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Abstract

In the United States, one-third of infected individuals contracted Human Immunodeficiency
Virus-1 (HIV-1) via injecting drugs with contaminated needles or through risky behaviors
associated with drug use. Research demonstrates concomitant administration of psychostimulants
and HIV-1-proteins damage neurons to a greater extent than viral proteins or the drug alone. To
model the onset of HIV-1-infection in relation to a history of drug use, the current research
compared behavior and extracellular dopamine and metabolite levels following Tat;_gg infusions
in animals with and without a history of cocaine (Coc) experience (10 mg/kg; i.p.; 1 injection/day
x 9 days). Animals receiving a behaviorally sensitizing regimen of Coc demonstrated a decrease in
extracellular dopamine concentration in the nucleus accumbens, consistent with evidence
describing up-regulation of dopamine transporter uptake. Contrary to this effect, Tat;_gg
microinfusion into the nucleus accumbens following the sensitizing regimen of Coc caused a
significant increase in extracellular dopamine levels (nM) within 48 h with no difference in
percent of baseline response to Coc. After 72 h, Tat + Coc treated animals demonstrated a blunted
effect on potassium-stimulated extracellular dopamine release (percent of baseline) with a
corresponding decrease in expression of behavioral sensitization to Coc challenge. A persistent
decrease in extracellular dopamine metabolite levels was found across all time-points in Tat-
treated animals, regardless of experience with Coc. The current study provides evidence for
divergent neurochemical and behavioral outcomes following Tat-treatment; contingent upon
experience with Coc.
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Psychostimulant drug use, including that of cocaine (Coc), is a serious public health concern
(National Institute on Drug Abuse 2009). This is attributed, in part, to plasticity and toxicity
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to the dopaminergic neural systems originating in the brainstem and extending to limbic
structures in the brain (Ferris et al. 2008; Yamamoto and Raudensky 2008; Buttner et al.
2005). In addition, drug abuse and high-risk behavior is an established vehicle for the
propagation of Human Immunodeficiency Virus-1 (HIV-1) (Baggaley et al. 2006; Hudgens
et al. 2002; Kaplan and Heimer 1992). Drug abuse disorders and consequent neuronal
adaptations will typically precede HIV-1 infection. Therefore, the acquisition of HIV-1 in
relation to drug use suggests that basic research designed to administer the virus/proteins
concomitant with an acute drug administration may not fully model the newly HIV-1-
infected, injection drug user. Indeed, in vivo research on the interactions of Coc use and
HIV-1 infection is lacking, and the vast majority of extant work does not attempt to model
the progression of drug intake in relation to a later onset of HIV-1-infection. Therefore, the
current research is designed to address the lack of basic research regarding HIV-1-induced
neurotoxicity in established models of drug abuse/addiction.

An additional impetus for this research originates from the convergence of both HIV-1
protein, Tat;_gg, and Coc actions on mesolimbic dopamine (DA) systems in the brain,
including DA nerve terminals in the ventral striatum (Chang et al. 2008; Silvers et al. 2006;
Aylward et al. 1993). For example, Tat has been recently demonstrated to inhibit the DA
transporter (DAT) (Zhu et al. 2009a; Ferris et al. 2009a; Aksenov et al. 2008). Similarly,
Coc is known to alter DA nerve terminal morphology (Horne et al. 2008), function, and
neurochemistry (Lack et al. 2008) through interactions with the DAT protein. These Coc-
induced alterations include regulation of DAT trafficking (Zahniser and Sorkin 2009; Crits-
Christoph et al. 2008), DAT conformational states (Schmitt et al. 2008; Mateo et al. 2005),
DA uptake (Lack et al. 2008; Mateo et al. 2005), and altered DA release (Argilli et al.
2008). Given Coc-induced DA system plasticity — especially plasticity of established loci of
HIV-1 protein action — we hypothesized that Tat-induced toxicity at the DA nerve terminal
is differentiated between drug-experienced and drug-naive populations. Indeed, others have
outlined the clinical variants of HIVV-1-induced pathology, which includes discriminating the
drug abusing and general populations (Everall et al. 2005) in terms of disease progression
and pathology (Nath, 2010).

There are many basic research models of drug abuse, and ‘sensitization’ is often used to
assess neuroplasticity following repeated Coc exposure. Drug sensitization — whereby a
rodent becomes increasingly sensitive to the effects (e.g., behavioral) of drug challenge after
repeated, intermittent drug administration — is a model hypothesized to describe the
transition from recreational drug use to addiction. The corresponding changes in
neurochemistry and nerve-terminal morphology have been extensively documented (Lack et
al. 2008; Nader et al. 2006) and correlate well with behavioral alterations in this model
(Marin et al. 2009; Sabeti et al. 2003).

