
Estrous Cycle and HIV-1 Tat Protein Influence Cocaine-
Conditioned Place Preference and Induced Locomotion of 
Female Mice

Jason J. Paris*, Jason Fenwick, and Jay P. McLaughlin
Torrey Pines Institute for Molecular Studies, 11350 SW Village Parkway, Port Saint Lucie, FL 
34987, USA

Abstract

The HIV-1 trans-activator of transcription (Tat) protein, interacts with psychostimulants to 

potentiate cocaine-reward in rodents. Sex steroids may protect against Tat-induced deficits. Female 

GT-tg transgenic mice conditionally-expressed Tat protein targeted to brain via a doxycycline-

dependent, GFAP-linked promoter. Mice were tested for cocaine-conditioned place preference 

(CPP) and cocaine-induced locomotion when in the proestrous (high-hormone) or diestrous (low-

hormone) phases of their estrous cycle. Cocaine-CPP was potentiated by Tat induction via 50, 100, 

or 125 (but not 25) mg/kg doxycycline daily treatment for 7 days. Diestrous mice exposed to Tat 

protein demonstrated significantly greater cocaine-CPP than did proestrous mice. Tat induction 

interacted with estrous cycle to decrease acute cocaine-induced locomotion among Tat-induced 

diestrous mice, but not their uninduced or proestrous counterparts, and attenuated cocaine-

sensitization. In a cocaine-challenge, previously cocaine-sensitized mice demonstrated greater 

cocaine-locomotion over cocaine-naive counterparts and Tat-induction attenuated locomotion. 

Altogether, data demonstrate Tat and circulating sex steroid influences over cocaine-reward and 

psychostimulation.
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INTRODUCTION

Psychostimulant use is associated with the progression of human immunodeficiency virus 

(HIV) to acquired immune deficiency syndrome (AIDS) [1, 2]. Preclinical and clinical data 

support the notion that HIV virotoxins influence drug effects once use has been initiated [3, 

4], suggesting a dynamic relationship between HIV and drug abuse. In particular, 
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psychostimulants such as cocaine may interact with the HIV-1 viral regulatory protein, trans-

activator of transcription (Tat), to potentiate drug effects.

Tat and cocaine both inhibit the dopamine transporter (DAT), potentially promoting 

synergistic interactions. In rodent models, Tat allosterically inhibits the DAT [5, 6] and 

modulates DAT cell surface expression (with downregulation observed in rat striatal 

synaptosomes [5-7] and upregulation demonstrated in mouse midbrain [8]). On the human 

DAT, mutation of a residue that is integral to Tat-recognition attenuates Tat's inhibitory 

effects on dopamine (DA) uptake [9]. These inhibitory actions on DAT may underlie 

functional effects for psychostimulants. In human fetal neuronal cultures, the neurotoxicity 

of sublethal exposure to the HIV-1 proteins Tat and glycoprotein 120 is potentiated 7-8 fold 

when the psychostimulants methamphetamine or cocaine are co-administered [10]. Thus, 

interactions between Tat and psychostimulants may be important contributors to HIV-1 

pathology.

In people and animals, psychostimulant use is influenced by gender and hormonal status. 

Women are less likely than men to use cocaine, but demonstrate more severe behavioral 

pathology once use is initiated, progressing to cocaine-dependence more quickly and 

demonstrating more frequent relapse when cessation is attempted [11-14]. Similar effects of 

psychostimulants are observed among rodents with females demonstrating greater 

acquisition, selfadministration, and drug reinstatement compared to males [15-18]. 

Circulating steroids contribute to gender differences as cocaine acquisition and self-

administration are greater when estradiol is unopposed in the estrous cycle [19, 20] or is 

exogenously administered [21-23]. Conversely, progesterone administration attenuates 

escalation of cocaine self-administration and seeking [24, 25] and antagonizes enhancement 

by estradiol when co-administered [21, 26]. These findings are of clinical importance given 

varied literature demonstrating oral progesterone attenuates cocaine craving and subjective 

pleasurable effects among men and/or women [27-31] (albeit, these effects are not always 

observed across human samples [32]).

