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ABSTRACT

Cocaine Use Disorders (CUDs) are associated with an increased risk of human immunodeficiency virus (HIV)
infection. Cocaine and the HIV envelope protein gp120 each induce distinct deficits to mesocorticolimbic cir-
cuit function and motivated behavior; however, little is known regarding how they interact to dysregulate
these functions or how such interactions impact pharmacotherapeutic efficacy. We have previously shown that
the selective, weak partial agonist of the dopamine D3 receptor (D3R), MC-25-41, attenuates cocaine-seeking
behavior in male rats. Here, we sought to characterize changes in striatal neuroimmune function in gp120-
exposed rats across abstinence from operant access to cocaine (0.75 mg/kg, i.v.) or sucrose (45 mg/pellet),
and to examine the impact of gpl20 exposure on MC-25-41-reduced cocaine seeking. After establishing a
history of cocaine or sucrose self-administration, rats received intracerebroventricular gp120 infusions daily
the first 5 days of abstinence and were sacrificed either on day 6 or after 21 days of forced abstinence and
a cue-induced cocaine seeking test. We demonstrated that MC-25-41 treatment attenuated cue-induced co-
caine seeking among control rats but not gp120-exposed rats. Moreover, postmortem analysis of nucleus ac-
cumbens (NAc) core neuroimmune function indicated cocaine abstinence- and gp120-induced impairments,
and the expression of several immune factors within the NAc core significantly correlated with cocaine-
seeking behavior. We conclude that cocaine abstinence dysregulates striatal neuroimmune function and inter-
acts with gp120 to inhibit the effectiveness of a D3R partial agonist in reducing cocaine seeking. These findings
highlight the need to consider comorbidities, such as immune status, when evaluating the efficacy of novel
pharmacotherapeutics.

1. Introduction

opiates and psychostimulants [94]. Concurrent injection drug use and
HIV infection may exacerbate neuroimmune dysfunction [27] and accel-

Human immunodeficiency virus (HIV) and cocaine use disorders
(CUDs) remain pervasive global health concerns that disproportionately
affect male minority populations as well as adolescent and young adult
populations [12,48]. Combination antiretroviral therapy (cART) has
dramatically reduced HIV-related mortality, and people living with HIV
(PLWH) who achieve viral suppression generally live healthy, full lives
[62,102]. However, cART has poor blood brain barrier (BBB) permeabil-
ity [71], and PLWH who achieve viral suppression experience chronic
neuroinflammation and often develop HIV-associated neurocognitive
disorder (HAND; [40,41,90,112]). Substance misuse is often comorbid
with HIV and is also a risk factor for HIV infection, particularly with

erate disease progression independent of adherence to cART [8,40,90].
Thus, developing improved therapeutics for HIV-associated neurocogni-
tive dysfunction within the context of substance use disorders is essen-
tial.

HIV protein products such as the envelope glycoprotein gp120 and
transactivator of transcription (Tat) are associated with dysregulation
of neuroimmune signaling and disruptions to the BBB, which can in-
crease viral invasion into the central nervous system (CNS) and sub-
sequent neurotoxicity [94,95]. Both microglia and astrocytes gener-
ate a complex medley of immune responses under pathological condi-
tions [20,25,44,54], and serve as viral reservoirs for HIV [23,38,56,98].
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HIV induces persistent secretion of proinflammatory cytokines and
chemokines [77,83], which impair cognitive function and, in severe
cases, promote neurodegeneration throughout the CNS [26,41,81,97].
Within the rat striatum, acute exposure to gpl20 or Tat causes dose-
dependent increases in reactive astrogliosis [7], and adult gp120 trans-
genic mice exhibit increased striatal expression of glial fibrillary acidic
protein (GFAP) and the chemokines CCL2 and CXCL10 [3]. An acute
microinjection of a high dose of gp120 (500 ng) into the rat striatum in-
duces significant upregulation of CCL3, an HIV-suppressive chemokine
[1,21], as well as an increase in the expression of microglial and
macrophage markers Ibal and CD68 that persists for up to four weeks
post-injection [57]. Subchronic, intracerebroventricular microinjections
of gp120 (500 ng) within the CNS of rats increases striatal mRNA expres-
sion of interleukin-1 (IL-14) and inducible nitric oxide synthase (iNOS),
as well as protein expression of the active efflux transporter multidrug
resistance-associated protein 1 (MRP1) [4]. Importantly, MRPs play a
substantial role in the efflux of intracellular anti-HIV drugs, thus con-
tributing to the poor BBB penetrance of cART [33,46,71,99]. While these
studies implicate striatal neuroimmune signaling in the pathophysiology
of HIV, it is still unclear how HIV and chronic drug use interact in this
regard.

Like HIV, cocaine disrupts BBB integrity and induces immune re-
sponses within the brain through increased glial cell reactivity [27,94].
Cocaine also facilitates HIV invasion [2,27] and viral replication [88] in
the brain even during the early asymptomatic stages of infection [81].
Furthermore, cocaine exposure enhances gp120 toxicity in rat primary
astrocytes to a greater extent than that induced by either cocaine or
gp120 separately [108]. Thus, combined HIV and cocaine use may fur-
ther exacerbate immune dysregulation, aberrant dopaminergic signal-
ing, and cognitive dysfunction [16]. Despite the clear and inextricable
link between HIV and acute psychostimulant exposure and their impact
on immune function, it is largely unknown how cocaine abstinence,
which is associated with peripheral immune responses [5,111], alters
CNS immune function within brain reward circuity and how this is mod-
ulated by HIV.

