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Abstract

HIV-1 and addictive drugs, such as cocaine (COC), may act in combination to produce seri-

ous neurological complications. In the present experiments, striatal brain slices from HIV-1

transgenic (Tg) and F344 control female rats were studied. First, we examined dopamine

(DA) reuptake in control, HIV-1, COC-treated (5µM) and HIV-1+COC-treated, striatal slices

using fast scan cyclic voltammetry. COC-treated striatal slices from F344 control animals

significantly increased DA reuptake time (T80), relative to untreated control slices. In con-

trast, in HIV-1 Tg striatal slices, DA reuptake time was extended by HIV-1, which was not

further altered by COC treatment. Second, analysis of medium spiny neuronal populations

from striatal brain slices found that controls treated with cocaine displayed increases in

spine length, whereas cocaine treated HIV-1 slices displayed decreased spine length.

Taken together, the current study provides evidence for dysfunction of the dopamine trans-

porter (DAT) in mediating DA reuptake in HIV-1 Tg rats and limited responses to acute COC

exposure. Collectively, dysfunction of the DAT reuptake and altered dendritic spine mor-

phology of the MSNs, suggest a functional disruption of the dopamine system within the

HIV-1 Tg rat.

Introduction

HIV associated neurocognitive disorders (HAND) affect approximately half of the HIV sero-

positive population [1,2,3], with affected women demonstrating increased neurocognitive

impairments relative to affected men [4].Furthermore, co-morbid drug abuse is often observed

in women living with HAND [1,2].With these observations in mind, the present study exam-

ined the effects of cocaine treatment upon HIV-1 Tg female rats in order to potentially deter-

mine neuronal substrates of HAND in female drug abusers. Our lab has previously reported

that HIV-1 Tg female rats have compromised dendritic spine morphology relative to HIV-1Tg

males and F344 controls [3]. Specifically, medium spiny neurons (MSN) in the nucleus accum-

bens region of transgenic females were found to have an increased frequency of shorter,

PLOS ONE | https://doi.org/10.1371/journal.pone.0188404 November 27, 2017 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Javadi-Paydar M, Roscoe RF, Jr., Denton

AR, Mactutus CF, Booze RM (2017) HIV-1 and

cocaine disrupt dopamine reuptake and medium

spiny neurons in female rat striatum. PLoS ONE 12

(11): e0188404. https://doi.org/10.1371/journal.

pone.0188404

Editor: Anil Kumar, University of Missouri Kansas

City, UNITED STATES

Received: July 31, 2017

Accepted: November 6, 2017

Published: November 27, 2017

Copyright: © 2017 Javadi-Paydar et al. This is an

open access article distributed under the terms of

the Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper.

Funding: This work was supported in part by

grants from NIH (National Institute on Drug Abuse,

DA013137 to RB; National Institute of Child Health

and Human Development, HD043680 to CFM;

National Institute of Mental Health, MH106392 to

CFM; National Institute of Neurological Diseases

and Stroke, NS100624 to CFM and the

interdisciplinary research training program

supported by the University of South Carolina

https://doi.org/10.1371/journal.pone.0188404
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188404&domain=pdf&date_stamp=2017-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188404&domain=pdf&date_stamp=2017-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188404&domain=pdf&date_stamp=2017-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188404&domain=pdf&date_stamp=2017-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188404&domain=pdf&date_stamp=2017-11-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0188404&domain=pdf&date_stamp=2017-11-27
https://doi.org/10.1371/journal.pone.0188404
https://doi.org/10.1371/journal.pone.0188404
http://creativecommons.org/licenses/by/4.0/


stubbier dendritic spines, although the reasons for these dendritic spine alterations are remain

unclear.

Direct infusion of the HIV-1 protein Tat into the nucleus accumbens in animals with prior

chronic cocaine experience produces both a hyperdopaminergic basal tone [5]as well as be-

havioral alterations [6]. Interestingly, acute treatment with HIV-1 Tat protein alone does not

significantly alter DA levels. However, prior in vivo cocaine exposure produces noticeable

dopaminergic alterations. [5] Our lab has previously reported that the HIV-1 Tat protein

binds to and directly inhibits the dopamine transporter (DAT) in vitro [7–10]. Tat produces

conformational changes in the DAT protein, which may alter the affinity of cocaine for the

DAT [7,8]. Similarly, the HIV-1 gp120 protein also impairs the function of the DAT in dopa-

minergic neurons [11]. Collectively, HIV-1 proteins (such as Tat and/or gp120) combined

with cocaine exposure produce increases in extracellular DA concentrations.

