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Abstract
The effects of Tat, an HIV-1 protein, on intravenous cocaine-induced locomotor activity were
examined in ovariectomized rats. Animals were habituated to activity chambers, administered an IV
baseline/saline injection, and 24 h later, received bilateral, intra-accumbal microinjections of
Tat1-72 (15 μg/μl) or vehicle. Twenty four hours later, rats received the first of 14 daily IV cocaine
injections (3.0 mg/kg/inj, 1/day) or saline. Locomotor activity was measured in automated chambers
for 30 min following baseline and after the 1st and 14th cocaine injections. Observational time
sampling following cocaine was also performed. Following acute cocaine/saline, Tat significantly
increased cocaine-induced total activity over the 30-min session, with no significant effects for
activity in the central compartment. Repeated cocaine injections produced behavioral sensitization
with ~2-fold higher levels of total activity, ~3-fold higher levels of centrally directed activity, and
increased locomotor scores via direct observations. Following repeated cocaine/saline, Tat altered
the development of cocaine-induced behavioral sensitization for total activity with prior Tat exposure
attenuating the development of cocaine-induced sensitization. Collectively, these data show that
bilateral microinjection of Tat into the N Acc alters IV cocaine-induced behavior, suggesting that
Tat may produce behavioral changes by disrupting the mesocorticolimbic pathway.
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1. Introduction
Patients with HIV, who also have a history of drug use, are more likely to develop
neuropsychiatric disorders and HIV dementia (Bell et al., 1996; Davies et al., 1997; Koutsilieri
et al., 2002). It has been suggested that chronic drug use potentiates the effects of HIV (Nath
et al., 2001) perhaps by increasing HIV replication in the brain (Shapshak et al., 1996) and/or
facilitating the onset of HIV encephalitis, such that neuropsychiatric disorders manifest at an
earlier stage of AIDS for chronic drug users. Despite these reports, the mechanisms underlying
the HIV/drug synergism is not well understood.
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The unique feature of HIV-induced neurodegeneration is that neuronal cell loss occurs in the
absence of neuronal infection. HIV-1 is harbored in the perivascular macrophage/microglia,
rather than the neuron, and research suggests that viral proteins which are released into the
extracellular space are integral in the neuropathology associated with HIV (Nath, 2002; Nath
& Geiger, 1998). Thus, transactivator of transcription (Tat) protein is one particular protein
implicated in HIV associated dementia (HAD; Nath, 2002). Tat is detected in serum (~1 ng/
ml) and in the extracellular matrix of perivascular compartments in the brain of HIV patients
(Westendorp et al., 1995). Elevated Tat mRNA levels (Wesselingh et al., 1993; Wiley et al.,
1996) and Tat have been measured in the brain tissue of patients with HAD (Valle et al.,
2000), and moreover, in the brains of HIV-1 infected primates (Hudson et al., 2000).

Previous research indicates that Tat protein may be integral to the HIV/drug synergism that
produces neural dysfunction. First, Tat alone has been shown to produce neurotoxicity via
oxidative modification of proteins in both cell culture studies (Aksenova et al., 2005; Nath et
al., 2002; Wallace et al., 2006) and in experiments that microinjected Tat into the striatum of
adult rats (Aksenov et al., 2001; Bansal et al., 2000). Second, in vitro studies demonstrate that
the combination of Tat and cocaine produces neurotoxicity, and furthermore, that cocaine
enhances Tat mediated oxidative cell damage (Kendall et al., 2005; Turchan et al., 2001).
Together, these data suggest that the synergistic effects of Tat and cocaine can support a neural
environment which produces neurotoxicity, and perhaps neurocognitive effects in HIV+
patients.

HIV aggregates in the caudate nucleus and N Acc, structures within the basal ganglia that are
responsible for control of voluntary movement and the initiation of motivated behavior,
respectively (Wiley et al., 1998). The N Acc in particular receives the highest concentration
of HIV (Wiley et al., 1998), and interestingly, is also an integral structure in the addictive
effects of psychostimulant drugs such as cocaine (Kalivas, 2004; Pierce & Kalivas, 1997;
Robinson & Berridge, 1993). For example, the N Acc receives extensive DA input from the
ventral tegmental area following cocaine injection. Repeated cocaine exposure produces a
long-lasting neurobehavioral alteration termed behavioral sensitization, which refers to the
augmentation of a behavioral response, e.g. locomotor activity, following repeated drug
administration (Downs and Eddy, 1932; Emmett-Olglesby, 1995; Kalivas and Weber, 1988;
Post, 1980; Post and Contel, 1983; Zahniser and Peris, 1992). Contemporary theories of drug
abuse posit that the transition from casual drug taking to addiction is mediated via a behavioral
sensitization process (Robinson & Berridge, 1993; Pierce & Kalivas, 1997; Kalivas, 2004;
Kalivas & Volkow, 2005). Thus, the N Acc, which receives the highest concentration of HIV,
is also important in the process of behavioral sensitization (Wise & Bozarth, 1985; Robbins et
al., 1989; Koob, 1992; Robinson & Berridge, 1993; Wiley et al., 1998; Nestler, 2001; Kalivas,
2004; Li et al., 2004).

