indirect detrimental
effects on the CNS that serve to modulate dopaminergic
tone. Tat produced neurotoxic effects in vivo when injected
intracerebroventricularly in mice (Sabatier et al, 1991) and
in vitro in cultured human and rat neurons (Nath et al,
1996; New et al, 1998; Maragos et al, 2002). Tat-induced
oxidative stress has been associated with neurotoxicity and
loss of function (Price et al, 2005), particularly in midbrain
dopaminergic neurons (Aksenov et al, 2001; Aksenova et al,
2006). Elevated dopaminergic tone in mesolimbic ‘reward

Figure 5 Expressing human immunodeficiency virus 1 (HIV-1) Tat
protein reinstates extinguished cocaine-conditioned place preference
(CPP). (a) Time course schematic of extinction and reinstatement
experiment. In week 1, C57BL/6J or uninduced GT-tg bigenic mice were
preference tested (triangles) the days preceding and following place-
conditioning with cocaine (10mg/kg, s.c.) and saline daily for 4 days
(squares). Mice were tested for place preference twice weekly during
weeks 2, 3, and 4 (circles). After extinction (3 weeks after conditioning;
5 weeks into the experiment) mice were induced to express Tat protein
(doxycycline 100mg/kg, i.p., for 7 days) and tested again for place
preference (right-most triangle). (b) Results of extinction and reinstatement
experiment. C57BL/6J (white bars) and GT-tg bigenic (gray bars) mice
demonstrated significant cocaine-CPP compared with pre-conditioning
preferences. Three weeks after the completion of conditioning, mice
demonstrate extinction of CPP. Following induction of HIV-1 Tat protein,
GT-tg bigenic, but not C57BL/6J controls, demonstrate a significant
reinstatement of cocaine-CPP. *Indicates significant difference from
respective pre-CPP response, po0.05, repeated measures analysis of
variance (ANOVA).
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circuits’ that project through the ventromedial striatum is
strongly linked to the reinforcing effects of drugs and drug
addiction (Di Chiara et al, 2004; Kalivas and Volkow, 2005).
As such, indirect changes to mesolimbic dopaminergic tone
via neurotoxic effects of Tat in DA-rich brain regions may
also exacerbate cocaine-psychostimulation. However, direct
actions of Tat may be more likely to underlie these effects,
as opposed to indirect effects of neurotoxic brain dis-
organization, given that potentiating effects were lost over
time and were independent of longer-term differences in
extinction and reinstatement.
In the present study, exposure to Tat protein in the

absence of cocaine produced reinstatement of a previously
extinguished CPP. These data suggest that exposure to Tat
protein may increase the likelihood of relapse in abstinent
subjects with a history of cocaine use. Although the
mechanistic basis of this interaction is beyond the scope
of this initial study, Tat protein modulates a number of
intracellular pathways in vitro (Gibellini et al, 1998), which
could feasibly contribute to this behavioral result, most
notably extracellular-signal regulatory kinase mitogen-
activated protein (ERK1/2 MAP) kinase (Rusnati et al,
2001). ERK1/2 MAP kinases have been implicated in both
the reinforcing properties of cocaine (Valjent et al, 2000)
and the reinstatement of cocaine self-administration (Lu
et al, 2005; Wells et al, 2013). The host of interactions
between Tat and the brain highlight many avenues by which
Tat may influence drug reward, and which will require
additional research.
Together these data demonstrate the potential for actions

of central HIV-Tat to increase the vulnerability to cocaine
abuse. However, many individuals that acquire HIV
do so from already established patterns of drug abuse
(Nath et al, 2002; UNAIDS/WHO, 2005). It is therefore
important to question how HIV-Tat may not only influence
psychostimulant reward before drug exposure, but how it
may influence craving in individuals demonstrating
established drug abuse. Herein, we observed that induction
of HIV-Tat potentiated the response to a subsequent
additional cycle of cocaine place-conditioning in mice
already demonstrating cocaine-CPP. Typically, one cycle
of saline-cocaine place-conditioning is insufficient to
produce or alter CPP; moreover, three cycles of condition-
ing does not produce a CPP significantly greater than that
achieved with two cycles (McLaughlin et al, 2003; Brabant
et al, 2005). As such, the present data support the notion
that exposure to HIV-Tat protein may exert important
effects over already established patterns of drug use.
Although challenging to execute in mice, future investiga-
tions will aim to utilize self-administration (Ahmed and
Kenny, 2011) to parse out the reinforcing effects of Tat on
cocaine use.
In summary, the present data suggest that exposure to

HIV-Tat protein is sufficient to potentiate the psychosti-
mulant effects of cocaine. Importantly, these studies
revealed extinction on a magnitude commensurate with
non-Tat-induced controls, suggesting that some effects for
drug reward may not be pervasive, and a therapeutic
window for treatments targeting central Tat proteins
(Mousseau et al, 2012) may prove efficacious. Given that
psychostimulant users comprise a significant segment of the
population of HIV-infected patients (UNAIDS/WHO, 2005;

Mathers et al, 2008), and HIV-infected drug users present
with a more marked neurological progression of HIV
dementia (UNAIDS/WHO, 2005; Purohit et al, 2011),
studies examining the synergy between drug abuse and
neurotoxic substances released during HIV infection such
as Tat (Aksenov et al, 2001; 2006) may offer new insights
into the behavioral changes correlated with the progression
of HIV-1 Tat infection.
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