Motivation for cocaine progressively increases over protracted pe-
riods of abstinence, and several studies implicate the dopamine D3 re-
ceptor (D3R) in facilitating this process [69,80]. During the first three
weeks of abstinence, D3Rs are up-regulated within the nucleus accum-
bens (NAc; [70]), a brain region associated with reward learning that is
also critically involved in drug seeking. Interestingly, D3Rs may also
contribute to the regulation of neuroimmune signaling through glial
cell activation [63], suggesting a possible regulatory role in HIV- and
cocaine-induced neuroimmune responses and drug relapse. Despite the
known effects of cocaine and gp120 on striatal neuroimmune function, it
remains unclear how gp120 interacts with cocaine abstinence to dysreg-
ulate mesolimbic neuroimmune function or whether this interaction im-
pacts motivation to seek cocaine. We sought to address these gaps in the
present study in male rats trained to self-administer cocaine that were
then exposed to HIV gp120 for 5 days during a forced abstinence period.
Exposure to gp120 after animals acquired cocaine self-administration
is a novel design feature, which better models the acquisition of HIV
as a collateral effect of chronic drug use in humans with CUDs. The
present study also investigated inhibition of D3R signaling as a po-
tential therapeutic strategy to ameliorate reward-seeking behavior in
cases of comorbid HIV infection and CUDs. After 21 days of abstinence,
cocaine-experienced rats were treated with the novel D3R weak partial
agonist, MC-25-41, which effectively reduces both D3R signaling and
cocaine motivation in rats without affecting spontaneous or cocaine-
induced locomotion or sucrose motivation [17,80]. Given the paucity
of information on cocaine-induced changes in neuroimmune signaling
within mesolimbic reward circuitry, particularly regarding cocaine ab-
stinence, we utilized a multiplex cytokine, chemokine, and growth fac-
tor array to explore changes in striatal neuroimmune function across
abstinence and as a function of gp120 treatment history and MC-25-41
treatment.
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2. Methods
2.1. Subjects

Adult male Sprague-Dawley rats (N = 50; 201-225 g upon arrival,
Charles River Laboratories, Hollister, CA, USA) were housed individu-
ally in a temperature- and humidity-controlled vivarium on a 14:10 h
reverse light:dark cycle. Animals had ad libitum access to water for the
duration of the study but had restricted access to food, maintained at
85% of their free-feeding weight, during self-administration to facilitate
cocaine acquisition. All experiments were conducted during the dark
phase and were approved by and performed in accordance with the In-
stitutional Animal Care and Use Committee of Arizona State University
and the National Institutes of Health’s Guide for the Care and Use of Lab-
oratory Animals.

2.2. Drugs and reagents

Cocaine hydrochloride (NIDA Drug Supply Program, RTI Interna-
tional, Research Triangle Park, NC, USA) was dissolved in sterile saline
to a stock concentration of 10 mg/mL, which was further diluted with
saline to achieve a dose of 0.75 mg/kg/0.10 mL and filtered through
0.2 pm syringe filters. HIV-1 IIIB gp120 was obtained from the NIH
AIDS Reagent Program and was diluted in 1X phosphate buffered saline
(PBS) to a final concentration of 45 ng/uL based on previous stud-
ies suggesting impaired cognition and a lack of neurodegeneration at
this dose [6,31]. The N-(4-(4-(3-cyanophenyl)piperazin-1-yl)butyl)—4-
(thiophen-3-yl)benzamide D3R partial agonist, referred to here as MC-
25-41, was dissolved in 20% w/v cyclodextrin + 3% v/v 1 M HCI to
achieve 10 mg/mL as we have previously described [17,80].

2.3. Surgical procedures

Guide cannulae were implanted intracranially and catheters were
implanted into the jugular vein as previously described ([65], 2022).
Briefly, animals were anesthetized using vaporized isoflurane (2-3%),
and a sterile polyurethane catheter was inserted 2.5 mm into the right
jugular vein of cocaine self-administering animals. The opposite end of
the catheter was tunneled subcutaneously between the shoulder blades
and attached to a cannula that was secured within a harness (Instech
Laboratories, Plymouth Meeting, PA, USA). An intracranial guide can-
nula was stereotaxically implanted 1 mm dorsal to the right lateral ven-
tricle (A/P: —0.8 mm, M/L: —1.6 mm, D/V: —2.6 mm) and secured to
the skull using anchor screws and dental acrylic. All animals received
buprenorphine (0.05 mg/kg/mL, s.c.) and meloxicam (1 mg/kg/mL,
s.c.) at the end of surgery. Meloxicam was also administered 1 day post-
operatively. Catheterized animals also received cefazolin (100 mg/mL,
0.1 mlL, i.v.) and heparin (70 U/mL, 0.1 mL, i.v.), dissolved in saline,
for 5 days post-operatively. Heparin alone was administered daily before
and after each cocaine self-administration session to maintain catheter
patency. Animals were given at least 5 days of recovery prior to begin-
ning self-administration.