We hypothesized that HIV-1 Tat would interact with cocaine to influence psychostimulant-

reward and -locomotor behavior among female mice. Furthermore, we expected these effects 

to be potentiated at a time in the estrous cycle when potentially-protective sex steroids were 

at nadir (diestrus) compared to when they were elevated (proestrus). To examine this, we 

utilized female GFAP/Tat bigenic (GT-tg) mice (originally derived by Dr. Johnny He). GT-tg 

mice have a GFAP-localized, doxycycline-inducible promoter that drives expression of 

CNS-targeted Tat1-86 [33]. The copy numbers of the Tat transgene correlate with Tat RNA 

expressed in this model [33], and doxycycline exposure correlates dose-dependently with 

Tat protein content in whole brain [34, 35]. Tat expression in this model recapitulates 

clinical findings of HIV characterized by central macrophage/monocyte infiltration, T-

lymphocyte infiltration, neuronal cell death [33], dose-dependent reductions in limbic gray 

matter density [36], perturbed cognition [34] and affect [35, 37], as well as potentiated 

locomotion and reward among males administered acute cocaine [38]. Using this model, we 

have previously demonstrated prophylactic effects of sex steroids over Tat-induced increases 

in anxiety-like behavior of female mice [37].
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MATERIALS AND METHODS

All methods and procedures used were pre-approved by the Institutional Animal Care and 

Use Committee at the Torrey Pines Institute for Molecular Studies (Port Saint Lucie, FL), 

and were conducted in accordance with ethical guidelines defined by the National Institutes 

of Health (NIH Publication No. 85-23).

Subjects and Housing

Female GT-tg mice (N = 264) were generated in the colony in the Torrey Pines Institute for 

Molecular Studies vivarium (Port Saint Lucie, FL). GT-tg breeders have been previously 

described [33, 35] and were back-crossed 7 generations onto the C57BL/6J strain. Mice 

(approximately 70 days of age) were housed 4-5/cage and were maintained in a temperature- 

and humidity-controlled room on a 12: 12 h light/dark cycle (lights off at 19:00 h) with ad 
libitum access to food and water.

Determination of Estrous Cycle Phase

Estrous cycle phase was determined as previously described [37]. Given that environmental 

stimuli can influence estrous cycle synchrony within home-cages [39], the cycle of each 

mouse was individually assessed daily and manipulations were counterbalanced across 

home-cages. Briefly, epithelial tissue was collected via vaginal lavage and assessed under a 

light microscope at 50 X and 200 X magnification. Cycle phases were tracked for 7 

consecutive days prior to testing. As in previous studies [37], mice with irregular cycles (< 

1-2 proestrous phases) were not tested. Behavioral assessments occurred in the afternoon 

(~13:00 h) on the day of proestrus (indicated by a majority presence of nucleated epithelial 

cells, when concentrations of estrogens have peaked and progestogens are rising to peak) or 

the day of diestrus (indicated by a majority presence of leukocytic cells, when 

concentrations of estrogens are beginning to rise and progestogens have fallen to nadir) 

[40-42]. Testing at these times cannot parse the individual effects of estrogens or 

progestogens but is associated with reduced anxiety-like responding in the proestrous, 

compared to the diestrous, phases of the cycle [37] demonstrating behavioral differences 

between high- vs low-hormonal milieux.

Chemicals

Chemicals, obtained from Sigma-Aldrich (St. Louis, MO), were dissolved in sterile 0.9% 

saline and diluted to concentration (0.1 ml volume administered per 10 g body weight). 