Such increases in extracellular dopamine over a prolonged period may produce an inflam-

matory neuronal environment, thereby altering neuronal microstructures such as dendritic

spines and may lead to eventual loss of dopaminergic nerve terminals [12]. Vera et al. (2016)

has recently demonstrated increased neuroinflammation in subcortical gray matter in the

basal ganglia of adult HIV-1 subjects [13]. However, reports of neuroinflammation in the

HIV-1 Tg rat have been inconsistent with both increases and no changes reported [14–16].

Our lab has found no changes in chemokines/cytokine expression in adulthood following neo-

natal HIV-1Tat protein injection [17].

Given that neuroinflammation has detrimental effects on dendritic spine morphology in

degenerative diseases [18–20], including viral infection [21], mechanisms of synaptic alter-

ations in the HIV-1 Tg rat [3] are of interest. The interactive effects of HIV-1 Tat protein and

cocaine upon synaptic integrity in vitro [22] also suggest that HIV-1 proteins + cocaine may

alter dendritic spines. Shifts in dendritic spines, as a result of cocaine and HIV-1 interactions,

may be one key neuropathological change in the striatum/nucleus accumbens region during

HIV-1 infection.

In the present experiments, we used striatal brain slices from female HIV-1 Tg and F344

control rats to assess the function of DAT (both with and without cocaine) and subsequent

structural alterations in dendritic spines. Evidence obtained using fast scan cyclic voltammetry

(FSCV) strongly supports the hypothesis of alterations of the DA reuptake system within the

striatum in female HIV-1 transgenic rats. The synaptodendritic pathology in the HIV-1 trans-

genic rats striatal slices exposed to cocaine show alterations as previously reported for isolated

neurons [22] and for intact HIV-1 transgenic rats [3]. These findings provide insight into

pathophysiological alterations present in HIV-1 and comorbid drug abuse.

Materials and methods

Ethics statement

Experiments were conducted in accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health. The research proto-

cols were approved by the Institutional Animal Care and Use Committee at the University of

South Carolina (assurance number: A3049-01).

Animals and preparation of striatal brain slices

HIV-1 Tg females (n = 10) and control female Fisher 344 rats (n = 8) (130–160 g at the time of

sacrifice) were obtained from Envigo, Inc. (Indianapolis, IN). The animal facility was main-

tained at targeted conditions of 21˚±2˚C, 50%±10% relative humidity and had a 12-h light:

12-h dark cycle, with lights on at 0700 h (EST). Animals had access to food and water ad
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libitum and were housed two per cage throughout the experiment. Vaginal lavage was per-

formed daily to evaluate both estrous cycle length and estrous stage. Smears obtained were

immediately evaluated under a 10 X light microscope and cell morphology was correlated to

cycle state [3,23]. Two complete, consecutive, estrous cycles were required prior to sacrifice.

Female rats in diestrus were euthanized (Sevoflurane overdose) and their brains were rap-

idly removed and chilled in ice-cold aCSF (124 mM NaCl, 5 mM KCl, 1.5 mM MgCl2, 2.5 mM

CaCl2, 1.4 mM NaH2PO4 anhydrous, 10 mM dextrose and 26 mM NaHCO3), which was con-

tinuously bubbled with a 95% O2/5% CO2 mixture, pH adjusted to 7.4. Brains were mounted

in a chilled, aCSF-filled chamber, and coronal brain slices (400 μm) were obtained using a

vibratome (Series 1000; Technical Products International, St. Louis, MO). Striatal slices (AP

+ 1.0 mm, ML +/-2.3 mm, DV -4.0 to -6.0 mm; 0.5 mm increments) were incubated in oxy-

genated aCSF at 22˚C for at least one hour prior to electrochemical recordings. During record-

ings, slices were continuously superfused with oxygenated aCSF solution at a rate of 2 ml/min.

All recordings were carried out at a bath temperature of 32˚-33˚C.