2.4. Cocaine and sucrose self-administration, forced abstinence, and
cue-induced cocaine seeking

Animals were placed in individual operant conditioning chambers
equipped with one active and one inactive lever, a cue light above
each lever, a house light, a tone generator, and a food receptacle
(30 x 24 x 21 cm; Med Associates Inc., St. Albans, VT, USA). Prior to
self-administration, animals were habituated to their respective cham-
bers for 1 hr with both levers retracted. Animals underwent 2 hr train-
ing sessions 6 days/week and were food-restricted as described above.
Self-administration initially began on a fixed-ratio (FR) 1 schedule
of reinforcement where one active lever response delivered a single
infusion of cocaine (0.75 mg/kg/infusion, i.v., over 6 s) or a sucrose
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pellet (45 mg/pellet, Bio-Serv, Flemington, NJ, USA) paired with a com-
pound stimulus light and auditory tone (500 Hz). Each reinforcer was
followed by inactivation of the light and tone cues and illumination
of the house light to signal a 20 s time-out period during which lever
responses yielded no consequences. Inactive lever responses resulted in
no reinforcer or associated cues but were still recorded. Within each ses-
sion, the schedule of reinforcement advanced to a variable ratio (VR) 2,
3, and 5, sequentially, where a variable number of active lever responses
averaging to the specified number was needed to achieve reinforcement.
A minimum of 5 reinforcers earned was required within a reinforce-
ment schedule within a given hour to advance to the next reinforcement
schedule. Advancement to the next starting schedule between sessions
required animals to end on a higher schedule than the starting one for 3
consecutive sessions. Stability criteria at the end of self-administration
were defined as achieving at minimum 10 reinforcers on a VR5 start-
ing schedule and <15% variability in reinforcers earned across 3 con-
secutive sessions with no upward or downward trends. Some animals
(n = 17) underwent 5 days of forced abstinence and their brains were
collected on day 6 for protein quantification. Other animals (n = 27) un-
derwent 21 days of forced abstinence, followed by a 1 hr cue-induced,
cocaine-seeking test where active lever responses resulted in presenta-
tion of the light/tone cues but no cocaine reinforcer. Immediately fol-
lowing cue testing, their brains were collected for protein quantification.

2.5. Microinjection and MC-25-41 treatment procedures

Beginning on day 1 of abstinence, all animals received a daily mi-
croinjection of gp120 (45 ng/ulL, 1.0 uL, 0.5 uL/min, i.c.v.) or vehicle
(1X PBS, 1.0 uL, 0.5 uL/min, i.c.v.) into the right lateral ventricle for 5
consecutive days. Some animals were then sacrificed the day after the
fifth infusion (i.e., on day 6 of abstinence) to examine NAc cytokine,
chemokine, and growth factor expression proximal to sub-chronic gp120
exposure. After 21 days of forced abstinence, remaining animals re-
ceived a systemic injection of MC-25-41 (10 mg/kg/mL, i.p.) or vehicle
(1 mL/kg of 20% cyclodextrin + 3% HCI in saline, i.p.) 10 min prior to
undergoing the 1 hr cue-induced cocaine seeking test. This dosing reg-
imen of MC-25-41 is based on results of our previous study showing a
significant MC-25-41-induced reduction in cocaine self-administration
on a progressive ratio schedule at this dose [80].

2.6. Tissue processing and measurement of cytokine, chemokine, and
growth factor expression

On day 6 of abstinence or immediately after the cocaine seeking
test, animals were deeply anesthetized with isoflurane until respiration
ceased prior to rapid decapitation followed by brain removal. A 2 mm-
thick coronal brain slice containing the NAc core was collected over ice
and homogenized in an ice-cold RIPA lysis buffer solution containing
protease and phosphatase inhibitors (Sana Cruz Biotechnology, Dallas,
TX, USA). Tissue homogenates were centrifuged at 10,000 x g for 5 min
and the supernatants were collected and stored at —80 °C. Samples were
diluted 1:1 in 1X PBS and cytokine, chemokine, and growth factor ex-
pression levels were determined using the Rat Cytokine/Chemokine 27-
Plex Discovery Assay® Array (Eve Technologies, Calgary, AB Canada).
Each sample was analyzed in duplicate and the average of each pair of
readings was used as the final measure for each sample across all targets.

2.7. Data analysis

Cocaine infusions and sucrose pellets earned across each of the qual-
ifying sessions of self-administration were analyzed by repeated mea-
sures two-way ANOVAs, with self-administration session and treatment
group as factors. Active and inactive lever presses during cue-induced
cocaine seeking were analyzed with a three-way ANOVA, with treatment
(vehicle vs. MC-25-41), microinjection (control vs. gp120), and lever
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(active vs. inactive) as factors. Cytokine, chemokine, and growth fac-
tor expression was analyzed via two-way ANOVAs, with reinforcer (or
treatment) and microinjection as factors. For 21-day abstinence animals,
cytokine, chemokine, and growth factor expression was further analyzed
via simple linear regression to examine the correlation of NAc core neu-
roimmune signaling with active lever presses during cue-induced co-
caine seeking. Tukey’s or Dunnett’s multiple comparisons tests were
conducted to examine specific group differences when appropriate. Data
from a total of 6 rats were excluded from analysis due to loss of catheter
patency, failure to acquire cocaine self-administration, or clogged in-
tracerebral guide cannula. All analyses were conducted at « = 0.05 sig-
nificance level using GraphPad Prism 9.0 software.

3. Results
3.1. Cocaine and sucrose self-administration

Fig. 1A provides the procedural timeline from the experiment ex-
amining NAc core immune responses to 5-day gp120 exposure follow-
ing cocaine or sucrose self-administration. A repeated-measures two-
way ANOVA for cocaine infusions earned revealed a significant main
effect of session (F(y1,gg) = 6.161, p < 0.0001) but no significant main
effect of group or group-by-session interaction. Post hoc analysis of the
session main effect revealed a significant increase in cocaine infusions
earned on sessions 6-12 relative to session 1 (Dunnett’s test, *p < 0.05,
Fig. 1B). For sucrose animals that underwent 5 days of abstinence, a
repeated-measures two-way ANOVA for sucrose pellets earned revealed
a significant main effect of session (F(y1,110) = 23.35, p < 0.0001) but
no significant main effect of group or group-by-session interaction. Post
hoc analysis of the session main effect revealed a significant increase in
sucrose pellets earned on sessions 2-12 relative to session 1 (Dunnett’s
test, *p < 0.05, Fig. 1C). These results verify that the random assignment
of animals to treatment conditions produced similar self-administration
profiles.