Doxycycline hyclate was administered once daily for 7 consecutive days. Studies of 

doxycycline dose (0, 25, 50, 100, or 125 mg/kg, i.p.) and treatment duration (0, 1, 3, 5, 7, or 

14 days) have revealed exposure-dependent elevation of central HIV-1 Tat protein in the GT-

tg bigenic brain [34, 35] commensurate with behavioral [34, 35, 37, 38] and 

neurodegenerative [36] changes. Among male GT-tg mice, Tat-induction via this 

doxycycline regimen has been demonstrated to potentiate the rewarding and acute locomotor 

effects of cocaine (10 mg/kg) [38], prompting the assessment at these doses for interactions 

with hormonal fluctuations as described below.
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Cocaine-Conditioned Place Preference

Mice were conditioned in an unbiased, counterbalanced CPP paradigm modified from 

previous methods [43, 44]. Briefly, the amount of time subjects spent in each of three 

compartments (two cue-differentiated outer compartments: 25 × 25 × 25 cm, separated by a 

middle compartment: 8.5 × 25 × 25 cm, each tracking movement via infrared beams; San 

Diego Instruments, San Diego, CA) was measured over a 30 min testing period for a pre-

CPP evaluation prior to cocaine-conditioning. Over the following two days, cocaine 

placeconditioning was achieved each day by restricting mice to a pre-determined 

compartment for 30 min following saline administration (saline-associated side) and, 4 h 

later, restricting mice to the opposing compartment for 30 min following cocaine (10 mg/kg, 

s.c.) administration (cocaine-associated side). The cocaine-associated side was 

counterbalanced across experimental groups to obviate confounds associated with side-

preference. Post-CPP evaluation was then conducted on the next day of proestrus or diestrus 

(whichever occurred first). Data are expressed as the difference in time (s) + SEM spent on 

the cocaine- vs saline- associated chamber. As such, positive values indicate a greater 

preference for cocaine compared to saline, whereas negative values would indicate an 

aversion to cocaine.

Cocaine-Induced Locomotion

Following administration of saline or cocaine (10 mg/kg, i.p.), mice were placed in the 

lower-left corner of a square Plexiglas box (46 x 46 x 30 cm) and allowed to explore for 5 

min intervals (30 min total for acute cocaine experiments and 5 min/trial for cocaine 

sensitization experiments). Movement was monitored and digitally-encoded by a Noldus 

(Leesburg, VA) EthovisionPro3 image capture software package. The distance (cm) traveled 

was utilized as an index of locomotor behavior as previously described [37, 38].

Statistical Analyses

Behavioral dependent measures for pre- and post-CPP, and ambulations in the CPP appartus, 

were assessed via separate two-way analyses of variance (ANOVAs) with Tat-induction 

status (uninduced with saline or induced with doxycycline, 25-125 mg/kg) and hormone 

condition (proestrus or diestrus) as between-subjects factors. Cocaine challenge was 

assessed via three-way ANOVA with cocaine status (previously cocaine-naive or previously 

cocaine-sensitized) as an additional between-subjects factor to Tat induction status and 

hormone condition. Cumulative cocaine-induced locomotion in the Noldus apparatus 

(distance traveled, cm) was assessed in two experiments via separate repeated measures 

ANOVAs. In the acute cocaine-administration experiment, Tat-induction status (induced or 

uninduced) and hormone condition (proestrus or diestrus) were utilized as between-subjects 

factors with time (0-30 min) as the within-subjects factor. In the cocaine-sensitization 

experiment, Tat-induction status (induced or uninduced) and cocaine status (saline or 

cocaine 10 mg/kg) were utilized as the between-subjects factors with trial (baseline-cocaine 

trial#4) as the within-subjects factor. Fisher’s Protected Least Significant Difference post-
hoc tests determined group differences following main effects. Interactions were delineated 

via simple main effects and main effect contrasts with alpha controlled for multiple 

comparisons. Analyses were considered significant when p < 0.05.
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RESULTS

HIV-1 Tat and Estrous Cycle Phase Influence Cocaine-Reward

To assess the influence of HIV-1 Tat protein and estrous cycle on cocaine-reward, mice had 

their estrous cycles tracked for one week (days 1-7) prior to undergoing a week-long 

induction of CNS-expressed Tat protein (via daily administration of doxycycline, 25-125 

mg/kg, i.p., days 8-14), or were left as uninduced negative controls via daily administration 

of saline (i.p., days 8-14; (Fig. 1A). Consistent with prior reports [37], doxycycline did not 

interrupt estrous cycling (all mice demonstrated 1-2 proestrous smears over the 7 days). All 

mice (Tat-induced and uninduced) were preference-tested in the CPP apparatus on day 15 

(open triangle) and underwent 2 days of cocaine-conditioning on days 16 and 17 (squares; 

(Fig. 1A). Mice had their estrous cycles assessed over the next 7 days and were preference 

tested (triangles) on the next day of proestrus or diestrus (whichever occurred first over days 

18-24; (Fig. 1A). The mean time from the end of conditioning to final CPP testing was 4 

± 0.1 days.