In the present experiment, Tat was microinjected into the N Acc and the effects of Tat on acute
and repeated IV cocaine-induced locomotor behavior was examined in rats. Rats were
microinjected with Tat or VEH, and the behavioral response to acute and repeated IV cocaine
(or saline) was measured on days 1 and 14, respectively, using automated activity chambers
and a behavioral observation method previously described (Booze et al., 1999a; Fray et al.,
1980; Harrod et al., 2004; 2005a; 2005b; Wallace et al., 1996). The aim of this experiment was
to examine the effect of Tat microinjection on the behavioral response to acute and repeated
IV cocaine in order to determine if intra-accumbal Tat alters cocaine-mediated behavior. Based
on the findings of previous research (Aksenov et al., 2003; Bansal et al., 2000; Joyce and Koob,
1981; Koob et al., 1981; Kubos et al., 1987) it was hypothesized that a Tat-induced dysfunction
of the N Acc would attenuate IV cocaine-induced sensitized locomotor activity in rats.
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2. Methods
2.1. Animals

Sixty-four adult ovariectomized female, Sprague–Dawley rats (70 days old) were obtained
from Harlan Laboratories, Inc. (Indianapolis, IN). All rats were surgically implanted with an
Intracath IV catheter (22 ga, Becton/Dickinson General Medical Corp., Grand Prarie, TX),
which was used as a SC, dorsally implanted port for chronic IV injections. The subcutaneous
implantable access port for rats was developed and described by Mactutus et al. (1994).
Ovariectomized rats were used because estrogen is protective against the neurotoxic effects of
Tat (Wallace et al., 2006). The use of male rats does not avoid this issue because testosterone
is also neuroprotective against Tat-induced neurotoxicity via an estrogen receptor mediated
process (Kendall et al., 2005). Serial ovariectomy and indwelling jugular catheter surgeries
occurred for all rats during the same procedure at Harlan Laboratories. Upon arrival at the
animal care facilities, rats were placed in quarantine for 7 days, and then transferred to the
colony. Animals were pair housed throughout the experiment and the catheters were flushed
daily with 0.2 ml of heparinized (2.5%) saline. Rodent food (Pro-Lab Rat, Mouse Hamster
Chow #3000) and water were provided ad lib. The colony was maintained at 21 ± 2° C, 50 ±
10% relative humidity and a 12L:12D cycle with lights on at 0700 h (EST). The animals were
maintained according to the National Institute of Health (NIH) guidelines in AAALAC-
accredited facilities. The experimental protocol was approved by the Institutional Animal Care
and Use Committee (IACUC) at the University of South Carolina, Columbia.

2.2. Experimental Design and Procedures
2.2.1. Behavioral Apparatus—The activity monitors were square (40 × 40 cm) locomotor
activity chambers (Hamilton-Kinder Inc., Poway, CA) that detected free movement of animals
by infrared photocell interruptions. This equipment used an infrared photocell grid (32 emitter/
detector pairs) to measure locomotor activity. The chambers were converted into round (~ 40
cm diameter) compartments by adding clear Plexiglas inserts; photocell emitter/detector pairs
were tuned by the manufacturer to handle the extra perspex width. Recent research from our
laboratory suggests that circular chambers may facilitate detecting behavioral sensitization
(Harrod et al., 2006). All activity monitors were located in an isolated room.

2.2.2. Locomotor activity: Habituation and saline baseline—Rats in the vehicle-
saline (VEH-SAL), Tat-saline (TAT-SAL), vehicle-cocaine (VEH-COC), and Tat-cocaine
(TAT-COC) groups were habituated to the locomotor activity chambers for two 60-min
sessions, one/day. Twenty four hours after the second habituation session, all rats were injected
with IV saline and placed into the activity chambers for 30-min to measure baseline activity.