In the present study, we seek to understand HIV-1 protein Tat-induced alterations in nerve
terminal function and behavior within both Coc-sensitized and drug-naive animals. An
advantage of this design is that it mimics the onset of HIV-1 exposure in relation to abuse of
drugs over time, providing an understanding of how HIV-1 proteins interact with a DA
system that has changed as a consequence of repeated Coc exposure. Thus, Coc-induced
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plasticity may be important for the drug abuse variant of HIV-1 neurological pathology,
which may specifically target the dopaminergic system.

Materials and methods

Animals

Surgery

Forty male Sprague-Dawley rats (300-350 g; Harlan Laboratories, Birmingham, AL, USA)
were double-housed on a 12-h light/dark cycle with food and water available ad libitum. All
animals were handled and habituated daily for at least 1 week prior to surgery. After
surgery, the animals were single-housed. All animals were maintained according to the
National Institutes of Health (NIH) guidelines in Association for Assessment and
Accreditation of Laboratory Animal Care-accredited facilities. The experimental protocol
was approved by the Institutional Animal Care and Use Committee at the University of
South Carolina, Columbia (assurance number A-3049-01).

All animals were anesthetized prior to surgery using sevoflurane gas, induced using 7%
inhalant and maintained at 3% inhalant for the duration of the surgery. All animals received
one microdialysis guide cannula (Bioanalytical Systems, Inc., West Lafayette, IN, USA;
BAS) in either the left or the right nucleus accumbens (NAc) using stereotaxic coordinates
AP +1.2 mm, L £2.0 mm, DV -5.0 mm relative to Bregma, midline, and skull surface,
respectively. Guide cannulas were fixed to the skull with metal screws and dental acrylic/
cement. Immediately following surgery, animals were given one subcutaneous injection of
buprenorphin for pain (0.1 mg/kg). Animals were allowed 3-5 days to recover following
surgery and before the first microdialysis session and commencement of the injection
schedule.

Drug injection and microdialysis schedule

The experiment consisted of 14 days of once-daily injections of either Coc (10 mg/kg/mL)
or saline (Sal; 1 mL/kg), three microdialysis sessions (on Days 1, 9, and 11), and 3 days of
locomotor activity assessment (on Days 12, 13, and 14). The injection, microdialysis, and
locomotor schedules are described herein, and specifics of the microdialysis and locomotor
assessment procedures are described in subsequent sections.

On the morning of the first microdialysis session (Day 1), all animals were randomly
assigned to either the Sal or Coc treatment group. All animals received their first
intraperitoneal (i.p.) injection of either Sal (1 mL/kg) or Coc (10 mg/kg/mL) within the
testing chambers, so that the neurochemical response to acute injection of Sal/Coc could be
monitored. Following the first injection in the microdialysis chambers, animals then
received one daily injection of either Sal or Coc in their home cages for seven consecutive
days (i.e., Days 2-8).

Immediately preceding the home cage i.p. injection on Day 7, awake freely-moving rats
were administered an intra-accumbal infusion of the recombinant HIV-1 protein Tat;_gg
(LAI/Bru strain of HIV-1 clade B, GenBank accession no. K02013; Diatheva, Fano, Italy) or
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vehicle (Veh) control, depending on randomly assigned group membership; splitting the Sal
and Coc treated groups into four groups (Veh + Sal, Veh + Coc, Tat + Sal, Tat + Coc).
Specifically, stylets were removed from the guide cannulas and replaced with an infusion
probe (BAS). This probe was used to infuse either 20 pg of Tat;_gg in 5 pL (4 pg/uL) of
artificial CSF (aCSF), or the aCSF (5 uL) as control. The concentration of Tat;_gg was
chosen because it is well within the range of in vivo concentrations utilized in studies
demonstrating striatal neurotoxicity (cf, Bansal et al. 2000; Cass et al. 2003; Theodore €t al.
2006), it has been shown to be neurotoxic in our model (Bansal et al. 2000), and it is
consistent with earlier microdialysis experiments performed in our laboratory (Ferris et al.
2009a).

A second microdialysis session was performed 2 days (48 h) following the micro-infusion of
Veh/Taty_gg (i.e., on Day 9) to monitor the neurochemical response to i.p. Coc or Sal
injection. Following this session, all animals received one daily i.p. injection of Sal (1
mL/kg) in their home cages for two consecutive days (Days 10-11). A third microdialysis
session was performed on Day 11 to monitor the local neurochemical response to 100 mM
of potassium (KCI) perfused through the inlet line.

In the days that followed (Days 12-13), all animals continued to receive one daily i.p.
injection of Sal (1 mL/kg), but were immediately placed in a locomotor activity chamber for
60 min to habituate to the locomotor testing apparatus. Finally, on the last day (Day 14), all
animals were given a challenge i.p. injection of Coc (10 mg/kg/mL) and placed immediately
in locomotor activity chambers for 60 min. Immediately following the last day of locomotor
testing, animals were killed and brains were extracted and frozen for histological assessment
of probe placement.