Exposure to HIV-1 Tat protein potentiated cocaine-CPP in a manner dependent on the dose 

of doxycycline used for induction [F(4,160) = 3.73, p < 0.05], and cocaine-CPP was greater 

among diestrous, compared to proestrous, mice [F(1,160) = 16.81, p < 0.05] (Fig. 1B). All 

groups demonstrated a positive CPP for cocaine; however, compared to saline 

administration, cocaine-CPP was significantly greater when Tat protein was induced with 

doxycycline at 50 (p < 0.05), 100 (p = 0.002), or 125 (p = 0.005) mg/kg (Fig. 1B). Tat-

induction via doxycycline at 100 (p = 0.01) or 125 (p = 0.02) mg/kg significantly potentiated 

cocaine-CPP beyond that observed at 25 mg/kg (which itself did not differ from control 

saline; (Fig. 1B). No effects of Tat-induction were observed on pre-conditioning chamber 

preferences (Table 1, top) or post-conditioning ambulations (calculated by horizontal beam-

breaks in the CPP apparatus; Table 1, bottom).

Tat-Induction Interacts with the Estrous Cycle to Suppress Acute Cocaine-Potentiated 
Locomotion

To assess the influence of HIV-1 Tat and estrous cycle on cocaine-induced locomotion, the 

estrous cycles of all mice were tracked for one week (days 1-7), followed by administration 

of control saline or doxycycline for 7 days (days 8-14) at the previously optimal dose (100 

mg/kg; dosing previously shown to optimally express Tat protein in whole brain [34, 35]; 

(Fig. 2A). Estrous cycles were assessed over the next 7 days and all mice were motor tested 

(closed circles) on the next day of proestrus or diestrus (whichever occurred first over days 

15-21; (Fig. 2A). The mean time from the end of treatment to motor testing was 3 ± 0.4 

days. On the day of testing, proestrous or diestrous mice were acutely administered saline 

(0.9 %, i.p.), had motor activity assessed for 15 min, then were acutely administered cocaine 

(10 mg/kg, i.p.), and had motor activity assessed for the remaining 15 min (Fig.2A).

Induction of HIV-1 Tat protein, estrous cycle phase, and time-course significantly interacted 

to influence cumulative locomotor behavior [F(5,130) = 2.72, p < 0.05] (Fig. 2B). Groups 

did not differ following saline administration; however, Tat-induced diestrous mice 

demonstrated a significant attenuation of cocaine-induced locomotion 10 min following 
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cocaine administration (compared to uninduced or induced proestrous mice, p = 0.03-0.04) 

and 15 min following cocaine administration (compared to any other group, p < 0.01 - 0.05; 

(Fig. 2B).

Sensitization to Cocaine-Potentiated Locomotion is Attenuated by Tat-Induction Among 
Pro- and Diestrous Mice

Estrous cycle influenced the initial locomotor response to cocaine; however, it was not 

known whether endogenous fluctuations in cycle would influence Tat/cocaine interactions 

once exposure was sensitized. After a one week assessment of estrous cycle (days 1-7), mice 

underwent a baseline motor test on day 8 (open circle; (Fig. 3A). After one week of Tat-

induction via optimal doxycycline exposure (100 mg/kg, i.p., days 9-15), mice underwent a 

postinduction motor test on day 16 to ensure that nonspecific effects of doxycycline did not 

account for variance in behavior (open circle; (Fig. 3A). Mice were then administered saline 

(0.9 %) or cocaine (10 mg/kg, i.p.) and given a test of locomotion once daily for 4 

consecutive days to assess cocaine locomotor-sensitization (closed circles on days 17-20; 

(Fig. 3A). Mice were rested for one week (days 21-27), and then had their estrous cycles 

assessed over the next 7 days (days 28-34) prior to receiving a cocaine challenge and 

locomotor test (closed circles) on the next day of proestrus or diestrus (whichever occurred 

first; (Fig. 3A). The mean time from the beginning of cycling to cocaine challenge was 2 

± 0.2 days.