2.2.3. Intra-accumbal Tat microinjection—All rats received intra-accumbal Tat or
vehicle (VEH; physiological saline) injections approximately 24 hours after the saline baseline
activity session. Previous work demonstrates that the development of cocaine-induced
sensitization is associated with structural changes in the core, but not the shell region of the N
Acc (Li et al., 2004). We therefore administered Tat to the core region of the N Acc to determine
if the sensitization process was disrupted. Rats were administered intra-accumbal Tat or vehicle
injections according to methods previously described (Aksenov et al., 2003; Bansal et al.,
2000). Briefly, rats were anesthetized using a mixture of ketamine hydrochloride and xylazine
by intraperatoneal (IP) injection (7.5 mg ketamine/100 g b.wt. 30 mg xylazine/100 g b.wt.).
Bilateral injection of 15 μg/μl of Tat was administered, using a silanized Hamilton Syringe at
the following coordinates: 1.8 mm anterior, ± 1.6 mm lateral, and 7.0 mm ventral from bregma
on the skull surface, over an interval of one min, with a one min tissue recovery period before
withdrawal.
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Previous research shows that injection of a ketamine/xylazine cocktail prior to cocaine may
attenuate cocaine-induced behavioral sensitization when cocaine is delivered via the IP route
of administration (Torres et al., 1994). These interactions may relate to the temporal occurrence
of the two drugs or to repeated daily injections of ketamine (Rofael and Abdel-Rahman,
2002). In the present experiment, the ketamine/xylazine cocktail was administered before
surgery, 24-h prior to the first cocaine injection. To the best of our knowledge, there is no
evidence to support the contention that a single ketamine/xylazine injection preceding cocaine
injection by 24-h could affect the induction of behavioral sensitization.

2.2.4. IV cocaine-induced locomotor activity—IV injections of cocaine (3.0 mg/kg/
injection) or saline were initiated 24 hours after Tat injection according to a 2 × 2, protein
(VEH, TAT) × drug (SAL, COC), design. The behavioral testing began twenty-four hours after
Tat injection because previous research demonstrated that maximum cell damage was observed
twenty-four hours after Tat administration (Aksenov et al., 2003; Bansal et al., 2000). The
animals were immediately placed into locomotor activity chambers following cocaine or saline
injection. The animals’ locomotor activity response to cocaine was assessed for 30 min on only
two occasions: immediately after the first (Day 1) and last (Day 14) cocaine injections;
however, rats were administered daily IV cocaine or saline injections in the home cage on days
2 – 13. This latter procedure is important to preclude the repeated pairing of cocaine injection
and the testing environment that otherwise confounds the neural expression of sensitization
with learning via classical conditioning (Anagnostaras and Robinson, 1996; Li et al., 2004).

Two automated measures of activity – total activity and activity in center of compartment –
were investigated. Total activity represents all detectable movements (photocell interruptions)
that occur in the chamber. Activity in the center (in cm) in a circular region located in the center
most portion of the compartment was the second dependent measure. Previous research has
demonstrated that repeated IV cocaine injections produce an increase, or behavioral
sensitization, of centrally directed activity in male and female rats (Booze et al., 1999b; Wallace
et al., 1996). The increased centrally directed activity following acute and repeated IV injection
is not likely due to an anxiolytic effect of the drug as cocaine has been shown to produce a
dose-dependent increase of anxiogenic behaviors in an elevated plus maze (DeVries & Pert,
1998; Paine et al., 2002). Rather, rats exhibit thigmotaxic behavior and perform a number of
locomotor and orofacial-related behaviors. The stimulant effects of drugs like cocaine increase
activity in the center (Booze et al., 1999b; Harrod et al., 2004; Wallace et al., 1996),
demonstrating cocaine-induced behavioral sensitization of locomotor activity. In order to
determine the activity in center, Hamilton-Kinder, Inc. software was used to impose a circular
region (~25% of total area) in the center of the compartment during the data reduction phase
(i.e., following completion of the activity session) of the experiment, yielding the activity data
in the center. Time course data for both automated measures of activity are presented in 10
min blocks of a 30-min session. Activity sessions were not video taped.

In addition to the automated monitoring, an observational time sampling procedure was
employed. An observer, unaware of the treatment condition of the animal, observed and
recorded the animal’s behavior, using a well-established protocol (Harrod et al., 2004; Harrod
et al., 2005a; 2005b). Previous research by Booze et al. (1997) determined that a 3.0 mg/kg/
injection of cocaine resulted in peak arterial plasma levels within one-min of IV administration.
Thus, five of the six observational time points occurred within the first 30 min of the session
to insure that the maximal amount of cocaine-induced locomotion would be observed. The
current observational procedure represents an adaptation of Fray et al. (1980). Briefly, the
present procedure excluded the sway and miscellaneous categories and added scan, headbob,
yawn, and lying down. Another modification included observations at 1, 5, 10, 15, and 30 min,
whereas Fray et al. (1980) observed behaviors at 10, 20, and 30 min. Testing occurred between
1500–1700 h under dim light conditions, in the absence of direct overhead lighting (< 10 lux).
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All animals were sacrificed according to procedures used in Harrod et al. (2004). Brains were
collected, frozen on dry ice, and stored at 80°C. Cryostat-cut sections (20 μm) were collected
through the nucleus accumbens and Nissl-stained to verify injection sites.