3.2. Cue-induced cocaine seeking

The procedural timeline and results for the experiment investigat-
ing the effects of gp120 exposure on MC-25-41-induced attenuation
of cue-induced cocaine seeking are shown in Fig. 2A. A repeated-
measures, two-way ANOVA for cocaine infusions earned (Fig. 2B) re-
vealed no significant main effect of session or group, and no signifi-
cant group-by-session interaction. These results verify similar profiles
of cocaine self-administration between groups prior to gp120 treatment
and cue-induced cocaine seeking. A three-way ANOVA of lever presses
during the cue test revealed significant main effects of microinjection
type (F(323) = 5.153, p = 0.0329), drug treatment (F(; 53y = 14.77,
p =0.0008), and lever (Fq,23) = 97.76, p < 0.0001), as well as significant
microinjection-by-treatment (F(; 53) = 5.195, p = 0.0322) and lever-by-
treatment (F(; 53) = 10.03, p = 0.0043) interaction effects. Post hoc anal-
ysis revealed that MC-25-41 attenuated cue-induced cocaine seeking in
unexposed rats but failed to do so in gp120-exposed rats [*Tukey’s test,
p < 0.05 comparing active lever presses (ALPs) and inactive lever presses
(ILPs) for each group]. Indeed, the non-exposed, MC-25-41-treated rats
had significantly lower ALPs relative to all other groups (*Tukey’s test,
p < 0.05 relative to active lever presses of every other group, Fig. 2C).
Taken together, these results suggest that MC-25-41 significantly de-
creases cue-induced cocaine seeking and that a history of gp120 expo-
sure prevents this effect.

3.3. NAc core cytokine, chemokine, and growth factor expression

Two-way ANOVAs were used to examine the effect of early cocaine
abstinence and gp120 exposure (5 days) on NAc cytokine, chemokine,
and growth factor expression (Fig. 3A-J). The F-statistics, degrees of
freedom, and p-values for significant main effects and interactions are
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A  Timeline of Experimental Procedures: 5-day

Abstinence Experiment
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Fig. 1. Cocaine and sucrose self-administration prior to gp120 exposure and 5-day abstinence. (A) Timeline of experimental procedures. (B) Mean (+ SEM)
cocaine infusions earned for each qualifying cocaine self-administration (S.A.) session and (C) mean (+ SEM) sucrose pellets for each qualifying session of sucrose
self-administration. There were no group differences during training (i.e., prior to gp120 treatment). *p < 0.05 relative to session 1, regardless of treatment group.

n = 8-9/group.

Table 1

Two-Way ANOVA Outputs for 5d Abstinence NAc core Cytokine, Chemokine, and Growth Factor Expression.

Target Reinforcer p-value Microinjection p-value Reinf.* Micro. p-value
Eotaxin F 13 =12.29 p =0.0034 Fa13 =127 ns F(13 = 10.01 p =0.008
CX3CL1 Fp 13 = 47.22 p < 0.0001 F 13 = 0.0002 ns Fg,13 = 0.013 ns
GM-CSF P13 = 1.730 ns Fis = 6.71 p = 0.0224 Fq 13 = 3.663 ns

IFNy F13) = 16.62 p=0.0013 Fq3) = 0.873 ns Fq3) = 9.079 p=0.01
IL-4 F13) = 42.42 p < 0.0001 Fg,13 = 0.003 ns Fg,13 = 0.011 ns

IL-5 Fg 13 = 34.94 p < 0.0001 Fg 13 = 3.636 ns F,13) = 0.907 ns

IL-18 Fu13 = 75.45 p < 0.0001 Fu13) = 4.386 ns Fq 3 = 0.727 ns
CXCL2 F13 = 19.91 p = 0.0006 F,13) = 5.885 p = 0.0306 Fg,13) = 6.544 p = 0.024
CCL5 Fg 13 = 30.22 p = 0.0001 Fg 13 =19.84 p = 0.0006 F,13 = 0.089 ns

VEGF Fq13 = 6.43 p=0.0248 Fqs = 4.57 ns Fqqs = 15.35 p = 0.002

provided in Table 1. A significant main effect of reinforcer was detected
for fractalkine/CX3CL1, IL-4, IL-5, and IL-18, where early cocaine ab-
stinence, regardless of gp120 exposure, resulted in downregulation of
these targets compared to sucrose controls. Conversely, a significant
main effect of gp120 exposure was detected for GM-CSF, where GM-CSF
expression increased regardless of abstinence condition, although this
effect was likely driven by the increase observed in the sucrose + gp120
rats. Significant main effects of both reinforcer and gp120 were detected
for CCL5, where gp120 exposure increased CCL5 expression regardless
of abstinence condition and cocaine abstinence decreased CCL5 expres-
sion regardless of gp120 exposure history. A significant gp120 X rein-
forcer interaction as well as significant main effects of gp120 and/or
reinforcer were detected for eotaxin, IFNy, MIP-2/CXCL2, and VEGF.
Post hoc analyses of the interaction revealed that cocaine abstinence
and gp120 exposure increased expression of these targets compared to

the sucrose controls (**Tukey’s test, p < 0.05), although for IFNy, there
was only a trend towards increased expression in the sucrose + gp120
group compared to sucrose controls (Tukey’s test, p = 0.0564). In sum-
mary, cocaine abstinence independently decreased NAc core expression
of CX3CL1, IL-4, IL-5, IL-18, and CCL5, whereas gp120 independently
increased GM-CSF and CCL5 expression. In addition to these indepen-
dent effects, no synergistic or additive effects of cocaine abstinence and
gp120 exposure were detected, as cocaine abstinence, gp120, and their
combination produced similar increases in NAc core expression of IFNy,
eotaxin, MIP-2/CXCL2, and VEGF.