Electrochemical recordings in striatal brain slices

In vitro FAST-scan cyclic voltammetry was performed using Nafion-coated carbon-fiber micro-

electrodes (length 150–200 μm, The Center for Microelectrode Technology, University of

Kentucky College of Medicine, KY). Single carbon-fiber type electrochemical working micro-

electrodes (30 μm O.D., length 150–200 μm) were used to measure DA release signals. Prior to

use, all microelectrodes were calibrated in vitro with a known concentration of DA to determine

their selectivity, sensitivity, and reduction/oxidation current responses to DA. Microelectrodes

had an average selectivity of>900:1 for DA over 3, 4-dihydroxyphenylacetic acid (DOPAC) or

ascorbic acid. Dopamine calibrations were averaged to convert a signal (in nanoamps) of DA to

micromolar concentration of DA. Each microelectrode displayed linear responses to DA within

the concentrations used [24,25]. Reduction/oxidation current ratios with an average range of0.5

to 0.7 were produced, indicating that the microelectrode was detecting DA and not ascorbic

acid [24]. The limit of detection for DA was typically 25 nM. DA was applied directly to the

striatal slices using a picospritzer at concentrations ranging from 0.2–3.0 μM.

Microelectrodes were connected to a headstage (Quanteon, L.L.C. Nicholasville, KY) with a

gold-plated Amphenol wire-crimp (Mill-Max1, Oyster Bay, New York). The FAST-12 system

(Fast Analytic Sensing Technology, Quanteon, L.L.C. Nicholasville, KY) was used to perform

chronoamperometric measurements (5 Hz) as previously described for the detection of dopa-

mine [24,26]. Baseline measurements were taken following a 1 hour stabilization period.

Cocaine (5 μM) was superfused at a constant rate of 2 ml/min for at least 10 min before elec-

trochemical recordings [27,28].

DA reuptake rates and dose response of signals in the presence/absence of cocaine were

assessed to determine the DAT activity in HIV-1 transgenic rats. For each individual signal,

the following parameters were analyzed: (1) peak amplitude of the obtained signal; (2) T80,

seconds between peak maximum and time where level has decreased 80% from maximum;

and (3) clearance rate (Tc, in mM/sec), defined by the change in DA amplitude between the

T20 and T60 time points (e.g., the slope of the linear portion of the decay curve). These param-

eters were chosen as they are known to primarily reflect DA uptake, rather than metabolism or

diffusion [25].

Diolistic labeling of medium spiny neurons

Immediately following the recording session, diolistic labeling was performed on the striatal

tissue slices (n = 4–5 animals) [21,29], as previously described [3]. Approximately 300mg of
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tungsten beads were dissolved in 99.5% pure methylene chloride prior to use. Crystallized DiI

was dissolved in methylene chloride, vortexed, and protected from light. Following sonication,

100 μl of the bead solution was placed on a glass slide and 150 μl of the DiI solution was titrated

on top, briefly mixed with a pipette tip, and allowed to air dry directly on the slide. After air-

drying, a razor blade and wax paper was used to collect the dye/bead mixture into a 15 ml con-

ical tube (BD Falcon, San Jose, California). Next, 3 ml ddH2O was added to the tube which

was subsequently sonicated (Branson Sonifier 150, Branson Ultrasonics, Danbury CT) for 10

minutes.

Tefzel tubing (IDEX Health Sciences, Oak Harbor, WA) was cut into 1.7 M segments in

preparation for bullet coating. Polyvinylpyrrolidone was dissolved in 10 ml ddH2O, strongly

vortexed, then passed through each length of tubing. The 3 ml of bead/dye solution was slowly

drawn into the tubing and placed in the spinning tubing prep station (Bio-Rad) for 5 minutes.

After removing the water from the tube, the dry tubing was spun in the prep station for

approximately 10 minutes with a nitrogen gas flow of 1.0 LPM. Nitrogen gas flow through the

tubing was adjusted to 0.4–0.5 LPM and the tubing was further spun for 20–30 minutes to

ensure that the tubing was fully dry. Next, tubing was cut into 13 mm segments/cartridges

using a supplied tubing cutter (Bio-Rad) and stored under anhydrous conditions until use.

A ballistic delivery device (Gene gun, Bio-Rad, Hercules, CA) was loaded with the 13 mm

cartridges. Tissue slices were taken from the aCSF bubbling chamber, immediately fixed in 4%

paraformaldehyde for 10 minutes, then placed in PBS for two 5-minute washes. Helium gas

flow was adjusted to 80 PSI, and particles were then ballistically expelled through 3 μm pore fil-

ter paper (Merck Millipore, ISOPORE filters, Carrigtwohill, CO) directly onto the slice, with

the barrel placed approximately 2.5 cm away from the sample. After one thorough 15 minute

wash in phosphate buffered saline (PBS), sections were stored overnight at 4˚ C to allow for

adequate dye diffusion into the neuronal membrane. Sections were mounted using Pro-Long

Gold Antifade, coverslipped (#1 coverslip; ThermoFisher Scientific, Waltham, MA), and

stored in the dark at 4˚ C.