2.3. Drug Treatment
Recombinant Tat1-72 was produced as described in Ma & Nath (1997). Tat was dissolved in a
sterile buffer [vehicle (VEH); 10 mM Tris HCl, 300 nM NaCl, pH ~7.58, sterile]. Previous
research from our laboratory demonstrated that Tat1-72 dose-dependently (1, 5, 15, 50 μg)
produced striatal toxicity in rats (Aksenov et al., 2001; Aksenov et al., 2003; Bansal et al.,
2000). The highest dose of Tat (50 μg) induced sub-lethal histopathological changes in the
striatum as there were no Tat-induced “clinical” outcomes such as convulsions, tremors, or
morbidity (Aksenov et al., 2003). Rats in the present study were bilaterally injected with 15
μg of Tat. The 15 μg dose of Tat is within the range of doses (5, 15, and 50 μg Tat1-72) shown
to produce significant increases in glial fibrillary acidic (GFAP) protein levels (astrocytosis)
between 7 and 30 days after a single microinjection. The 15 μg concentration of Tat1-72 was
also chosen because the increase in GFAP levels in response to this dose co-occurs with a time-
course that would be expected to overlap with the initiation of cocaine-induced behavioral
sensitization using our behavioral procedures (i.e., ~ 7 days; Harrod et al., 2005a).

The cocaine treatment was administered as a bolus injection delivered in a volume of 1 ml/kg
body weight (15 s), and was followed by flushing (15 s) with 0.2 ml heparinized (2.5%) saline
(i.e., the approximate volume of the catheter). The dose of cocaine hydrochloride (3.0 mg/kg/
day; Sigma, St. Louis, MO) was calculated on the weight of the salt and dissolved in saline
immediately prior to injection in a volume of 1 ml/kg. The injection rate used in the present
experiment was used in the previous pharmacokinetic analysis (Booze et al., 1997) and is within
the duration shown to produce moderate-to-robust behavioral sensitization to psychostimulant
drugs (Booze et al., 1999a;Booze et al., 1999b; Harrod et al., 2004; 2005a; 2005b; Samaha et
al., 2002; Wallace et al., 1996). The IV dosing regimen used in the present experiment has
been shown to produce arterial drug concentrations and a pharmacokinetic profile in rats similar
to levels demonstrated in human cocaine volunteers (Booze et al., 1997; Evans et al., 1996),
and has been associated with producing reinforcing and euphoric effects in humans (Fischman
and Schuster, 1982).

2.4. Data Analysis
The automated data were analyzed using analysis of variance (ANOVA) techniques (BMDP
statistical Software, 1990; SPSS, 2003; Winer, 1971). A mixed factorial ANOVA, with protein
(2 levels: VEH, Tat) and drug (2 levels: SAL, COC) as between-subjects factors, and day (2
levels: acute COC/SAL day 1, repeated COC/SAL day 14) and time (3 levels: 10, 20, and 30
min) as within-subjects factors, was conducted for total activity and activity in centermost
portion of the compartment. Percent scores for cocaine-induced activity were calculated for
acute and repeated data (Day 1 and Day 14, respectively) based on the 10-min time period.
The individual data of the cocaine injected rats were divided by the mean of the saline controls
and then multiplied by 100. A 3 (time) × 2 (protein), mixed model ANOVA was conducted on
the percent scores of saline controls for both activity measures. For the within-subjects term
(time), potential violations of sphericity were preferentially handled by the use of orthogonal
contrasts or, if necessary, the Greenhouse–Geisser d.f. correction factor (Winer, 1971).
Orthogonal contrasts were used to describe the linear and quadratic components of the temporal
relationship between Tat and cocaine-mediated locomotor activity. An alpha level of p ≤ 0.05
was considered significant for all statistical tests used.