Microdialysis

On the morning of each microdialysis session, stylets were removed from the guide cannulas
and replaced with a microdialysis probe (BAS) composed of a semipermeable
polyacrylonitrile membrane which extended 2.0 mm beyond the ventral tip of the guide
cannulas. The probes were continuously perfused at 2.0 pL/min with aCSF: NaCl 150 mM,
KCI 3.0 mM, CaCl, 1.7 mM, MgCl, 0.9 mM, o-glucose 4.9 mM; pH = 6.5.

The procedure for Session 1 (Day 1) and Session 2 (Day 9) was identical. Collection of
dialysates in 15 min fractions from the probes began 2 h following probe insertion.
Dialysates were collected in vials with 5.0 pL of a solution containing perchloric acid (0.05
N), sodium bisulfite (200 mM) and EDTA (1.0 mM) to minimize spontaneous oxidation of
DA. After the third baseline collection, animals were given an i.p. injection of either Coc (10
mg/kg/mL) or Sal (1 mL/kg) within the testing bowls according to group membership
established on Day 1. All injections were timed and administered within 1 min following the
third baseline collection. These sessions ended after collecting five fractions following the
i.p. injection, for a total of eight collected fractions.

Session 3 (Day 11) was the same as Sessions 1 and 2, with a single exception. Instead of
receiving an i.p. injection in the testing chamber, the probe inlet line from each animal was
switched to aCSF with a higher concentration of KCI (100 mM), which is often used to
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evoke DA release from local surrounding tissue (Ferris et al. 2009b; Cass et al. 2003). This
solution was perfused for a single fraction (Fraction #4), after which the probe inlet line was
switched back to the original aCSF. This session ended after collecting four fractions
following the switch back to original aCSF for a total of eight fractions collected.

Locomotor activity

HPLC

The activity monitors were square (40 x 40 cm) locomotor activity chambers (Hamilton-
Kinder Inc., Poway, CA, USA) that detected free movement of animals. This equipment
used an infrared photocell grid (32 emitter/detector pairs) to measure locomotor activity by
infrared photocell interruptions. The chambers were converted into round (~ 40 cm
diameter) compartments by adding clear Plexiglas inserts in order to prevent animals from
resting in corners; and photocell emitter/detector pairs were tuned by the manufacturer to
handle the extra perspex width. Research from our laboratory demonstrates that circular
chambers may facilitate the detection of behavioral sensitization (Harrod et al. 2005). All
activity monitors were located in a room isolated from the rat colony and microdialysis
chambers.

The procedure for locomotor activity habituation and assessment was identical on Days 12
and 13. All animals were injected with Sal (i.p.; 1 mL/kg) and immediately placed into the
center of the locomotor activity chambers for 60 min to record activity. The procedure for
locomotor activity during Coc challenge (Day 14) was the same as that used on Days 12 and
13, with a single exception. Instead of receiving Sal, all animals were injected with Coc
(i.p.; 10 mg/kg/mL) and immediately placed into the center of the locomotor activity
chambers for 60 min to record activity.

Multiple automated measures of activity — including total activity, distance traveled in the
center and periphery (cm), nose pokes into the periphery and center, entries into center and
periphery, and time spent in center and periphery (s) — were investigated. Total activity
represents all detectable movements (photocell interruptions) that occur in the chamber.
‘Center’ dependent measures refer to a circular region located in the center most portion of
the compartment. ‘Peripheral’ dependent measures refer to a circular region surrounding the
center located in the outer-most portion of the compartment. In order to determine the
activity in center versus periphery, 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 all automated measures of
activity are presented in 5-min blocks of a 60-min session, or collapsed across the whole 60-
min session.

All dialysates were analyzed by liquid chromatography with electrochemical detection.
Separation of DA from metabolites was achieved by injecting 15 pL of each sample onto a
C-18 analytical column (100 x 1 mm; 3 um; BAS) using a mobile phase (pH 3.4) containing
14.5 mM NaH,PQOy4, 30 mM sodium citrate, 27 uM disodium EDTA, 10 mM diethylamine
HCI, 2.2 mM 1-octane sulfonic acid, 4% acetonitrile and 1% tetrahydrofuran at a flow rate
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of 100 uL/min. DA was detected by oxidation at a glassy carbon electrode with an applied
potential of +650 mV versus an Ag/AgCl reference electrode. Peaks corresponding to DA
were quantified by comparison with a three point external standard curve bounding the
expected range of DA values.

Acute Coc response

As expected, Session 1 DA levels (concentration and % of baseline) significantly increased,
while 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) levels (% of
baseline) significantly decreased following Coc administration relative to baseline and Sal-
treated controls. There were no baseline differences in DA or metabolite levels between
groups.

With respect to DA levels, the 8 (Time; within) x 2 (Coc vs. Sal) mixed-model anova using
DA recovery (% of baseline) as the dependent variable indicated a main effect of Coc, F(1,
28) =12.78, p< 0.001, and a Coc x Time interaction, F(7, 196) = 17.45, p < 0.0001. Raw
data demonstrated a similar finding with a main effect of Coc, F(1, 28) = 6.33, p < 0.01, and
a Coc x Time interaction, F(7, 196) = 11.37, p < 0.0001. To further specify these effects,
planned comparisons were performed on time-points as indicated in Fig. 1(a and b). These
results indicate that Coc significantly increased DA overflow in the NAc.