Tat induction, cocaine administration, and trial condition significantly interacted to influence 

cumulative locomotor behavior [F(5,300) = 3.82, p < 0.05] (Fig. 3B). Motor behavior did 

not significantly differ among groups at baseline (day 8), immediately post-Tat-induction 

(day 16), or on the first trial of saline or cocaine-sensitization (day 17; (Fig. 3B). However, 

uninduced cocaine-administered mice demonstrated significantly more cumulative distance 

traveled over cocaine trials 2 - 4 (days 18-20) than any other group (p < 0.0001 - 0.0006; 

(Fig. 3B). Only on cocaine trials 3 and 4 (days 19 and 20) did Tat-induced cocaine-

administered mice significantly demonstrate more cumulative distance traveled than their 

respective Tat-induced saline-administered controls (p = 0.02 - 0.04; (Fig. 3B). Uninduced 

and Tat-induced saline-administered controls did not significantly differ from one another on 

any trial (Fig. 3B).

When cocaine challenge was assessed (on days 28-34), induction of HIV-1 Tat [F(1,56) = 

22.21, p < 0.05] and prior cocaine exposure [F(1,56) = 8.18, p < 0.05] significantly 

influenced locomotor responding to cocaine (Fig. 3C). Mice previously-administered 

cocaine throughout the sensitization phase traveled a significantly greater distance in 

response to a cocaine challenge than did mice that had previously received only saline 

(irrespective of Tat or estrous cycle condition; (Fig. 3C). Mice exposed to Tat protein 

traveled significantly less in response to a cocaine challenge than did their uninduced 

counterparts (irrespective of prior cocaine experience or estrous cycle; (Fig. 3C). Tat-

induced mice that were proestrous demonstrated a notably greater locomotor response to a 

cocaine challenge than did their diestrous counterparts (Fig. 3C), but this did not reach 

statistical significance (p = 0.07, n.s.).
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DISCUSSION

The present hypotheses that induction of HIV-1 Tat would interact with cocaine-CPP, 

psychostimulation, and sensitization were upheld. Consistent with findings in male GT-tg 

mice [38], Tat protein potentiated cocaine-CPP in an exposure-dependent manner among 

females. Optimal Tat induction was also observed to attenuate psychomotor stimulation 

during cocaine sensitization, as well as a cocaine challenge, consistent with findings in 

ovariectomized female [45] and gonadally-intact male [46] rats. These data also upheld the 

hypothesis that fluctuations in estrous cycle would influence Tat effects on psychostimulant 

reward and locomotor behavior. Cocaine-CPP was the greatest amongst diestrous females 

and this effect was potentiated when Tat was induced in an exposure-dependent manner 

(with optimal effects at 100 mg/kg/d doxycycline for 7 days). Introducing an acute cocaine 

challenge following Tat induction attenuated cocaine's psychostimulant effects when females 

were in the diestrous (but not proestrous) phase of their cycle. Notably, estrous cycle phase 

did not significantly influence the psychomotor response to a cocaine challenge once 

cocaine responding was sensitized (albeit, diestrous mice demonstrated a notable, but non-

significant, reduction in psychomotor behavior). Together, these data demonstrate that 

induction of HIV-1 Tat enhances cocaine-CPP and perturbs acute and sensitized 

psychomotor responding in female mice. Furthermore, these findings demonstrate acute 

cocaine effects to be greater when endogenous steroids are at nadir but cyclical hormone 

fluctuations exert less influence over chronic exposure.