Medium spiny neuron (MSN) spine quantification

MSN spine quantification was performed on coronal brain slices from the nucleus accumbens

core region (2.28 mm to 0.60 mm anterior to bregma). Neurons with bright, continuous den-

dritic staining extending from the soma, minimal diffusion of the DiI into the extracellular

space, and low background/dye clusters were selected for spine analysis. Z-stack images were

obtained with a Nikon TE-2000E confocal microscope utilizing Nikon’s EZ-C1 software (ver-

sion 3.81b). Dendritic spine imaging was performed at 60 X (n.a. = 1.4) with Z plane intervals

of 0.15–0.25 μm (pinhole size 30 μm; backprojected pinhole radius 167 nm). A green helium-

neon (HeNe) laser with a wavelength emission of 543 nm was used for DiI fluorophore excita-

tion. Morphometric analysis of spines was performed using Neurolucida version 11.01, cou-

pled with the AutoNeuron and AutoSpine analysis extension modules (MicroBrightField,

Williston, VT).

Dendritic spine parameters used were adapted from Yuste, 2011. [30] Specifically, any

spine with a length greater than 5 μm was removed from the analysis, as these were considered

to be indicative of thin filopodia [3,30,31]. Neurons with continuous staining and defined den-

dritic branching were chosen for analysis (n = 4–5 animals/group, 1–2 neurons/animal).

Drugs and chemicals

Dopamine, cocaine HCl, polyvinylpyrrolidone, and 99.5% methylene chloride were purchased

from Sigma-Aldrich (St. Louis, MO). Crystallized DiI and Pro-Long Gold Antifade mounting
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medium were purchased from Invitrogen (Carlsbad, CA). Tungsten microcarrier beads were

purchased from Bio-Rad (Hercules, CA).

Statistical analysis

Concentration- and time-response curves were analyzed and compared using GraphPad

(Prism V5). Dendritic spine parameters, such as length were compared by their population

distribution using a chi-squared test. For all tests, P< 0.05 was defined as statistically

significant.

Results

DA reuptake in HIV-1 Tg and control rat striatum

As shown in Fig 1A electrochemical signals for DA reuptake were of significantly greater

amplitude throughout the dose range investigated (~3X, β0 = 10.9±9.0 vs. 33.0±10.5, X±95%

CI) in HIV-1 Tg rats relative to controls (F1, 88 = 10.5, p�0.002). The slopes of the dose-

response functions for DA reuptake, however, did not differ as a function of the HIV-1 trans-

gene (β1 = 6.7±4.8 vs. 5.8±5.6, X±95%CI). DA clearance occurred as a linear function of signal

amplitude in the striatum of both control and HIV-1 Tg rats (r2 = 0.98 and 0.82 for the control

and HIV-1 Tg, respectively) with the slope of the line significantly more shallow in HIV-1 Tg

slices relative to controls (4X, β1 = 0.018±0.011 vs. 0.065±0.025, X±95%CI; F 1, 80 = 13.0, p�

0.001), indicating a reduced clearance rate over the entire amplitude range.

DA reuptake in HIV-1 Tg and control rat striatum exposed to cocaine

The results outlined above suggest that DA clearance differs between control and HIV-1 Tg

rats in a manner consistent with known differences in DAT function. However, to more con-

clusively demonstrate the role of the DAT in mediating the lower functionality of the DA elec-

trochemical signal in HIV-1 Tg rats, we used the uptake inhibitor cocaine, which produces

neurobiological effects mostly due to inhibition of DAT function[24,25], in order to test DAT

function.

DA was first locally applied to obtain reproducible electrochemical signals. After establish-

ing a stable DA signal, cocaine (5 μM) was superfused into the slice chamber for 10 minutes.

DA clearance was then monitored during and after bath application of cocaine. Average base-

line signals were 2 μM in amplitude in all experiments, which is consistent with previous find-

ings that DA signals in this concentration range are modulated by uptake inhibitors [26,27].