In addition to examining immune function during early cocaine ab-
stinence, we examined whether NAc core neuroimmune signaling is al-
tered by the 5-day exposure to gp120 after protracted abstinence from
cocaine. Rats used for this assessment had also received treatment with
vehicle or MC-25-41 prior to a cue-induced seeking test, and fresh NAc
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Timeline of Experimental Procedures: 21-day Abstinence
+ Cue-Induced Cocaine Seeking Experiment

Cue Test (1 hr)

Surgery & Cocaine S.A. Forced
Recovery (212 days) Abstinence (21d)
L ® o——
-5 0 12 t 33,34
gp120 or t
vehicle, i.c.v. MC-25-41 or
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Fig. 2. HIV gp120 exposure during early cocaine abstinence prevents the attenuation of cue-induced cocaine seeking by the D3R partial agonist MC-25-
41. (A) Timeline of experimental procedures. (B) Mean (+ SEM) cocaine infusions earned for each qualifying cocaine self-administration (S.A.) session prior to any
treatments and (C) mean (+ SEM) active lever presses (ALPs) and inactive lever presses (ILPs) during a 1-hr cue-induced cocaine seeking test. There were no group
differences during training prior to abstinence and gp120 treatment. After gp120 treatment and 21 days abstinence, MC-25-41 significantly attenuated cue-induced
cocaine seeking relative to vehicle treatment in control rats. However, MC-25-41 failed to attenuate cocaine seeking in rats treated with subchronic i.c.v. gp120
during the first 5 days of abstinence. *p < 0.05 between ALPs and ILPs for each group; #p < 0.05 relative to active lever presses of all other groups. Error bars = SEM;
n = 6-7/group.

Table 2
Two-Way ANOVA Outputs for 21d Abstinence + Cue-Induced Seeking NAc core Cytokine, Chemokine, and Growth Factor Expression.

Target Microinjection p-value Treatment p-value Micro.* Treat. p-value
Eotaxin Fq 53 = 6.522 p=0.0178 Fq 53 = 0.0008 ns Fq 55 = 0.247 ns
IFNy F 93 =5.177 p =0.0325 F 53 = 0.8085 ns F 93 = 0.0844 ns
IL-13 F123) = 5.569 p=0.0271 F 03 = 1.647 ns F 93 = 0.5017 ns
IL-4 Fq 53 = 0.0227 ns Fq 55 = 11.29 p = 0.0027 Fo 55 = 1.264 ns
VEGF

GM-CSF F1 93 = 3.045 p=0.0943 Fr 93 =7.172 p=0.0134 F 93 = 0.7248 ns
CXCL5 Fi 03 = 5.783 p =0.0246 F 03y = 2.977 p =0.0979 F 93y = 0.2292 ns
CXCL2 F 53 = 5.452 p = 0.0286 Fas = 3.775 p = 0.0644 Fops = 0.612 ns
IL-6 Fq o1y = 16.61 p = 0.0005 Fg o) =5.814 p=0.0251 Fg 1) =1.893 ns

core tissue was harvested immediately after the test. Two-way ANOVAs
were used to examine the effects of gp120 exposure history and MC-25-
41 treatment on NAc core cytokine, chemokine, and growth factor ex-
pression (Fig. 4A-I). The F-statistics, degrees of freedom, and p-values
for significant main effects and interactions are provided in Table 2.
Only a significant main effect of gp120 was detected for eotaxin, IFNy,
and IL-13, where exposure history increased the expression of these tar-
gets regardless of MC-25-41 treatment. Conversely, only a significant
main effect of treatment was detected for IL-4 and VEGF, where MC-
25-41 reduced the expression of these targets regardless of gp120 ex-
posure history. Similar main effects or trends toward them (p < 0.10)

of both gp120 and treatment were found for GM-CSF, LIX/CXCL5, MIP-
2/CXCL2, and IL-6, where gp120 exposure history independently in-
creased, while MC-25-41 independently decreased, expression levels.
Importantly, no significant interaction effects between gp120 and MC-
25-41 treatment were detected for any of the measured analytes.

To better understand the neuroimmune mechanisms that may under-
lie the failure of MC-25-41 to inhibit cocaine seeking in gp120-exposed
rats, we examined whether neuroimmune-signaling molecules in the
NAc core correlated with cue-induced cocaine seeking. Using simple lin-
ear regression analysis, we identified 5 neuroimmune factors that posi-
tively correlated with cue-induced cocaine seeking (IL-6, MIP-1a/CCL3,
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Fig. 3. Cocaine abstinence and i.c.v. gp120 exposure alter neuroimmune function in the NAc core. (A-J) Two-way ANOVAs revealed a significant main effect
of early cocaine abstinence for fractalkine/CX3CL1, IL-4, IL-5, IL-18, and CCL5 where cocaine abstinence decreased the expression of these targets regardless of gp120.
Conversely, a significant main effect of gp120 exposure was detected for CCL5 and GM-CSF, where gp120 increased the expression of these targets regardless of
abstinence condition, although this is likely driven by the sucrose + gp120 group for GM-CSF. Significant interactions were detected between early cocaine abstinence
and subchronic exposure to gp120 for eotaxin, IFNy, MIP-2/CXCL2, and VEGF compared to unexposed, sucrose-abstinent rats (i.e., sucrose + CTRL group). Expression
of these targets was increased to a similar degree due to cocaine abstinence, gp120 exposure, or their combination relative to sucrose controls. Overall, no additive
or synergistic effects of combined gp120 and early cocaine abstinence were observed. *p < 0.05, ANOVA main effect (brackets indicate significant effect of the
manipulation); **p < 0.05 relative to all other treatment groups; #p < 0.05 relative to CTRL-cocaine and gp120-cocaine groups. Error bars = SEM; n = 4-5/group.

