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Introduction

The United States is experiencing an opioid epidemic; in 
2015, about 97.5 million Americans used pain relievers, and 
2  million people had a pain reliever use disorder.1 At the 
same time, a dramatic increase in opioid-related deaths has 
occurred: the number of fatalities because of drug overdose 
exceeded 190 cases per day in 2017.2 Clearly, there is a dire 
need for an effective approach that will limit the potential for 
abuse of opioid prescription drugs and help with the treat-
ment of pain reliever use disorder.

A growing body of literature shows that repeated exposure 
to drugs of abuse results in a proinflammatory neuroimmune 
response that alters glia–neuron interactions.3 For example, 
opioids interact with C-C chemokine co-receptor type 5 
(CCR5), a G-protein-coupled receptor that is involved in im-
mune cell function.4 Interestingly, µ-opioid receptors, which 

mediate the effects of opioid drugs (including opioid pain re-
lievers),5 can heterodimerize with CCR5,6 leading to an in-
crease of CCR5 activity in the presence of opioids. This may 
explain why morphine given to patients infected with human 
immunodeficiency virus (HIV) exacerbates the infection.7,8 
Moreover, acute withdrawal from morphine greatly in-
creases the expression of endogenous CCR5 chemokine 
 ligands, and manipulation of CCR5 alters the antinociceptive 
and rewarding properties of morphine.9

The mesolimbic dopaminergic system is critically in-
volved in the rewarding and conditioned effects of opioid 
(and other) drugs, as well as in the development of drug 
abuse and addiction.10 Interestingly, recent studies have 
shown that Ccr5-knockout mice exhibit fewer dopamine 
neurons and lower levels of striatal dopamine.11 Together, 
the reported dysregulation of the CCR5 system by morphine 
and the interaction of the CCR5 system with the mesolimbic 
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Background: Maraviroc is an antiretroviral agent and C-C chemokine coreceptor 5 (CCR5) antagonist that is currently used to treat hu-
man immunodeficiency virus. CCR5/µ-opioid receptor heterodimerization suggests that maraviroc could be a treatment for oxycodone 
abuse. We treated rats with maraviroc to explore its effect on oxycodone-seeking and its interference with the analgesic effects of oxy-
codone. We used resting-state blood-oxygen-level-dependent functional connectivity to assess the effect of maraviroc on oxycodone-
enhanced coupling in the reward circuitry and performed behavioural tests to evaluate the effect of maraviroc on oxycodone rewarding 
properties and on oxycodone-seeking after prolonged abstinence. Methods: Two groups of rats were exposed to 8 consecutive days 
of oxycodone-conditioned place preference training and treatment with maraviroc or vehicle. Two additional groups were trained to 
self-administer oxycodone for 10 days and then tested for drug seeking after 14 days of abstinence with or without daily maraviroc treat-
ment. We tested the effects of maraviroc on oxycodone analgesia using a tail-flick assay. We analyzed resting-state functional connec-
tivity data using a rat 3-dimensional MRI atlas of 171 brain areas. Results: Maraviroc significantly decreased conditioned place prefer-
ence and attenuated oxycodone-seeking behaviour after prolonged abstinence. The analgesic effect of oxycodone was maintained after 
maraviroc treatment. Oxycodone increased functional coupling with the accumbens, ventral pallidum and olfactory tubercles, but this 
was reduced with maraviroc treatment. Limitations: All experiments were performed in male rats only. Conclusion: Maraviroc treat-
ment attenuated oxycodone-seeking in abstinent rats and reduced functional coupling in the reward circuitry. The analgesic effects of 
oxycodone were not affected by maraviroc.
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dopaminergic system suggest that the CCR5 system 
could be targeted to alter behaviours related to opioid 
drugs. The potential involvement of the CCR5 system in be-
haviours that are related to the abuse potential of drugs is 
supported by a recent study from Nayak and colleagues.12 
The authors reported that pretreatment with maraviroc in-
hibited the development of cocaine-conditioned place pref-
erence (CPP) and showed evidence of CCR5 dysregulation 
in the nucleus accumbens and ventral tegmental area.12 
Maraviroc is an antiretroviral agent and a CCR5 receptor 
 antagonist that is currently used to treat HIV infection13 and 
reduce glial proinflammatory activation.14,15 Notably, mara-
viroc treatment does not interfere with the analgesic effects 
of opioid drugs; in fact, it seems to augment the analgesic 
properties of morphine in rats.16