Chi square (χ2) tests were used to compare incidence scores between groups on the data derived
from the observational time sampling procedure. Incidence refers to the occurrence or
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nonoccurrence, rather than the frequency, of a particular behavior. Incidence scores were
derived by summing observations of a particular behavior, for example rearing, for a specific
rat across six observations. Thus, the rearing incidence for each rat was summed across rats in
a particular group. The incidence data are nominal and between subjects in nature and therefore
were analyzed using the χ2 test. Scores below 5 are not reliably measured with the χ2 statistic
(Siegel and Castellan, 1988). Therefore, composite scores were created to increase incidence
scores, and therefore maintain statistical accuracy. Locomotor, head up/down, rearing, and
scratching incidence scores were combined for a locomotor composite, and grooming, licking,
and washing incidence were summed for the orofacial composite. A Yates correction procedure
was used with the χ2 test. To further ensure statistical accuracy, a Bonferroni correction for
multiple comparisons was used on the observed data. Thus, 12 comparisons were made for the
locomotor and orofacial data separately, yielding a significance level of α ≤ 0.004 (i.e.,
0.05/12). Fourteen rats were excluded from data analysis: 6 rats exhibited leaking or clogged
IV catheters, whereas 8 animals received Tat or VEH injections outside of the nucleus
accumbens region. These exclusions produced the following sample sizes: VEH-SAL n = 14;
TAT-SAL n = 10; VEH-COC n = 13; and TAT-COC n =13.

3. Results
3.1. Histology

Analysis of Nissl-stained sections through the nucleus accumbens region confirmed injection
into the core region of the nucleus accumbens; subjects with injection tracks outside of the
nucleus accumbens were excluded from subsequent data analysis (n=8). No gross toxicity (e.g.,
no lesion) was present in the nucleus accumbens of Tat injected animals. However, increased
numbers of reactive astrocytes, indicated by increased number of processes in staining density,
were present in the area immediately adjacent to the injection track, similar to that previously
reported following striatal Tat microinjections (Aksenov et al., 2003). Little or no reactivity
was observed in VEH injected animals.

3.2. Body Weight
Following intra-accumbal Tat microinjection, the body weights were recorded across the 14-
day cocaine injection period suggested no adverse effects of Tat or cocaine treatment. A 2 (day)
× 2 (protein) × 2 (drug) ANOVA revealed a main effect of day [F (13, 598) = 620.8, p < 0.001;
with a prominent linear component: F (1, 46) = 1261.3, p < 0.001, and a minor quadratic
component: F (1, 46) = 4.8, p < 0.05] which indicated body weight increased over the 14-day
experiment for all groups. However a significant protein × drug interaction [F (1, 46) = 5.5, p
< 0.05] was found and localized to a difference in body weight on day 1 [protein × drug
interaction, F(1, 46) = 6.25, p < 0.05], but not confirmed at later time points. Contrast analyses
revealed that Tat-SAL and VEH-SAL groups initially differed from each other [F(1, 46) =
6.45, p < 0.05]. The specific group body weights on day 1 were (TAT-SAL: 239.1±5.3, VEH-
SAL: 256.9±4.7, VEH-COC: 245.5±3.6, and TAT-COC: 251.9±5.4). No other main effects or
interactions were statistically significant.

3.3. Automated Locomotor Activity
3.3.1. Total Activity—No significant differences in baseline total activity were detected;
however, both the acute and repeated responses to cocaine were differentially affected by the
prior intra-accumbal Tat injection.

Following 2 days of habituation in the activity chambers, total activity was recorded for all
groups after a saline injection and is illustrated in figure 1. A 3 (time) × 2 (protein) × 2 (drug)
ANOVA revealed a main effect of time [F (2, 92) = 143.0, pGG < 0.001] with prominent linear
and quadratic components [F (1, 46) = 69.4, p < 0.001 and F (1, 46) = 167.7, p < 0.001,
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respectively]. However, as indicated in figure 1 all treatment groups displayed less activity
over the 30-min session with no drug or protein effects or interactions.

The acute response to cocaine (Day 1) is illustrated in figure 2A with the data expressed as
percent of the saline control. A 3 (time) × 2 (protein) ANOVA revealed a significant main
effect of time [F (2, 48) = 38.1, pGG < 0.001] with a prominent linear component [F(1, 24) =
54.8, p<0.001] and a significant time × protein interaction [F (2, 48) = 3.9, pGG ≤ 0.03; with
a quadratic component: F(1, 24) = 4.9, p ≤ 0.04]], indicating that the groups significantly
diverged across time. The time × protein interaction confirmed that acute cocaine-induced total
activity is enhanced by Tat treatment across time.

The sensitized response to cocaine (Day 14) is illustrated in figure 2B with the data expressed
as percent of the saline control. A 3 (time) × 2 (protein) ANOVA revealed a significant main
effect of time [F (2, 48) = 38.8, pGG < 0.001; with a prominent linear component: F (1, 24) =
83.2, p < 0.001], and a significant time × protein interaction [F(2, 48) = 4.6, pGG≤0.02; with
a linear component: F (1, 24) = 9.5, p < 0.01]. The time × protein interaction confirmed that
cocaine-induced sensitization is attenuated by prior Tat injection. The magnitude of the
sensitized response was approximately 2-fold higher for the cocaine injected animals on day
14 (2301.9±139.9) compared to day 1 (1376.4±94.2).