Dopaminergic substrates are important clinical targets for the toxic effects of Tat protein, 

and may have partly influenced cocaine responding in the present study. In people, a 

progression to AIDS has long been associated with neuronal loss in DA-rich brain regions 

[47] and neuroleptic drugs that perturb DA function produce Parkinsonian-like symptoms in 

this population ([reviewed in [4]). Decreases in bioavailable DAT have also been reported 

among seropositive patients with HIV dementia (but not those without neurologic 

impairment) [48, 49]. Chronic cocaine use likewise confers dopaminergic dysfunction, 

reducing striatal DA and DAT expression [50], supporting a point of clinical convergence for 

cocaine and HIV interaction. Similar findings are observed in non-human primates with 

simian immunodeficiency virus reducing DA and its metabolites 3,4-dihydroxyphenylacetic 

acid (DOPAC) and homovanillic acid (HVA) in the nucleus accumbens [51, 52]. Herein we 

observed potentiation of CPP to acute cocaine and attenuation of locomotor sensitization in 

response to chronic cocaine. Importantly, the DA system is not the only target to interact 

with both Tat and cocaine, particularly given recent demonstrations of L-type Ca2+ channel-

mediated synergy between Tat and cocaine to produce excitotoxic effects in cortex [53]. 

However, Tat-mediated DA dysfunction is presently better characterized in rodent models.

In rats, acute exposure to HIV-1 Tat protein is sufficient to cause persistent changes in 

central DA metabolism and DAT expression with functional outcomes for cocaine response. 

Acute intra-accumbal infusion of HIV-1 Tat causes a persistent decrease in the DA 

metabolites DOPAC and HVA independent of prior cocaine experience, and attenuates KCl-

stimulated DA release [46, 54]. In males, cocaine-induced DA efflux is dampened by intra-

accumbal Tat administration and is nearly abolished by repeated cocaine administration, 

supporting the notion of Tat-mediated DAT dysfunction [54]. Even when infused after 
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cocaine sensitization has already occurred, Tat sensitizes DA release and attenuates cocaine-

locomotor sensitization [46]. These effects are consistent among females that have been 

ovariectomized (to eliminate cyclical steroid fluctuations), where intra-accumbal injection of 

a shorter Tat peptide sequence (Tat1-72) increases psychomotor stimulation by intravenous 

cocaine acutely, but attenuates locomotor sensitization when cocaine is administered 

repeatedly [45]. Congruent with these findings, we used gonadally-intact female mice 

stratified by estrous cycle phase and observed acute cocaine to stimulate locomotion 

amongst all groups with the exception of diestrous mice, demonstrating an acute interaction 

with fluctuating steroids. Consistent with prior reports, we observed that exposure to Tat 

protein attenuates locomotor sensitization arising from repeated administration of cocaine. 

Investigations using the potent dopaminergic psychostimulant methamphetamine report a 5-

fold reduction in striatal DA following Tat injections to the striatum of rats [4]. As such, Tat 

may act to degrade DA neurons and/or nerve terminal sites of function, including DATs, to 

acutely potentiate cocaine effects, but attenuate sensitization following repeated cocaine 

exposure. Toxic effects on neurons and integrated DA systems may have important 

consequences for addiction and may be involved in mechanisms of steroid-mediated 

protection.

Elevated steroid milieu may confer limited prophylaxis over acute Tat toxicity, perhaps 

limiting effects on cocaine-reward and psychomotor response. In vitro, sex steroids suppress 

Tat-mediated HIV replication. Viremia is reduced in peripheral blood mononuclear cells 

collected from premenopausal women when they are in the high-hormone phase of their 

menstrual cycle [55]. Similarly, progesterone enhances the efficacy of antiretroviral therapy 

in acutely infected monocytic cell lines [56]. These effects are shown to be both partially 

dependent on [56], and independent of [55], Tat-modulation of the HIV LTR, suggesting 

multiple mechanisms by which sex steroids may interact with HIV. Importantly, sex steroid 

interactions with Tat activity extend to its neurotoxic effects. Estradiol and other agonists of 

the β isoform of its cognate receptor inhibit Tat-mediated cell death and pro-apoptotic 

signaling in cultured rat cortical neurons [57, 58]. In human neuronal cultures, estradiol can 

ameliorate effects of Tat to synergize with cocaine or methamphetamine, destabilizing 

mitochondrial membranes and promoting cell death [59]. Limited protection over Tat1-72 

effects on human fetal neuronal tissues has also been observed for the steroid hormone 

precursor cholesterol and progesterone [60]. Notably, estradiol blocks the combined 

oxidative stress effects of this Tat sequence and glycoprotein 120 and partially reverses the 

reductions in DA reuptake [61], thereby potentially contributing to protection of Tat-cocaine 

interactions. However, the identity of the sex steroid mechanisms involved in Tat-protection 

are only beginning to be understood. The ability of progesterone to block Tat transactivation 