We then compared the effects of cocaine on DA electrochemical signals in the stratum of both

HIV-1 Tg and F344 control rats Potentiation of both the amplitude and dose response (T80)

of the signal in control slices exposed to cocaine was observed, which gradually returned to

baseline after cocaine washout. However, neither amplitude nor dose response (T80) of the

signal was affected by cocaine exposure in the striatum of HIV-1 Tg rats.

Fig 2 summarizes the effects of cocaine exposure on the signal parameters in the striatum of

control and HIV-1 Tg rats, respectively. The time course of the cocaine-evoked signal was

markedly different in the HIV-1 striatum relative to controls (Fig 2A and 2B). Although the

time course was significantly increased in striatal slices from control rats exposed to cocaine

(β1 = 6.8±4.7 vs. 22.2±7.8, X±95%CI; F1,100 = 4.3, p�0.04; Fig 2A), it was not significantly

altered by cocaine in HIV-1 Tg slices (β1 = 5.8±5.6 vs. 10.2±10.2, X±95%CI; F 1, 76 < 1.0,

p = 0.44; Fig 2B), suggesting that the HIV-1 Tg slices were non-responsive to cocaine exposure

over the entire amplitude range.
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Fig 1. Dopaminergic reuptake is inhibited in HIV-1 Tg striatal slices. (A) Mean T80 values are presented

as a function dopamine concentration for F334/N control and HIV-1 transgenic groups. The elevations

(intercepts) of the curves were significantly (p� 0.002) different between the control and HIV-1, indicating that

dose response were slower in the HIV-1 over the tested range of amplitudes. (B) Mean clearance rates are

presented as a function of signal amplitude for F344/N control and HIV-1 transgenic groups. Clearance rates

were linear with respect to amplitude over this amplitude range. However, rates of clearance were significantly

lower in the HIV-1 rats (slope difference, p� 0.001). Data are represented for 10 HIV-1 and 8 control animals;

all recordings from each animal were averaged together for the analysis of that animal. aCSF stands for

artificial cerebral spinal fluid.

https://doi.org/10.1371/journal.pone.0188404.g001
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DA clearance in control animals occurred as a linear function of signal amplitude in the

striatum of animals exposed, or not exposed, to cocaine (r2 = 0.98 and 0.81 for the control and

cocaine, respectively), with the slope of the line significantly lower in control slices exposed to

cocaine (β1 = 0.065±0.025 vs. 0.026±0.016, X±95%CI, for the untreated control slices and

cocaine-exposed slices, respectively; F1,60 = 5.2, p�0.027; Fig 2C). As demonstrated previously,

our results show that cocaine significantly diminished the clearance rate in control slices; how-

ever, HIV-1 Tg slices had an altered response to the addition of cocaine. DA clearance linearly

increased as a function of signal amplitude for HIV-1 Tg slices independent of cocaine expo-

sure. While the clearance rate also noticeably potentiates in HIV-1 Tg slices exposed to

cocaine, this finding is not statistically significant. (β1 = 0.022±0.013 vs. 0.041±0.021, X±95%

CI, for the untreated control slices and cocaine-exposed slices, respectively, F 1, 79 = 3.1,

p�0.12; Fig 2D).

Fig 2. Clearance rate of dopamine was impaired in the HIV-1 Tg rat striatum. Mean T80 values are presented as a function dopamine

concentration. (A) Dose-response of dopamine in the presence of cocaine results in an increased T80 in control rats (p�0.04), (B) but not

HIV-1 transgenic rats; (p�0.44). Mean clearance rates are presented as a function of signal amplitude. (C) Cocaine significantly alters

dopaminergic clearance rate in F344/N control rats (p�0.03). (D) Addition of cocaine does not significantly alter the clearance rate of

dopamine in HIV-1 transgenic rats (p = 0.13). Data are represented for 10 HIV-1 and 8 control animals; all recordings from each animal were

averaged together for the analysis of that animal.

https://doi.org/10.1371/journal.pone.0188404.g002
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Dendritic spines of medium spiny neurons

Following diolistic labeling, medium spiny neurons in control slices exhibit robust dendritic

spine staining extending throughout the dendritic network (Fig 3A and 3E), with cocaine-

exposed control neurons exhibiting reductions in spine length (Fig 3B and 3F). In contrast,

dendritic spine staining in HIV-1 Tg neurons was reduced, with notable reductions in tertiary

dendritic branches (Fig 3C and 3D). HIV-1 Tg neurons (Fig 3G–3H) had reductions in mush-

room-type spines (large spine head and high head diameter/neck diameter ratio) (Fig 3G),

especially after cocaine exposure (Fig 3H). Cocaine exposure resulted in spine compartmental-

ization in both control (Fig 3F) and HIV-1 Tg (Fig 3H) neurons, with clear reductions in den-

dritic diameter between synaptic boutons.