Dopamine metabolites decreased following acute Coc injection. There was a main effect of
Coc on DOPAC levels (%), F(1, 36) = 29.95, p < 0.0001, and a Coc x Time interaction, F(7,
252) = 9.32, p < 0.0001. Planned comparisons demonstrated significantly lower DOPAC
levels at various time-points in Fig. 1(c). Raw DOPAC demonstrated a Coc x Time
interaction, F(7, 252) = 3.04, p < 0.01. Planned comparisons were not performed on raw
data time-points, as there was no main effect of Coc in the avova. For HVA levels (%), there
was a main effect of Coc, F(1, 34) = 8.047, p< 0.01, and a Coc x Time interaction, F(7,
238) = 7.05, p < 0.001. Planned comparisons demonstrated significantly lower HVA levels
at various time-points in Fig. 1(e). Raw HVA demonstrated a Coc x Time interaction, F(7,
238) = 4.97, p < 0.0001. Planned comparisons were not performed on raw data time points,
as there was no main effect of Coc in the anova.

Cocaine response 48 h post-Tat infusion

The response to 10 mg/kg Coc challenge was monitored 8 days into repeated Coc
administration and 48 h following intra-accumbal Tat/Veh infusion. For raw data, a Coc x
Time interaction indicated that Coc, but not Sal injection increased DA levels above their
respective baselines, F(7, 182) = 9.54, p < 0.0001. However, because Tat/ Veh-infusion
affected basal DA tone in an opposite manner, these groups averaged to indicate no main
effect of Coc relative to Sal levels at any given time-point. When groups were analyzed
individually (Fig. 2a), these raw data showed that Tat + Coc treated animals had
significantly higher basal and Coc-evoked DA levels relative to all groups. Contrary to this,
the Veh + Coc group had lower basal DA levels, which contributed to the inability of DA
levels to elevate past Sal-treated animals, despite a significant response to Coc. Planned
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comparisons shown in Fig. 2(a) demonstrated specific time points in which these two groups
diverged. In addition, Tat / Veh infusion differentially affected DA tone relative to Session 1
DA levels (Fig. 2a; inset), as the groups’ Coc response diverged from Session 1 levels in
opposite directions. Given that raw DA concentration increased following Coc-challenge for
both Tat and Veh-treated animals, and the fact there were significant differences in basal
extracellular DA levels, data were expressed as percent of baseline in order to more
specifically examine any difference in the DA systems response to Coc. When data were
plotted as percent of baseline (Fig. 2b), DA levels in both Tat + Coc and Veh + Coc treated
animals increased significantly, F(1, 26) = 16.59, p < 0.0001, as was the case in Session 1.
Planned comparisons demonstrated significant effects for all time-points following Coc
injection.

With respect to metabolites, Tat infusion significantly reduced raw HVA levels, as shown in
Fig. 2(c), F(1, 33) = 3.94, p < 0.05, while raw DOPAC levels (Fig. 2d) demonstrated a
strong, albeit non-significant attenuation. Percent of baseline data indicated Coc x Time
interactions for both HVA, F(7, 231) = 2.02, p < 0.05, and DOPAC, F(7, 245) =2.04, p<
0.05. Post-injection metabolite levels for Coc-treated animals were reduced by 5-10%,
irrespective of Tat-treatment (data not shown); similar to the response to Coc in Session 1.

Metabolite/DA ratios (Fig. 3) for each session were derived from each session’s respective
baseline concentrations that were collected prior to Coc or Sal injection. In other words,
baseline is the average concentration at time-points —45 to —15, calculated independently for
each session and group, and utilized exclusively for ratios that correspond to the session in
which it was derived. Note that ratios are not derived from tissue content, but rather from
extracellular concentrations. Nevertheless, given that DA and metabolites oscillate
synchronously (Castaneda et al. 2004), alterations in the extracellular ratio likely indicate
aberrant DA turnover and DA system function. For Session 2, Tat-infusion significantly
decreased HVA/DA ratios, F(1, 29) = 7.61, p < 0.01; and Fig. 3(a) shows that Tat + Coc-
treated animals were particularly affected. DOPAC/DA (Fig. 3b) ratios were similar to
HVA/DA ratios with a main effect of Tat, F(1, 31) = 15.19, p < 0.0001, in addition to a Tat
x Coc interaction, F(1, 31)= 13.65, p < 0.001. Planned comparisons shown in Fig. 3
(Session 2 column) demonstrated that Tat + Coc ratios were significantly lower than for all
other groups, and that Coc treatment increased ratios in Veh-infused animals.