3.3.2. Centrally directed activity—A significant difference in initial 10 min centrally
directed activity between VEH-SAL and VEH-COC groups in response to saline was not
interpretable. However, more importantly, there was no evidence for any differential response
to acute or repeated cocaine as a function of the prior intra-accumbal Tat injection.

Analysis of baseline centrally directed activity data with a 3 (time) × 2 (protein) × 2 (drug)
ANOVA revealed a main effect of time [F (2, 92) = 62.2, pGG < 0.001] with linear and quadratic
components [F (1, 46) = 65.6, p < 0.001 and F (1, 46) = 61.6, p < 0.001]. All treatment groups
displayed less activity over the 30-min session. A significant time × protein × drug effect was
also noted (F(2, 92) = 3.86, pGG<0.05) with a significant quadratic component [F(1, 46) = 8.98,
p<0.01]. The time × protein × drug interaction indicated a prominent difference in centrally
directed activity between the animals assigned to the VEH-Sal and VEH-Coc groups in the
initial 10 min interval. No other statistically significant effect was noted.

For the acute response to cocaine (Day 1) a 3 (time) × 2 (protein) ANOVA was conducted on
percent of the saline control. A significant main effect of time [F (2, 48) = 9.5, pGG < 0.01]
with a linear component [F (1, 24) = 10.8, p < 0.01] was noted, indicating increased activity
in the center compartment over the 30-min session [10 min: 83.0±12.0; 20 min: 160.3±31.8;
30 min: 277.3±54.9]. No other statistically significant effect was noted.

For the sensitized response to cocaine (Day 14) a 3 (time) × 2 (protein) ANOVA conducted
on percent of the saline controls revealed a significant main effect of time [F (2, 48) = 19.8,
pGG < 0.001; with a prominent linear component: F (1, 24) = 21.3, p < 0.001; and a minor
quadratic component: F (1, 24) = 5.4, p ≤ 0.03]. Again, increased activity in the center
compartment was recorded over the 30-min session [10 min: 101.9±9.4; 20 min: 164.0±25.9;
30 min: 273.3±44.1]. No other statistically significant effect was noted. The magnitude of the
sensitized response was approximately 3-fold higher for the cocaine injected animals on day
14 (1296.4±166.0) compared to day 1 (471.7±78.0).

3.4. Observational Data
A modified version of the observational time sampling method first described by Fray et al.
(1980) was used in the present experiment to examine the incidence of specific behaviors that
rats exhibited following acute and repeated IV cocaine administration.
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3.4.1. Effects of Tat and IV cocaine on locomotor composite incidence scores
—For acute cocaine (Day 1) chi square analyses of composite incidence revealed no significant
differences between any protein and/or drug condition (data not shown).

Repeated (Day 14) cocaine injection induced significantly higher locomotor composite
incidence scores in the VEH-COC rats compared to the VEH-SAL group [χ2 (1) = 25.4, p ≤
0.004]. Further, VEH-COC, TAT-SAL and TAT-COC groups exhibited a significant increase
in locomotor incidence between days 1 and 14 [χ2 (1) = 15.2, p < 0.001; χ2 (1) = 14.4, p <
0.001, respectively]. This increase in locomotor incidence across Days 1 – 14 suggests that IV
cocaine induced behavioral sensitization of locomotor incidence in the cocaine treated groups
(data not shown). No differential Tat effects were noted on Day 14.

3.4.2. Effects of Tat and IV cocaine on orofacial composite incidence scores—
Chi square analyses indicate that there were no differences between groups following acute or
repeated IV cocaine injection. Moreover, none of the orofacial composite incidence in any of
the groups changed significantly from Day 1 to Day 14 (data not shown).

4. Discussion
Intra-accumbal Tat1-72 (15 μg/μl bilaterally) infusion acutely enhanced cocaine-induced total
activity, but attenuated sensitized total activity after repeated IV cocaine administration. No
Tat effect was noted on activity in the center, locomotor incidence, or the orofacial measure
of activity. Similar to previous research, repeated IV cocaine resulted in robust behavioral
sensitization as indexed by automated and observed measures of locomotor activity (Wallace
et al., 1996; Booze et al., 1999b; Harrod et al., 2005a; 2005b); however, prior Tat exposure
attenuated the development of cocaine-induced behavioral sensitization. We investigated the
effects of Tat-induced damage to the N Acc to better understand how HIV related proteins alter
the behavioral effects of IV COC. The present experiment used a behavioral sensitization
procedure to determine the effects of Tat on cocaine-mediated changes in locomotor activity.
The behavioral sensitization procedure was used because this process is believed to play an
integral role in drug abuse behavior and has been investigated extensively (Robinson &
Berridge, 1993; Pierce and Kalivas, 1997; Berridge, 2007; Kalivas & Volkow, 2005). Thus,
contemporary theories of chronic addictive behavior suggest that the neurobiological changes
that underlie behavioral sensitization may also increase the motivation for repeated drug use
(Piazza et al., 1990; Horger et al., 1992; Robinson & Berridge, 1993; Vezina 2004).