Analysis of dendritic spine length showed a differential effect of cocaine on control and

HIV-1 MSNs. (Fig 4). Exposure of control (F344) slices to cocaine resulted in a population

shift to longer spines (X2 = 0.015), whereas exposure of HIV-1 slices to cocaine led to an

increased frequency of shorter spines (X2 = 0.001).

Discussion

DA reuptake was decreased in striatal slices from HIV-1 Tg rats, relative to controls. This

decrease in uptake was profound, in that the addition of cocaine to slices was not capable of

further decreasing the DA reuptake in HIV-1 Tg rats, suggesting profound DAT dysfunction

in these animals. Additionally, differential responses to cocaine were found in MSN spine

length. In control slices, cocaine treatment increased the population of long spines. In contrast,

cocaine treatment increased the frequency of short spines in HIV-1 Tg MSNs. Collectively,

these findings indicate profound dysfunction in the striatum of HIV-1 Tg animals and differ-

ential response to cocaine challenge between control and HIV-1 Tg MSNs.

The dopaminergic system is significantly altered by exposure to HIV-1 Tat protein [5–

7,28–30]. Tat protein can bind directly to the DAT [7,9], inhibiting the reuptake of dopamine,

and promoting DAT internalization. Tat-induced conformational changes in DAT increase the

binding affinity of cocaine to the transporter protein [6]. Recent studies have demonstrated that

interactions of cocaine with DAT may contribute to the cocaine-mediated increase in HIV-1

Tat protein neurotoxicity. Specifically, inhibition of DA uptake and DAT-specific ligand bind-

ing was reported in cell cultures exposed to recombinant HIV-1 Tat [10,32] and subtoxic doses

of cocaine were found to augment the neurotoxic effects of Tat in primary cultures of rat fetal

midbrain neurons [8,32,33]. Combined with cocaine, the converse is also true, as even subtoxic

concentrations of Tat induced neuronal degeneration [32]. Although cocaine enhanced Tat-

induced toxicity in midbrain cell cultures, the DAT-selective inhibitor, WIN 35428, which

binds to different domains of DAT, did not affect Tat neurotoxicity and represents a different

ability to mimic synergistic toxicity of cocaine and HIV-1 Tat [8,32]. The modulation of DAT

in response to HIV-1 proteins (other than Tat) should be further explored.

Human brain cell cultures infected with HIV-1 display decreased spine density, length and

area compared to non-infected controls [34]. Additionally, human neurons incubated with

cultured HIV-1 infected astrocytes also display reduced dendritic spine density [35]. Primary

neuronal cell culture exposed to both HIV-1 Tat and cocaine resulted in a significant reduction

in synaptic integrity, relative to either Tat or cocaine alone[22]. Consistent with previous stud-

ies, cocaine potentiated the damaging effects of Tat on synaptic structures [22]. Moreover, the

synaptic damaging dose of HIV-1 Tat was a four-fold lower concentration than that previously

shown to cause neuronal death [33]. Bertrand et al. (2015) found that primary neuronal cell

culture exposed to both HIV-1 Tat and cocaine resulted in a significant reduction in synaptic

integrity relative to either HIV-1 Tat or cocaine alone [22].

Dopamine reuptake following HIV-1 and cocaine exposure
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Fig 3. Dendritic spines on medium spiny neurons in the nucleus accumbens. Images illustrating the morphological

differences between groups. (A) Control MSN exhibited a high number of dendritic spines following diolistic labeling. (B)

Control MSNs exposed to cocaine exhibited a marked a shift to longer spines. (C) HIV-1 Tg untreated slices and (D) and HIV-
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Tat [9,36] and cocaine both inhibit DAT function and increase oxidative stress [37,38]. Sub-

toxic doses of cocaine enhance Tat-mediated production of oxidative stress biomarkers such

as ROS, intracellular free radical production and protein oxidation, exacerbation of mitochon-

drial depolarization, neurotoxicity, and cell death [37,38]. The protective action of the D1

receptor selective antagonist, SCH 23390, against Tat and Tat+cocaine in vitro suggested that

concurrent changes in DA homeostasis induced by Tat and cocaine may contribute to their

combined toxicity [37,38,39]. Survival of Tat-exposed neurons was significantly improved

when exposed to antioxidants [37], suggesting therapeutic potential for antioxidants in pro-

tecting DAT function.