In the present study, we focused on one of the most widely 
prescribed opioid drugs: oxycodone. Oxycodone is an easily 
absorbed preferential µ-opioid receptor agonist17 and a po-
tent analgesic that was initially prescribed for the manage-
ment of pain associated with surgery and palliative care, but 
this rapidly led to the escalation of oxycodone use and, not 
unexpectedly, its abuse.18 We addressed 3 issues. First, we in-
vestigated whether treatment with maraviroc would interfere 
with the rewarding properties of oxycodone and assessed the 
effects of acute maraviroc treatment on oxycodone-induced 
analgesia. Second, we determined whether repeated adminis-
tration of maraviroc over a period of abstinence after oxyco-
done self-administration would attenuate oxycodone-seeking 
in a model of cue-induced relapse.19 Drug-seeking tests after 
self-administration procedures are considered the gold stan-
dard for models of drug abuse and addiction.20 Finally, re-
peated exposure to drugs of abuse triggers a proinflamma-
tory neuroimmune response that is thought to at least 
partially mediate addiction-related brain adaptations.3,21 Ad-
aptations in the mesolimbic dopaminergic reward system are 
central to the development and maintenance of substance use 
disorders.10 Therefore, we sought to identify oxycodone-
induced adaptations in reward circuitry and explore the 
 effect of pretreatment with maraviroc on these changes. 
Functional  MRI — and more specifically, functional connectiv-
ity — is a noninvasive approach to studying the global inte-
grated neural circuitry involved in acute and chronic drug 
use and the motivation behind drug-seeking behaviour and 
cue-induced reinstatement after withdrawal.22,23 We used 
resting-state blood-oxygen-level-dependent (BOLD) func-
tional connectivity to follow changes in functional coupling 
in reward- and motivation-related circuitry in rats that were 
tested for oxycodone CPP and treated with maraviroc.

Methods

Animals

Studies were done in 2 different locations. Studies conducted 
at Northeastern University for CPP, tail-flick tests and func-
tional MRI used male Sprague–Dawley rats (n = 37) that were 
purchased from Charles River Laboratories, weighed 300 to 
350 g and were maintained on a 12 h light–dark cycle (lights 

on at 0700 h). Food and water was provided ad libitum. Rats 
were cared for and monitored in accordance with the guide-
lines published in the Guide for the Care and Use of Laboratory 
Animals (National Institutes of Health Publications No. 85–23, 
Revised 1985) and with the National Institutes of Health and 
American Association for Laboratory Animal Science guide-
lines. The protocols used in this set of experiments were com-
pliant with the regulations of the Institutional Animal Care 
and Use Committee at Northeastern University.

Studies conducted at Concordia University for self-
administration and locomotor behaviour used Long Evans 
male rats (n = 20) purchased from Charles River Laboratories. 
Animals were housed in pairs in standard cages under a re-
verse 12 h light–dark cycle (lights off at 0930 h) with food 
(Agribran Purina Canada Inc.) and water ad libitum and min-
imal environmental enrichment. All experiments were ap-
proved by the Animal Research Ethics Committee of Concor-
dia University and were carried out in accordance with the 
recommendations of the Canadian Council on Animal Care.

Drugs

Oxycodone was purchased from Sigma Chemical or Toronto 
Research Chemicals, or it was provided as a gift by the US 
National Institute for Drug Abuse. It was diluted in sterile 
 saline to achieve a dose of 3 mg/kg for i.p. injections at a vol-
ume of approximately 0.5 mL for CPP and the tail-flick test, 
and 0.1 mg/kg per infusion for self-administration.

During CPP and the tail-flick test, maraviroc (Glentham 
Life Science) was dissolved in sterile saline for i.p. injections 
of 10 mg/kg. For the oxycodone-seeking test, maraviroc 
was dissolved in 8% dimethyl sulfoxide, 30% polyethylene 
glycol 400, 30%Tween80 and H2O. The vehicle was 8% 
 dimethyl sulfoxide, 30% polyethylene glycol 400, 5% 
Tween80 and H2O. The drug doses we used were based on 
relevant literature (oxycodone24) and preliminary experi-
ments in our laboratories.

Behavioural procedures

CPP
We ran a biased CPP protocol in an 80 × 32 cm box, with 
2  chambers characterized by distinctly different black and 
white patterns (checkered and diagonal stripes). The cham-
bers were separated by a door that could be raised to permit 
movement between the 2 sides. A camera was placed ap-
proximately 0.6 m above the box, and we analyzed the re-
corded videos using the behavioural software ANY-maze 
(Stoelting Co.).

For preconditioning, on the first day animals were placed 
in the conditioning box with access to all compartments for 
15 min. We recorded the time spent in each compartment 
and analyzed it to determine which side each rat naturally 
preferred; this was termed the “preferred side.”

Place conditioning consisted of an 8 d training schedule. 
Rats were divided into 2 groups: vehicle (n = 9) and maravi-
roc (n = 9). Rats received a daily dose of maraviroc (10 mg/kg) 
or vehicle 1 h before they received either oxycodone 
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(3 mg/kg) or saline (all injections i.p.) on alternating days. 
Then they were placed in the conditioning chamber for 
20  min, within the oxycodone half-life.25 During these ses-
sions, we restricted the rats to 1 compartment by closing the 
removable partition. On days when rats were given oxy-
codone, they were placed on the side they least preferred; on 
days when they were given saline, they were placed on their 
preferred side.

On the 9th day, CPP testing took place. Rats were placed in 
the preference box with the removable partition raised, giv-
ing them free access to both sides for 15 min, and they were 
videotaped.