MIP-2/CXCL2, VEGF, and GM-CSF; Fig. 5A-E). In contrast, cocaine seek-
ing correlated negatively with fractalkine/CX3CL1 expression (Fig. 5F).
Given the failure of MC-25-41 to significantly attenuate the gp120-
induced increase in MIP-2/CXCL2 (Fig. 4H) and the significant corre-
lation of this factor with cue-induced cocaine seeking (Fig. 5C), it is
possible that a gp120-induced increase in MIP-2/CXCL2 signaling may
partially underlie the failure of MC-25-41 to inhibit cocaine seeking.

4. Discussion

The present study demonstrates that a history of CNS exposure to the
HIV protein gp120 during early abstinence impairs the therapeutic ef-
ficacy of a putative anti-craving medication in rodents [80]. Both early
cocaine abstinence (5 days) and gp120 exposure, alone and in combina-

tion, were associated with immune dysfunction in the NAc core relative
to sucrose controls. After a protracted period of cocaine abstinence, the
dopamine D3R partial agonist MC-25-41 decreased cue-induced cocaine
seeking in controls, but not in rats that received i.c.v. microinfusions of
gp120 during the first 5 days of 21 days of cocaine abstinence (Fig. 2).

During early abstinence, cocaine decreased levels of
fractalkine/CX3CL1, IL-4, IL-5, IL-18 and CCL5 regardless of whether
rats were exposed to gpl120, whereas gp120 exposure during early
abstinence increased levels of CCL5 and GM-CSF regardless of rein-
forcement history (Fig. 3). Both gp120 exposure and cocaine history
similarly increased levels of eotaxin, IFNy, MIP-2/CXCL2, and VEGF
during early abstinence. Among these immune factors altered by gp120,
eotaxin, IFNy, and MIP-2/CXCL2 were upregulated by gp120 exposure
history relative to unexposed controls following late cocaine abstinence,
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Fig. 4. MC-25-41 and gp120 independently alter NAc core cytokine, chemokine, and growth factor expression in cocaine-seeking rats. (A-I) Rats that had
self-administered cocaine received daily i.c.v. microinfusions of gp120 for the first 5 (out of 21) days of abstinence prior to a cue-induced cocaine seeking test and were
sacrificed for NAc core tissue collection immediately after testing. Two-way ANOVAs revealed a significant main effect of gp120 exposure history on eotaxin, IFNy,
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significant main effect of MC-25-41 treatment on IL-4, VEGF, GM-CSF, and IL-6 expression (*p < 0.05) and a trend toward an effect on LIX/CXCL5 and MIP-2/CXCL2
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were detected, indicating that MC-25-41 did not significantly attenuate any gp120-induced increases in immune factor expression back down to unexposed levels.

Error bars = SEM; n = 6-7/group.

which suggest a set of enduring neuroimmune adaptations that persist
across abstinence (Fig. 4). Taken together, the findings suggest that
exposure to HIV gpl20 throughout the CNS may produce striatal
neuroimmune-induced dysfunction that could impair the efficacy of
medications intended to treat CUDs.

A history of gpl20 exposure alone had no effect on cue-induced
cocaine seeking; however, the expression of numerous immune fac-
tors within the NAc core positively correlated with this behavior and
fractalkine/CX3CL1 negatively correlated with this behavior (Fig. 5).
The finding that increasing levels of VEGF, GM-CSF, MIP-2/CXCL2, and
IL-6 were associated with increased cue-induced cocaine seeking is inter-

esting because MC-25-41 tended to decrease levels of these immune fac-
tors in the NAc core during late abstinence and attenuated cue-induced
cocaine seeking in rats not exposed to gp120. However, gp120 signifi-
cantly increased MIP-2/CXCL2 expression in the NAc core during late
abstinence while MC-25-41 failed to significantly attenuate the expres-
sion of this immune factor (Fig. 4). Altogether, this suggests that gp120-
induced increases in MIP-2/CXCL2 within the NAc core may underly the
failure of MC-25-41 to inhibit cue-induced cocaine seeking in gp120-
exposed rats (Fig. 2).
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4.1. MC-25-41 reduces cue-motivated cocaine seeking

The D3R has long been implicated in cue-motivated drug seek-
ing [15,36,47,69,76,101,107,109]. Both animal and human stud-
ies show up-regulation of D3Rs in response to cocaine experience
[10,22,58,70,74]. Further evidence that D3R signaling plays a key role
in motivation for cocaine is that antagonists or partial agonists atten-
uate cocaine self-administration under high- but not low-effort sched-
ules of reinforcement [11,30,34,35,79,107]. We selected MC-25-41 for
the present study among several compounds our group has developed
[18,19] because it exhibits low efficacy (19.4% maximum activity in
the forskolin-dependent adenylyl cyclase assay), high affinity (D3R
K; = 0.50 nM), and high selectivity for D3Rs (1486-fold selective over
D2Rs; [80]). Importantly, MC-25-41 also has a longer half-life (>60 min
in human and rat liver microsome assays) compared to other D3R com-
pounds [17,80]. In line with our previous findings [80], MC-25-41 sig-
nificantly attenuated cue-induced cocaine seeking after a period of pro-
tracted abstinence in unexposed rats. However, MC-25-41 failed to at-
tenuate cocaine seeking in rats with a history of CNS gp120 exposure.
The gp120 disruption of this MC-25-41 effect may be due in part to
synaptic dysregulation caused by neuroimmune responses as discussed
in more detail below.