Potassium-stimulated dopamine release

The DA response to perfusion of KCI was monitored two days following response to Coc.
For raw DA levels (Fig. 4a), there was a Tat x Time interaction, F(7, 126) = 3.50, p < 0.01.
Similar to Session 2, Fig. 4(a) (inset) demonstrated a main effect of treatment on basal
extracellular DA levels, F(3, 11) = 14.84, p < 0.001, with Bonferonni comparisons
indicating significantly lower basal DA levels for Veh + Coc relative to Veh + Sal (p <
0.05), and significantly higher basal DA levels for Tat + Coc relative to every other group (p
< 0.01). The higher variability in raw extracellular DA levels that followed higher KCI
levels precluded significant effects for time-points following KCI perfusion (i.e., 0-60 min).
Similar to Session 2, and given basal differences in extracellular DA levels, the data were
also expressed as percent of baseline. Percent of baseline data demonstrated that repeated
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Coc-treatment augmented KClI-stimulated DA release, and that DA release was attenuated
by Tat-treatment irrespective of Coc-treatment. An 8 x 2 x 2 anova Using percent of baseline
DA response indicated a main effect of Tat, F(1, 18) = 9.81, p<0.001; and Tat x Time, F(7,
126) = 6.59, p < 0.0001, Coc x Time, F(7, 126) = 2.14, p < 0.05, and Tat x Coc x Time,
F(7, 126) = 2.37, p < 0.05, interactions. Veh + Coc treated animals displayed significantly
greater DA response to KCl-stimulation than all other groups (Fig. 4b), indicating the
repeated Coc-mediated neurochemical sensitized response to potassium. However, there
were no Session 3 differences between groups in raw HVA or DOPAC levels, despite strong
Tat-induced declining trends for both metabolites (Fig. 4c and d).

3,4-Dihydroxyphenylacetic acid/DA ratios demonstrated a main effect of Tat, F(1, 18) =
7.76, p < 0.05 (Fig. 3b; Session 3 column). There were no main effects in HVA/DA ratios,
despite similar trends to both Session 2 and DOPAC/ DA ratios (Fig. 3a; Session 3 column).

Locomotor activity

anova [12 (5-min time intervals, within) x 2 (Tat vs. Veh) x 2 (repeated Coc vs. Sal)], using
total activity as the dependent measure, revealed a main effect of time within Sessions 1 and
2 (p < 0.001), indicating that all animals decreased locomotor activity as time progressed
(Fig. 5a).

During the Coc challenge session, the 12 x 2 x 2 mixed anova, Using total activity as the
dependent measure, indicated a main effect of repeated pre-treatment of Coc, F(1, 18) =
5.05, p < 0.05, and interactions of Tat x Time, F(11, 198) = 2.39, p < 0.05, and Tat x Coc x
Time, F(11, 198) = 3.63, p < 0.01 (Fig. 5b). Planned comparisons indicated that Veh + Coc-
treated, but not Tat + Coc-treated, animals had significantly greater total activity than Veh +
Sal-treated and Tat + Sal-treated animals in response to Coc challenge, and when compared
to their own baseline from Session 2 (all comparisons, p < 0.05). Taken together, the main
effect of repeated pre-treatment of Coc indicates Coc-mediated behavioral sensitization,
while the interactions highlighted the fact that Tat altered this Coc-induced sensitized
response. Notably, the Tat-induced attenuation of sensitization was maintained even when
the data were reduced to the first half of the session (30 min), when Coc challenge was most
efficacious.

Prior research demonstrates that centrally-directed activity, relative to total activity, may be
a more sensitive indicator of behavioral sensitization (see Harrod et al. 2005, 2008).
Therefore, to further characterize behavior, four dependent measures were analyzed in order
to assess activity in the center of the chambers, including total time in center (s; Fig. 6),
distance traveled in center (cm), nose/body pokes from center into periphery, and full entry
from center into periphery. These measures were largely redundant, as each demonstrated a
main effect of repeated Coc and Coc x Time interactions [e.g., Time spend in center, F(1,
18) = 7.76, p < 0.01 for main effect and F(11, 198) = 2.20, p < 0.05 for interaction (Fig. 6a
and b)]. Selecting only animals that received repeated Coc injections (i.e., Tat + Coc and
Veh + Coc), Tat x Time interactions and main effects of Tat within this group were
maintained for all the dependent measures. The centrally-directed analyses replicated the
total field analysis, and indicated two effects: (i) behavioral sensitization in animals
receiving Veh + Coc, and (ii) the sensitized response is markedly reduced in animals
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receiving Tat + Coc. Finally, time spent in the center of the testing chamber was found to be
significantly correlated with KCl-stimulated DA release from microdialysis Session 3 (r =
0.50, p < 0.05), suggesting Tat-induced DA system vulnerability may predict attenuation of
the Coc-induced sensitized response.