The current behavioral findings demonstrate that intra-accumbal infusion of Tat enhances the
acute effects of IV cocaine on total activity, but attenuates sensitized total activity after repeated
cocaine administration. Previous research demonstrates that lesions of the nucleus accumbens
alter DA mediated behaviors (Joyce and Koob, 1981; Koob et al., 1981; Kubos et al., 1987).
For example, 6-hydroxydopamine (6-OHDA) lesions of the nucleus accumbens, which
produces specific destruction of catecholamine releasing neurons, attenuates the locomotor
activating effects of low doses of amphetamine in rats (Joyce and Koob, 1981; Koob et al.,
1981). The mechanisms of Tat neurotoxicity may involve changes in cell oxidative status
(Westendorp et al., 1995; Kruman et al., 1998; Shi et al., 1998) and oxidative damage to cell
components (Aksenov et al., 2001; Aksenov et al., 2006), such as the DA transporter (DAT;
Wallace et al., 2006). Regardless, the attenuating effects of sensitized locomotor activity by
intra-accumbal Tat in the present experiment might indicate a general change in motivation
for natural and drug related reinforcers and rewards in HIV-1-infected patients.

A number of studies now suggest that Tat-induced neurodegeneration and subsequent oxidative
stress are the result of direct interaction between Tat1-72 and neurons (Aksenov et al., 2003;
Aksenov et al., 2006). Although the exact mechanism by which Tat interacts with the neuronal
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membrane is not known, it is clear that a number of membrane bound proteins – and
consequently their function and expression – are affected by Tat exposure. Thus, N-methyl-D-
aspartate receptors (NMDAr), as well as NMDAr subtypes, have been implicated in Tat
neurotoxicity (Prendergast et al., 2002; Self et al., 2003; Song et al., 2003), and moreover, Tat
has been shown to decrease DAT number (Wang et al., 2004) and function (Wallace et al.,
2006). It is well known that NMDAr are well expressed in the nucleus accumbens, and that
ascending DA projections from the ventral tegmental area to the nucleus accumbens are replete
with DAT. Thus, not only does Tat produce neurotoxicity, it alters membrane-bound proteins
which regulate postsynaptic membrane function and the maintenance of synaptic levels of
catecholamines which are integral for motivated behaviors, learning, affect, and memory.
Therefore it will be important for future work to determine the extent to which Tat interacts
with membrane bound proteins such as receptors and transporters given the role that these
proteins play in the regulation of synaptic neurotransmitter levels, and ultimately behavior.

Previous research showed that ovariectomized rats did not express sensitization to repeated
cocaine injection (Peris et al., 1991; van Haaren and Meyer, 1991; Sircar and Kim, 1999). The
results of the present experiment are not consistent with these findings as repeated IV cocaine
produced ~2-fold higher levels of total activity, ~3-fold higher levels of centrally directed
activity, and increased locomotor scores via direct observations. Although previous research
from our laboratory showed that ovariectomized rats exhibited less behavioral sensitization of
total activity following repeated IV cocaine compared to intact female rats (same dose as
present experiment; Harrod et al., 2005a), the current findings indicate that ovariectomized
rats expressed IV cocaine-induced behavioral sensitization. The present study, as well as
Harrod et al., (2005a), administered repeated cocaine via the IV route, whereas Peris et al.,
(1991), van Haaren and Meyer, (1991), and Sircar and Kim, (1999) administered
intraperitoneal cocaine injections. One possible explanation for the discrepancy between
studies which demonstrate cocaine-induced behavioral sensitization in ovariectomized rats and
those that do not may be related to the brain levels of cocaine achieved. The IV route affords
100% bioavailability of drug, thus increasing the amount of cocaine in the brain relative to
intraperitoneal injection. Thus, it is conceivable that ovariectomized animals require more
cocaine to acquire behavioral sensitization. It is important to use ovariectomized rats in studies
categorizing the neurotoxic effects of HIV viral proteins because estrogen is neuroprotective
against Tat -induced damage (Lee et al., 2004; Wallace et al., 2006). Future experiments will
be needed to determine the extent of Tat-mediated toxicity in gonadally intact female rats and
furthermore, to understand if these viral proteins alter the development of cocaine-induced
behavioral sensitization.