4.2. Cocaine abstinence- and HIV gp120-induced immune responses in the
NAc core

Both cocaine and HIV proteins such as gp120 can promote neu-
roimmune dysfunction and blood brain barrier (BBB) permeability,
which may contribute to impaired synaptic homeostasis and subsequent

drug seeking as well as increased HIV neuroinvasion [52,112,113].
Neuroinflammation induced by infection, psychostimulants, and other
xenobiotics increases BBB permeability, which can facilitate neuroinva-
sion of peripheral immune cells that can impair synaptic homeostasis
[29,37,52]. After 5 days of cocaine abstinence and concomitant gp120
exposure, cocaine alone upregulated MIP-2/CXCL2, eotaxin and VEGF
to the same degree as cocaine + gp120 exposure, suggesting that gp120
exposure and early cocaine abstinence do not interact synergistically
or additively in regulating these molecules. However, this upregulation
of MIP-2/CXCL2 coincided with a positive correlation with cue-induced
cocaine after a protracted abstinence period. Moreover, gp120 exposure
history was associated with increased MIP-2/CXCL2 expression relative
to unexposed rats after protracted abstinence, and MC-25-41 did not
significantly attenuate MIP-2/CXCL2 expression. Among the other im-
mune factors upregulated by gp120 exposure history at this timepoint,
MC-25-41 decreased levels of IL-4, VEGF, GM-CSF, and IL-6 regardless
of whether or not rats were previously exposed to gp120.

Few studies have examined the causal role of cytokines and
chemokines in SUDs-related behaviors. However, together with the ex-
tant literature, our findings suggest that the gp120-induced upregulation
of MIP-2/CXCL2 in the NAc core is involved in the impaired efficacy of
MC-25-41 to reduce cocaine seeking. MIP-2/CXCL2 critically mediates
peripheral immune cell migration and subsequent release of proinflam-
matory factors into the brain parenchyma [51,92,106], and recruitment
of these cells to the brain promotes depression- and anxiety-like behav-
ior in rodents [61,105]. Studies in vitro demonstrate that gene expres-
sion of MIP-2/CXCL2 is significantly increased in human monocytes ex-
posed to gp120 as well as in human neuronal progenitor cells exposed
to cocaine [24,55]. Moreover, cultured human astrocytes repeatedly ex-
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posed to methamphetamine show marked upregulation of MIP-2/CXCL2
gene expression [45]. Nevertheless, there is a dearth of research on the
impact of mesocorticolimbic MIP-2/CXCL2 signaling on drug-seeking
behavior, although one study found a significant reduction in cocaine
conditioned place preference after systemic inhibition of its receptor,
CXCR2 [89]. Given the increase in NAc core MIP-2/CXCL2 by cocaine
abstinence, gp120, and their combination at the early abstinence time-
point, this particular neuroimmune adaptation may represent a more
enduring neuroimmune impairment that regulates cue-induced cocaine
seeking. For example, this increase in MIP-2/CXCL2 could facilitate cue-
evoked excitatory neurotransmission at NAc core medium spiny neuron
synapses that drive cocaine-seeking behavior [82]. Collectively, these
results suggest that NAc neuroimmune dysfunction may regulate cue-
motivated cocaine seeking, and immune signaling impairments induced
by HIV may underlie treatment resistance among those living with co-
morbid HIV and CUDs.

HIV proteins impact mesocorticolimbic neuroimmune function in
ways that may promote drug-seeking behavior, and in vivo transgenic
animal models and in vitro studies have revealed important insights
into this phenomenon. For instance, gp120 transgenic (Tg) mice exhibit
increased translocator protein (TSPO; a microglial activation marker)
binding within the striatum, hypothalamus, and hippocampus in re-
sponse to a LPS challenge compared to wild type controls [110], sug-
gesting an increase in microglial reactivity. These mice also exhibit in-
creased sensitivity to methamphetamine-conditioned reward [50]. In
rats, cocaine exposure upregulates NAc expression levels of CCR5 mRNA
(which binds to gp120), and pharmacological inhibition of CCR5 atten-
uates cocaine conditioned place preference [68]. Within human mesen-
cephalon/glia cell culture preparations that are rich in dopamine neu-
rons, gpl20 induces neurodegeneration and oxidative stress [43], impli-
cating dopamine neurons as a susceptible cell population. Importantly,
cocaine potentiates cellular toxicity, oxidative stress, and NF-«xB path-
way activation induced by gp120 exposure within rat primary astro-
cyte cell cultures [108]. We and others have demonstrated a critical
role for NAc NF-«kB pathway signaling in cue-motivated drug seeking
([65], 2022; [87]), and gp120 may induce neuroimmune dysfunction
via stimulation of NF-xB pathway signaling [93]. In turn, this could
drive drug-seeking behavior and impair the inhibitory effects of MC-25-
41 on this behavior. Recently, de Guglielmo et al. [28] showed that HIV
transgenic rats, which constitutively express 7 of the 9 HIV proteins, ex-
hibit escalation of methamphetamine intake, increased responding on
a progressive ratio schedule reinforcement, and enhanced neuroinflam-
mation within the medial prefrontal cortex (mPFC) after a 4-week ab-
stinence period. Paralleling these findings, we observed increased NAc
core expression of proinflammatory factors such as eotaxin, IFNy, IL-6,
MIP-2/CXCL2, and LIX/CXCLS5 in gp120-exposed rats regardless of MC-
25-41 treatment after a similar length of abstinence. Nevertheless, the
profile of neuroimmune changes observed here are distinct from this
previous study, although this is likely due to model differences and/or
brain region differences. Collectively, these studies highlight that HIV
may modulate neuroimmune function to disrupt reward-seeking behav-
ior, and that abstinence is a critical phase of the addiction cycle where
individuals may be uniquely susceptible to HIV-induced dysregulation
of drug-motivated behavior.