MSN dendritic spine length increased following cocaine exposure, but only in the control

condition, as the MSN spines from HIV-1 Tg nucleus accumbens decreased in response to

acute cocaine exposure. Such differential responses to cocaine challenge may reflect a dimin-

ished capacity for neuroplastic responses of medium spiny neurons in the striatum of HIV-1

Tg animals. This lack of plasticity in HIV-1 Tg slices is consistent with our prior findings of a

population shift to shorter, stubbier medium spiny neurons in the nucleus accumbens of HIV-

1 Tg female rats [3]. Stubby dendritic spines have little or no spine neck and display reduced

synaptic contact area [40,41,42]. Within the MSN population of the nucleus accumbens,

approximately 70% of dopaminergic synapses occur on the dendritic spine neck [43]. Thus,

reduction in MSN dopaminergic innervation (i.e., an increase in the prevalence of short,

stubby spines) may alter the response to cocaine in HIV-1 Tg animals. Coupled with our previ-

ous work highlighting Tat-induced allosteric modulation of DAT [7,9], these current results

support cocaine-mediated synaptoplasticity inhibition in HIV-1 Tg animals via a dopaminer-

gic mechanism.

Elevated dopaminergic tone in mesolimbic dopaminergic circuits that project through the

ventromedial striatum is linked strongly to the reinforcing effects of drugs and drug addiction

[44,45]. Recent studies indicate that a similar outcome occurs following exposure to Tat,

which can potentiate behaviors mediated by cocaine reward [46]. These results demonstrate

that both central expression of HIV Tat-potentiated motivation for cocaine and Tat modula-

tion of dopaminergic activity within the CNS contribute to its capacity to potentiate cocaine’s

psychomotor effects [46]. As such, indirect changes to mesolimbic dopaminergic tone via neu-

rotoxic effects of Tat in DA-rich brain regions may exacerbate cocaine-induced psychostimu-

lation [47]. However, direct actions of Tat are more likely to underlie these effects, as opposed

to indirect effects of neurotoxic brain disorganization. These data, in parallel with previous

findings of Tat-mediated dopaminergic activity and/or sensitization to cocaine’s effects [5,6],

suggest that exposure to Tat protein may influence the psychostimulant and rewarding effects

of cocaine and increase the likelihood of relapse in abstinent subjects with a history of cocaine

use [46].

The current study provides evidence for dysfunction of the dopamine transporter in medi-

ating dopamine reuptake in female HIV-1 Tg rats and in producing altered responses to

cocaine. Collectively, dysfunction of the DAT reuptake and altered responses of the nucleus

accumbens MSN spine populations suggest a functional disruption of the cocaine reward cir-

cuitry within the female HIV-1 Tg rat. Alterations in critical reward pathways in female HIV-1

Tg animals may provide evidence of an interaction of cocaine and HAND in females, although

1 Tg slices exposed to cocaine contain medium spiny neurons with shorter spines. (E-H) Magnification of dendrite segments

from neurons in a-d. HIV-1 Tg dendrites had reductions in dendritic diameter and alterations in spine morphology, with

shorter, stubbier, spines. All photomicrographs are representative maximum intensity projections of confocal Z-stacks of

medium spiny neurons in the nucleus accumbens. Both representative images and zoom images were taken at 60 X with a

Nikon TE-2000 confocal microscope containing ~150–350 Z-sectioned planes, Z-step interval of 150 nm.

https://doi.org/10.1371/journal.pone.0188404.g003
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Fig 4. Cocaine differentially alters dendritic spine length. An acute exposure of striatal drug slices to drug

challenge was used to determine the neuroplastic response to cocaine. (A-B) Relative frequency distributions

of dendritic spine length of the MSNs of the nucleus accumbens as a function of cocaine treatment. Length of
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further studies, both in intact female animals and in humans, are necessary to fully corroborate

this claim. The interactive effects of HIV-1 and cocaine on synaptic integrity in vitro [22] sug-

gest that HIV-1 Tat protein and/or cocaine may alter dendritic spines. Shifts in dendritic

spines, as a result of cocaine and/or HIV-1 interactions, may be one key change in the stria-

tum/nucleus accumbens region as a result of excessive dopamine exposure following DAT

dysfunction.
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