The development of behavioral sensitization is mediated by the ventral tegmental area, and
that the nucleus accumbens is important for the expression of sensitization (Pierce & Kalivas,
1997). It should be noted that the present experiment did not test the expression of behavioral
sensitization. In order to fully determine the expression of behavioral sensitization future
experiments should use a design that administers a cocaine “challenge” following the drug-
free period (Pierce and Kalivas, 1997).

HIV infected patients who also exhibit chronic drug abuse reveal increased incidence of HAD
and other psychopathology, relative to HIV patients who do not abuse drugs (Bell et al.,
1996; Davies et al., 1997). The increased expression of HAD in people who chronically self-
administer drugs suggests a synergistic effect of HIV related viral proteins such as Tat and
gp120, and addictive compounds such as crack cocaine and methamphetamine (Turchan et al.,
2001; Kendall et al., 2005). A central question for basic science researchers investigating the
relationship between HIV and neural dysfunction is how do viral proteins like Tat1-72 and
cocaine interact to produce neurotoxicity, and ultimately HAD? Although the exact
mechanisms of Tat/COC toxicity are currently unknown, findings from basic science research
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demonstrate that the combination of Tat and cocaine result in enhanced neurotoxicity, even
though the dose of cocaine used in those experiments was not, by itself, toxic (Kendall et al.,
2005). Interestingly, these experiments further show that the cocaine-enhanced neurotoxicity
is, at least in part, mediated through DA receptors as blockade of D1 receptors with SCH 23390,
a D1 receptor antagonist, attenuated cocaine-enhanced toxicity when Tat and cocaine were
administered in combination to hippocampal cell cultures (Aksenov et al., 2006). Notably, HIV
produces continuous levels of viral protein which are present during repeated cocaine use.
However, a single exposure to Tat has been shown to initiate a cascade of molecular events
with a long temporal course (e.g., Aksenov et al., 2006) and is capable of inducing long-term
neurotoxicity in the hippocampus when injected neonatally (Fitting et al., 2008). The results
of the present experiment follow with this protocol of using a single intermediate dose of Tat.
The present findings demonstrate Tat mediated toxicity when combined with cocaine, and
further suggest that understanding the synergistic effects of repeated Tat administration and
cocaine will be important to effectively treat patients who exhibit co-morbidity of HIV and
drug dependence.

The current behavioral findings are based on a single concentration of Tat, and therefore, further
dose-response studies are needed to determine the concentration of intra-accumbal Tat that
disrupts the expression of IV cocaine-induced behavioral sensitization. Moreover, one Tat
exposure was administered in the current experiment. Given that HAD is mediated by the
continuous expression of Tat, it will be important for future experiments to utilize Tat
transgenic mice in studies investigating the acute and repeated effects of cocaine (Kim et al.,
2003). Clearly, Tat is not the only HIV viral protein which contributes to brain damage in crack
cocaine dependent individuals. Recent research shows that the combination of Tat and gp120
produces a synergistic neurotoxic effect in the rat brain (Bansal et al., 2000; Nath et al.,
2002). Therefore, future studies will be necessary to examine the behavioral effects of Tat and
gp120 in the nucleus accumbens, and the subsequent behavioral response to repeated IV COC.
It will also be necessary for future research to investigate the effects of intra-accumbal Tat
directly on motivated behaviors, such as food and drug-maintained responding, to better
understand how cocaine use and HIV related viral proteins may alter the motivation to engage
in behaviors necessary to be healthy and to maintain positive social interactions. Together, this
research will begin to elucidate the effects of HIV viral proteins on the mesocorticolimbic DA
system and will guide the development of treatment strategies to further prevent behavioral
problems in individuals who acquire HIV and exhibit co-morbid drug taking behavior.
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FIG. 1.
Mean total activity (± S.E.M.) for saline baseline day 1 during a 30-min session. All animals
were habituated to the test environment for two sessions prior to baseline measurement. For
clarity the two protein conditions, VEH and Tat, are presented in separate graphs. n = 10–14
rats/group.
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FIG 2.
(A) Mean (± S.E.M.) total activity for acute cocaine response (Day 1) expressed as percent of
saline control. n = 10–14 rats/group. The significant time × protein interaction indicates that
Tat enhanced the locomotor effects of acute IV cocaine (3.0 mg/kg/injection (pGG ≤0.03). (B).
Mean (± S.E.M.) total activity for sensitized cocaine response (Day 14) expressed in percent
of control. n = 10–14 rats/group. The significant time × protein interaction indicates that
ovariectomized females exhibit IV cocaine-induced sensitization following 14 daily injections
(3.0 mg/kg/injection); Tat attenuated the cocaine-induced behavioral sensitization (pGG ≤0.02).
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