4.3. Limitations and future directions

One limitation of the present study is the lack of female subjects.
We focused on males in this initial study because HIV still dispropor-
tionately impacts males. As of 2020, men accounted for 80% of new
HIV cases within the United States, with over 70% of cases attributed to
male-to-male sexual contact, with or without injection drug use, specif-
ically [13]. However, it is important to note that women accounted for
18% of new HIV diagnoses within the United States [13]. Many preclin-
ical studies in rodents indicate important sex differences in the effects of
HIV on striatal synaptic morphology and physiology, dopamine signal-
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ing, and reward-seeking behavior [9,59,60,72,73]. Moreover, we have
recently demonstrated that female rats fail to exhibit an attenuation of
cue-induced cocaine seeking in response to NAc core NF-xB inhibition
[66]. Thus, it is possible that females have a differential neuroimmune
profile and behavioral response to MC-25-41 treatment following gp120
exposure and protracted abstinence compared to males. Future studies
should probe this phenomenon.

Another potential limitation of the present study is the use of a sin-
gle HIV protein (i.e., gp120) as opposed to a cocktail of multiple HIV
proteins or the use of transgenic animals that express one or more of
these proteins chronically. Indeed, gp120 and Tat can produce syner-
gistic neurotoxicity that is greater than that produced by either pro-
tein alone [67], and chronic, low-level exposure within the CNS to sev-
eral HIV proteins in transgenic rodents can recapitulate many aspects of
HAND among virally-suppressed PLWH [64,100]. Nevertheless, one dis-
tinct advantage of the protein approach utilized in the present study is
the temporal control over HIV protein exposure. Many PLWH who are
diagnosed with a SUD acquired HIV collaterally through risky behav-
iors such as unsafe sexual practices, needle sharing, etc. In such cases, a
chronic history of drug use, and the enduring impact of that drug history
on mesocorticolimbic neurobiology, precedes HIV infection. Thus, the
administration of HIV proteins into the CNS after a history of drug use
is a distinct translational advantage over other preclinical models. Stud-
ies attempting to understand the neurobiological intersections of HIV
and SUDs must carefully consider the chronological sequence in which
substance use and HIV occur to parse their neurobehavioral interactions
more accurately, particularly as it pertains to medications development
efforts. Future studies could benefit from models such as the EcoHIV
model, which provides temporal specificity over direct administration
of a chimeric virus construct that closely mimics HIV and successfully
infects murine immune cells [78]. Characterization of addiction-like be-
haviors and pharmacotherapeutic efficacy using such models would be
a major advancement in the preclinical study of vulnerable subpopula-
tions of people living with SUDs.

Collection of fresh NAc tissue for neuroimmune analyses precluded
us from histologically verifying cannula placement for i.c.v. infusions,
although cannula placement within the right lateral ventricle was visu-
ally inspected and confirmed during fresh tissue dissections. The present
study focused on NAc core neuroimmune signaling given its critical role
in abstinence-dependent cocaine seeking [75], however we realize that
the behavioral effects observed involve corticolimbic neural circuitry.
Given the systemic nature of the i.c.v. gp120 treatment, other brain
regions that are known to be susceptible to HIV-induced neuropathol-
ogy and are critically involved in cocaine-seeking behavior, such as the
mPFC, may exhibit a differential profile of neuroimmune adaptations
[28,85,103,104]. Such changes could also account for the disrupted MC-
25-41 effects we observed on cue-induced cocaine seeking by gp120
exposure history. Future research should characterize the broader im-
pact of HIV on neuroimmune function across brain regions, abstinence
timepoints, and sex to better understand the mechanisms that underlie
immunomodulation of drug-seeking behavior and associated synaptic
plasticity.

5. Conclusions

We demonstrate here that sub-chronic CNS exposure to the HIV pro-
tein gp120 induces several neuroimmune adaptations within the NAc
core of male rats and blocks the therapeutic efficacy of the novel D3R
partial agonist MC-25-41. The latter finding highlights the importance of
examining HIV and other comorbidities in medications development for
SUDs. In further support, nearly 40% of young adults who have a serious
mental illness also meet the diagnostic criteria for a substance use dis-
order (SUD), and over 60% of adolescents enrolled in community-based
SUD treatment programs also met the DSM criteria for other mental
disorders [42,49,86]. Furthermore, a large, multi-site study within the
U.S. of over 10,000 PLWH found a SUD prevalence rate of 48%, with
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a 20% rate of polysubstance use and an 11% prevalence rate of CUDs,
which is substantially higher than the national average [39]. SUDs/HIV
comorbidity reduces cART adherence and healthcare utilization as well
as increases difficulty in managing viral load [32]. Cocaine also impairs
the efficacy of cART regardless of treatment adherence [84], possibly
through direct drug-drug interactions [53]. Thus, with no FDA-approved
medications that adequately treat CUDs, individuals with comorbid HIV
and CUDs are particularly vulnerable to poorer health outcomes. Alto-
gether, the present findings highlight potential neuroimmune mecha-
nisms to explore with future research examining the modulatory impact
of comorbidities such as HIV on the therapeutic efficacy of putative anti-
craving medications.
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