[56] and to mediate chemokines in peripheral blood mononuclear cells [62, 63] was found to 

be independent of actions at cognate hormone response elements [56] and traditional 

progestin receptors, respectively [62, 63]. These data suggest the involvement of 

nontraditional sites of steroid action to influence Tat effects. In human glia, estradiol also 

inhibits HIV LTR activity [64], an effect that is enhanced by down-regulation of the α 
isoform of the estrogen receptor [65], reinforcing the importance of novel steroid signaling. 

Indirect effects of steroids to attenuate inflammatory signaling must also be considered. 

Estradiol is demonstrated to block Tat1-72-induced NF-κB activation and upregulation of 
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IL-1β in human endothelial cells [66] as well as downstream MAP kinase-mediated 

microglial activation [67] which likely diminish neurotoxicity.

Cocaine behavioral sensitization is influenced by natural fluctuations in steroid hormones; 

however, exogenous steroid administration may have greater efficacy in the amelioration of 

HIV-1 Tat/cocaine-mediated behavior. In female rats, psychomotor response to repeated 

cocaine administration is greatest during the estrous cycle when estradiol is expected to be 

high and unopposed by progesterone [68]. In prior studies, exogenous progesterone (but not 

estradiol) attenuated cocaine-sensitized stereotypy [68]. Conversely, exogenous estradiol 

potentiates acute cocaine stereotypies and repeated cocaine-locomotion [69]. Using the GT-

tg model, we have previously observed exogenous high-dose progesterone to attenuate Tat-

induced impairments in affective behavior to a greater degree than natural steroid 

fluctuations, or exogenous high-dose estradiol (which impaired affect on its own) [37]. The 

divergence between exogenously-administered steroids may indicate the importance of the 

estradiol: progestogen ratio. Manipulating estradiol and progesterone concentrations 

demonstrates psychomotor activity of acutely administered cocaine to be attenuated when 

progesterone largely opposes estradiol, but this effect is reversed as estradiol is increased to 

~5-fold physiological concentrations [70]. These effects of progesterone may further be 

influenced by actions of downstream progestogen metabolites, such as allopregnanolone, the 

biosynthesis of which is altered by cocaine in a dose-dependent manner [71], and which may 

be required for progesterone's effects to attenuate cocaine-seeking in female rats [72, 73]. 

Thus, identifying the effects and mechanisms of estradiol/progestogen therapies is warranted 

for future research into the modulation of drug reward and abuse by HIV.

It needs to be noted that the synergy of Tat and psychostimulants, as well as the efficacy of 

steroid hormones to influence these effects, may be subject to the HIV subtype under 

investigation. While our data are largely consistent with preclinical findings across rodent 

species and Tat sequences (72 or 86 amino acid-long peptides), some of these effects may be 

expected to differ across HIV clades. In human brain microvascular epithelial cells, clade B 

Tat was shown to disrupt the blood-brain barrier to a greater extent than clade C Tat; effects 

that were potentiated by cocaine [74, 75]. As well, HIV replication in peripheral blood 

mononuclear cells was greater in clades B and C compared to other subtypes, and the 

efficacy of estradiol or progesterone to attenuate this depended on both HIV clade and 

whether the cells were obtained from a male or female host [76]. Future investigations will 

need to parse out the extent to which the important mechanisms for the present effects are 

conserved across HIV subtypes, and the extent to which prophylactic effects of sex steroids 

are efficacious across males and females.