Discussion

The current investigation demonstrated that repeated Coc injections, Tat infusion, and the
combination of the two uniquely alter both neurochemical and behavioral outcomes.
Namely, we have shown for the first time several key findings that inform pharmacotherapy
for drug users who contract HIV-1. These findings were: (i) a hyperdopaminergic tone in the
NACc of animals exposed to both Tat and Coc, but not following Coc or Tat alone, (ii) Coc
did not alter the Tat-induced decline in DA metabolite levels, but did interact with Tat
exposure to alter DA turnover, (iii) Tat infusion markedly attenuated Coc-induced
behavioral and neurochemical sensitization. These novel findings are consistent with the
current literature and have implications for neuroAIDS therapeutics, as discussed below.

Apropos the first finding, animals that received repeated Coc injections + Tat infusion
demonstrated elevated basal DA levels in Sessions 1 and 2, as well as post-Coc injection DA
levels. Percent of baseline DA response revealed that the response of the DA system to Coc-
challenge appears indistinguishable between Tat- and Veh-treated animals, and that the
discrepancy from raw DA levels following Coc-challenge is attributable to differences in
pre-Coc, basal tone. Thus, while both groups’ DA reached 300% of baseline following Coc-
challenge, this translates to roughly 400% greater extracellular DA levels for Tat + Coc
animals relative to Veh + Sal animals, and roughly 150% greater extracellular DA levels for
Veh + Coc animals relative to VVeh + Sal animals. Previous work has demonstrated several
neurochemical and behavioral findings that are congruent with the increased DA tone
demonstrated here. First, in behavioral experiments we previously demonstrated that Tat-
treated rats have an increased locomotor response to acute Coc injection (Harrod et al.
2008), as one would expect to accompany higher DA levels in the NAc. Second, in
neurochemical experiments, we have demonstrated that Tat rapidly inhibits DAT function
(Ferris et al. 2009a; Zhu et al. 2009a; Aksenova et al. 2006; Wallace et al. 2006). The
decrease in DAT function likely precedes the generalized loss of nerve terminal function
(Ferris et al. 2009a), is dose-dependent (Zhu et al. 2009a), and occurs as a consequence of
direct Tat-DAT protein interactions as determined via surface plasmon resonance /
fluorescence resonance energy transfer analysis (Zhu et al. 2009a). The specific molecular
interactions between Tat and Coc appear to involve an allosteric regulation of the DAT (Zhu
et al. 2009b), although additional work is needed to model the DAT regulatory mechanisms.

Although our Tat + Coc findings concur with previous work, as one would expect higher
DA tone following a decrease in uptake, an interesting caveat is that Tat + Sal-treated
animals did not demonstrate increased basal DA tone during Session 2. Notably, a trend
toward increased DA tone in Tat + Sal-treated animals did manifest after injection of Sal.
The discrepancy in DA tone between Tat + Coc- and Tat + Sal-treated animals may be
explained by Tat’s interaction with nerve terminal plasticity associated with repeated Coc
injections. For example, Veh + Coc-treated animals demonstrated decreased DA tone in the
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current design. This decrease is well-supported in the drug use literature, and corresponds to
an increase in DA uptake efficiency via DAT trafficking to the cell surface (Zahniser and
Sorkin 2009; Crits-Christoph et al. 2008; Lack et al. 2008). Some researchers extrapolate
that this increase in DAT uptake efficiency is a compensatory mechanism to offset
aberrantly high extracellular DA levels following repeated exposure to Coc. The decrease in
DA tone of the Veh + Coc group is a key finding, confirming that DA nerve terminals have
been altered by the repeated drug treatment in the current design. Therefore, while Tat may
have attenuated uptake of DA in both Tat + Coc and Tat + Sal groups, the discrepancy in
DA tone between these groups may be attributed to reduced DAT uptake interacting with
documented Coc-induced plasticity of additional nerve-terminal proteins. Moreover, if Coc-
induced plasticity is a factor in determining outcome of Tat-infusion, then clinically
demonstrated variants of HIV-1 neuropathology occur prior to viral infection, via baseline
differences in nerve terminal function that stem from drug experience.

Given evidence for DAT alterations, an agent that specifically competes with Tat at the
DAT while not interacting with transport of DA would be an ideal candidate, yet currently
does not exist. In addition, agents that increase DA tone have been shown to potentiate
HIV-1-induced cognitive decline, and the current work demonstrates HIV-1-infected Coc
abusers may be pre-disposed to DA increases independent of direct pharmacological action
at the DAT. It is not clear whether the increased DA potentiates neurotoxicity in the current
study, especially considering the fact that some DA uptake inhibitors have been shown to be
neuroprotective (Hinkin et al. 2001). If DA is involved, then D, agonists at doses
appropriate for regulating pre-synaptic function may indirectly offset increased DA tone.
Detailed time-course studies that document the extent to which such drugs could mitigate
both DA levels and the severity and progression of neurodegenerative markers in Coc-
experienced animals are necessary.