CONCLUSION

The present report demonstrates the capacity for CNS-targeted HIV-1 Tat to potentiate 

cocaine-reward and attenuate cocaine-sensitized locomotor behavior in gonadally-intact 

female mice. Natural fluctuations in sex steroid milieu interacted with Tat induction such 

that cocaine's effects on reward and acute psychomotor behavior were greater when 

potentially-protective sex steroids were at nadir. These data demonstrate the important 

Paris et al. Page 9

Curr HIV Res. Author manuscript; available in PMC 2019 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prophylactic protective effects that sex steroids may confer in Tat-mediated psychostimulant 

responses.
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Fig. (1). 
(A) Time-course schematic of conditioned place preference (CPP) experiment. Across days 

1-7, the estrous cycle of GT-tg female mice was assessed daily. Mice received control saline 

(0.9%, i.p.) or had central HIV-1 Tat protein induced via administration of doxycycline 

(25-125 mg/kg, i.p.) daily on days 8-14. Mice were preference tested (triangle on day 15) in 

the CPP apparatus before conditioning with cocaine (10 mg/kg, s.c.; squares on days 16-17). 

Post-conditioning preference testing occurred once per animal (over days 18-24; triangles) 

on the next occurrence of proestrus or diestrus (whichever occurred first). (B) The difference 

in time (s + SEM) spent in the cocaine-paired chamber following cocaine-CPP among 

proestrous or diestrous GT-tg female mice (n = 16-20/group) that had HIV-1 Tat induced or 

were uninduced controls. § significant main effect for diestrous mice to differ from 

proestrous mice. * significant main effect to differ from uninduced saline-controls. ^ 

significant main effect to differ from Tat-induced mice administered Dox, 25 mg/kg, 

(repeated measures ANOVA, p < 0.05).
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Fig. (2). 
(A) Time-course schematic of acute cocaine-induced locomotion experiment. GT-tg mice 

had their estrous cycle tracked (days 1-7). Mice received control saline (0.9%, i.p.) or had 

central HIV-1 Tat protein induced via administration of an optimal doxycycline dose (100 

mg/kg, i.p.; days 8-14). Mice were tested only once for locomotor behavior in an open field 

(circles), after receiving saline (at min 0) followed by cocaine (10 mg/kg, i.p. at min 15), on 

the next occurrence of proestrus or diestrus (whichever occurred first over days 15-21). (B) 

The cumulative distance traveled (cm ± SEM) in an open field among uninduced or Tat-

induced GT-tg female mice (n = 6-8/group) on days of proestrus or diestrus administered 

saline prior to cocaine. * significant interaction wherein cocaine significantly increased 

cumulative locomotion amongst all groups except Tat-induced diestrous mice, (repeated 

measures ANOVA, p < 0.05).
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Fig. (3). 
(A) Time-course schematic of cocaine locomotor sensitization experiment. GT-tg mice had 

their estrous cycle tracked (days 1-7). Baseline motor behavior was assessed in an open field 

(open circle; day 8). Mice received control saline (0.9%, i.p.) or had central HIV-1 Tat 

protein induced via administration of an optimal doxycycline dose (100 mg/kg, i.p.; days 

9-15). Motor behavior was assessed following induction (open circle; day 16). Mice were 

tested daily for locomotor response to saline or cocaine (10 mg/kg, i.p.; closed circles, days 

17-20). After one week, locomotor response to a cocaine challenge was assessed amongst all 

groups on the next occurrence of proestrus or diestrus (whichever occurred first over days 

28-34). (B) The cumulative distance traveled (cm ± SEM) in an open field among uninduced 

or Tat-induced GT-tg female mice (n = 16/group) administered saline and/or cocaine. * 

significant interaction wherein uninduced mice exposed to cocaine differ from other groups. 

# significant interaction wherein Tat-induced controls differ from other groups, (repeated 

measure ANOVA, p < 0.05). (C) The total distance traveled (cm + SEM) in an open field 

after a cocaine challenge when saline- or cocaine-exposed mice (n = 8/group) were on 

diestrus or proestrus. ^ significant main effect for cocaine-exposed mice to differ from 

saline-exposed controls. § significant main effects for Tat-induced mice to differ from 

uninduced controls, (three-way ANOVA, p < 0.05).
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