A second finding from the current study is that DA metabolites, DOPAC and HVA, are
persistently decreased following Tat-infusion regardless of previous experience with Coc.
These data match the extant literature (Larsson et al. 1991), as a reduction in HVA has been
noted in CSF of HIV-1-infected patients, and this correlates with neuropsychological
impairment (Di Rocco et al. 2000). DOPAC systems are less variable in the course of HIV-1
infection (Obermann et al. 2009), and documented HIV-1-induced DOPAC alterations are
rare. DOPAC reductions in the current data but not in humans may reflect established
species differences in dopamine metabolism and metabolite levels (Garrick and Murphy
1980).

One possible explanation for reduced metabolites in the current data involves DAT activity.
It is well established that monoamine oxidase (MAQ) and catechol-O-methyltransferase
(COMT) are located in DA nerve-terminals, and that DA uptake via the DAT is a major
route whereby these enzymes gain access to, and metabolize, DA that is not repackaged and
recycled. Under normal conditions metabolite levels synchronously oscillate with DA levels
and with activity of the DA system (Castaneda et al. 2004). In an intact system exposed to a
DAT inhibitor such as Coc, DA levels increase whereas metabolite levels transiently
decrease. Indeed, in the current investigation metabolite levels decreased around 10%
following acute Coc injection (Session 1). This decrease has been established previously
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(Kalivas and Duffy, 1990; Hurd and Ungerstedt, 1989) and is thought to be mediated by the
reduced access of MAO/ COMT to DA in the nerve terminal following Coc-induced
blocking of the DAT (Hurd and Ungerstedt 1989; Westerink and Van Putten 1987;
Zetterstrom et al. 1986). Thus, reduced metabolite levels in Tat-treated animals may, in part,
be explained by Tat-induced reductions in DAT function.

Indeed, ratios from the current study may be contingent upon plasticity of several key
proteins, including the DAT, MAO, and COMT. This is especially true considering that
ratios in the current study are derived from extracellular concentrations, not tissue content.
Given that metabolite levels were the same for Tat-treated groups, the significantly lower
ratio in Tat + Coc-treated animals relative to Tat + Sal-treated animals, suggests that
metabolism is insufficient to offset increasing DA levels in Session 2. In addition, this ratio
suggests that the difference between Coc and Sal treatment reside in altered DA uptake and
not differences in metabolism, whereas altered metabolism explains the main effect of Tat
vs. Veh treatment ratios.

The combination of increased DA levels and decreased metabolite levels in Tat + Coc-
treated animals suggest that pharmacotherapies that metabolize DA may effectively
normalize aberrant DA tone and decrease the progression and severity that stems from the
possibility of increased DA interacting with HIV-1 proteins. Agents that block MAO
function have been shown to increase the severity of Simian Immunodeficiency Virus-
induced cognitive decline (Czub et al. 2004), and facilitation of DA metabolism in the drug
abusing population may offset high DA levels without incurring as many unwanted side-
effects as D, agonists.

A third finding from the current study is that Tat-infusion into the NAc disrupted both
neurochemical release- and behavioral locomotor-sensitization. While basal extracellular
DA levels remained significantly higher for Tat + Coc animals and significantly lower for
Veh + Coc animals, variability in response to higher KCI levels precluded significant
differences in raw values following perfusion of KCI. It is common to express data as
percent of baseline, as was done in Session 2, when differences in basal levels persist. In
general, data expressed as percent of baseline during Session 3 replicated earlier work
demonstrating that Tat attenuated KCl-stimulated DA release in the NAc (Ferris et al.
2009b) and diminished the induction of Coc-induced behavioral sensitization (Harrod et al.
2008). The current data also indicated that although DA release was sensitized following
repeated Coc-injections, Tat completely abolished this Coc-sensitized DA neurochemical
response. In a corollary manner, repeated Coc injections sensitized the locomotor response
to Coc challenge, which was significantly attenuated in Tat-treated animals. As with
previous reports, altered DA transmission and locomotor activity were related (Lack et al.
2008). The current data demonstrated that neurochemical release of DA in Session 3 was
correlated with locomotor sensitization (r = 0.50, p < 0.05). Thus, the Veh + Coc control
group demonstrated that the current design/treatment regimen induced neurochemical and
behavioral sensitization, and that Tat infusion in the NAc effectively prevented expression
of this sensitization. As noted, previous work in our laboratory demonstrated that an early
treatment of Tat could subsequently prevent the induction of behavioral sensitization
(Harrod et al. 2008). However, it remained unclear whether Tat could disrupt the expression
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of sensitization, once it had been induced. This is important because it is likely that the drug
abusing population possesses altered neurochemistry at the time of HIV-1 -infection and
exposure to Tat. The current study makes it clear that Tat effectively disrupts DA nerve
terminal function in both naive and Coc-exposed animals, and that this disruption is
profound enough to interfere with expression of behavioral and neurochemical sensitization
to Coc. In addition, the course and magnitude of Tat-induced disruption is altered by Coc
experience.

Collectively, the current behavioral and neurochemical data support clinical data
demonstrating subcortical DA vulnerability (Obermann et al. 2009; Paul et al. 2002) in
HIV-1 infected patients. Additionally, our data suggest that Tat can interact negatively with
the neuroplasticity associated with chronic drug use. Namely, the HIV-1 protein, Tat,
interacts with Coc to alter DA systems differently than DA alterations associated with Tat or
Coc treatment alone. The hyperdopaminergic state demonstrated in animals receiving both
Tat and Coc treatment may be one mediator of increased neurotoxicity observed following
both HIV-1-protein + Coc administration.

Indeed, DA has been shown to be neurotoxic (Quinton and Yamamoto 2006) and clinical
studies have demonstrated that agents which increase DA levels (Czub et al. 2001, 2004:
Factor et al. 1994; Hriso et al. 1991), including MAO inhibitors (Czub et al. 2001), can
exacerbate clinical manifestations of HIV-1 associated neurological impairment.
Nevertheless, it is important to note that these demonstrations have been in the absence of
DA uptake inhibitors, and that DA uptake inhibitors have also been shown to be
neuroprotective (e.g., Hinkin et al. 2001). Therefore, future experimentation is required to
elucidate how Tat interacts with the neuroplasticity associated with repeated Coc injections
to produce the increased DA tone, and whether the DA overflow participates in
neurotoxicity. One possibility is that the molecular alterations involve direct regulatory
interactions between Tat and repeated Coc exposure on the DAT protein (Zhu et al. 2009b).

In conclusion, the current investigation provides data to support the possibility that
neurobiological complications in HIV-1 infected drug users may possess a different time-
course and outcome compared to the drug-naive population. Our design demonstrates that
basic HIV-1 research using chronic drug abuse models should be included in future
experimentation, as drug-induced plasticity may alter HIV-1 protein interaction with DA
nerve terminals, with resultant unique pathological outcomes. These unique outcomes, in
turn, require unique pharmacotherapy for this population that may include offsetting high
DA tone.
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Fig. 3.
HVA/DA (a) and DOPAC/DA (b) ratios during each microdialysis session. Ratios for each

session were calculated from each session’s respective baseline concentrations, which
correspond to time-points prior to Coc or Sal challenge (i.e., —45 to =15 min). Tat/ Veh
infusion occurred before Session 2, so it is not represented in Session 1. Note: Horizontal
bar represents significant main effect of Tat-treatment, *p < .05 for Tat + Coc vs. Veh +
Coc; #p < 0.05 for Tat + Coc vs. Tat + Sal.
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Fig. 4.
DA (a,b), HVA (c), and DOPAC (d) overflow in response to potassium perfusion 72 h

following Tat or Veh infusion; represented as concentration (nM; a,c,d) and percent of
baseline (b) across time. In addition, significant differences in basal extracellular DA levels
are similar to Session 2 differences (a; inset). For metabolites (c,d), Coc-pretreatment had no
effect on Tat-induced reduction of DOPAC or HVA levels, therefore Sal/Coc factor was
collapsed to show the main effect of Tat-treatment, irrespective of Coc-treatment.
Metabolite response to Coc-challenge, expressed as percent of baseline, was no different
than Session 1; thus was not presented. Note: Significant planned comparisons following
anova Noted (*p < 0.05) at each time-point; and for inset, *p < 0.05 and **p < 0.01 for Veh +
Coc vs. Veh + Sal and Tat + Coc vs. every other group represented.
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Fig. 5.

Tc?tal locomotor activity (cm) following Sal habituation session (a) and Coc challenge (b).
Values are represented as total activity in each 5-min bin for the Sal session to highlight
habituation across time (a), and cumulative activity every 5 min to demonstrate the
differences between groups following Coc challenge (b). There was no significant difference
between groups in response to Sal (a) and significant main effect of Veh + Coc treated rats
across all time points in response to Coc-challenge *p < 0.05; (b). The increase of activity in
Veh + Coc animals, but not Tat + Coc animals, is indicative of sensitization to the locomotor
stimulating effects of Coc, which is attenuated by Tat treatment. VVeh + Sal and Tat + Sal
animals’ response to Coc challenge did not differ so these groups were combined for clarity.
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Fig. 6.

Amount of time spent in the center of locomotor testing chamber following Coc challenge,
expressed as cumulative record across 5-min intervals (a) and as total time in center during
habituation/baseline session and Coc challenge session (b). Veh + Coc-treated rats, but not
Tat + Coc-treated animals, spent significantly more time in the center of the chamber,
relative to all groups (a,b) and baseline (b) indicating repeated Coc injections sensitize
centrally-directed behavior; an affect abrogated by Tat-treatment. Note: Horizontal bar (*p <

J Neurochem. Author manuscript; available in PMC 2014 June 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Ferris et al.

Page 23

0.05) indicates main effect of Coc challenge relative to baseline; *p < 0.05 for significant
decrease of time in center compared to Veh + Coc group following Coc challenge.
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