We analyzed the CPP data using software to avoid testing 
bias. We used ANY-maze software to track the time each rat 
spent on each side of the conditioning box, giving us an 
 index of preference for the drug-paired side. We performed a 
repeated-measures analysis of variance (ANOVA) on the dif-
ference between time spent in the oxycodone-paired chamber 
and the saline-paired chamber (preference score), with treat-
ment (maraviroc or vehicle) as a between-subject factor and 
time (pre-CPP or post-CPP) as a within-subject factor. We ap-
plied Bonferroni corrections for post hoc tests. In this report, 
effect sizes are presented as ηp

2 or Cohen d.

Cue-induced drug-seeking test and locomotor test
Twenty rats were trained to self‐administer oxycodone for 
10 d, in 6 h daily sessions. Rats were implanted with an intra-
jugular Silastic catheter (Dow Corning) under 2% isoflurane 
anesthesia, as described by Sedki and colleagues.26 All rats 
were housed in the operant conditioning chamber during 
self-administration training. We used operant conditioning 
chambers with 2 retractable levers, a house light, white cue 
lights above the levers and a tone generator enclosed in 
sound‐attenuating boxes (29.0 × 29.0 × 25.5 cm; Coulbourn 
Instruments). The first 3 d of training took place under a 
fixed ratio (FR1) schedule of reinforcement (i.e., each lever 
press was reinforced); the next 3 d were under FR2; and the 
last 4 d of training were under FR3. The daily session began 
with illumination of the house light, extension of the active 
lever and activation of the cue light and tone for 30 s or until 
the active lever was pressed. Completing the required ratio of 
responses (FR1, 2 or 3) on the active lever resulted in a 
0.13 mL (0.1 mg/kg) infusion of oxycodone over 5 s and the 
initiation of a 20 s time-out period during which the house 
light was turned off and the cue light and tone were turned 
on. Presses on the active lever during the time-out were re-
corded but did not result in an additional infusion. Presses 
on the inactive lever were recorded but had no programmed 
consequence.

After 10 d of oxycodone self-administration training, rats 
were transferred back to the Animal Care Facility and 
housed individually. Following a drug washout period of 
24 h, rats were assigned to 1 of 2 groups: maraviroc (n = 7) 
or vehicle (n = 6). The groups were matched by average 
number of infusions taken, active lever responses made 
and body weight over the last 5 d of training. During the 
14  d abstinence phase, the 2 groups of rats were exposed to 
daily i.p. injections of maraviroc (10 mg/kg) or vehicle 

(1  mL/kg). Body weight and food consumption were re-
corded daily.

On day 15 of abstinence, rats were returned to the operant 
conditioning chambers for a single 3 h oxycodone-seeking 
test session, in which drug-paired cues (the light and tone 
presented during oxycodone self-administration) were acti-
vated after a response on the active lever, as described for the 
self-administration phase. Fifteen minutes before the begin-
ning of the test, rats were injected with either maraviroc or 
vehicle. The oxycodone-seeking test was performed under 
the same conditions as the self‐administration training, ex-
cept that the test was performed under extinction conditions 
(responses on the active lever did not result in an infusion of 
oxycodone). Responses on the active and inactive levers were 
both recorded.

On day 16 of abstinence, rats were injected with maraviroc 
(10 mg/kg) or vehicle 15 min before being placed in a loco-
motor activity monitoring chamber (39 × 42 × 50 cm; Coul-
bourn Instruments). We recorded total distance travelled 
(cm) over a period of 1 h using the TruScan software (Coul-
bourn Instruments).

We analyzed the mean number of infusions during self-
administration for the vehicle and maraviroc groups using 
2-way ANOVA, with days1–10 as a within-subject factor and 
treatment (maraviroc or vehicle) as a between-subject factor. 
We analyzed active and inactive lever responses made over 
the self-administration training days using mixed-effect 
ANOVA, with treatment (maraviroc or vehicle) as a between-
subject factor (note: treatment groups were assigned after 
training) and lever (active or inactive) and days1–10 as within-
subject factors. We compared the total active and inactive 
 lever responses performed by rats in the maraviroc and vehi-
cle groups during the 3 h oxycodone-seeking test using 
repeated-measures ANOVA, with lever (active or inactive) as a 
within-subject factor and treatment (maraviroc or vehicle) as 
a between-subject factor. We analyzed active and inactive 
 lever responses over time during the 3 h oxycodone-seeking 
test using 3-way repeated-measures ANOVA, with treatment 
(maraviroc or vehicle) as a between-subject factor and lever 
(active or inactive) and time (1, 2 or 3 h) as within-subject fac-
tors. For the locomotor activity test, we performed repeated-
measures ANOVA to compare the distance (cm) travelled in 
1 h by the maraviroc and vehicle groups, with treatment 
(maraviroc or vehicle) as a between-subject factor and time 
(6 bins of 10 minutes) as a within-subject factor. For all statis-
tical analyses we performed, a critical threshold for statistical 
significance was set at p < 0.05, using Prism (version 8.0.2; 
GraphPad). We applied a Geisser–Greenhouse correction for 
unequal variability of differences (sphericity) in the repeated-
measures ANOVA models. For effect size calculations we 
used ηp

2 and Cohen d. We used Bonferroni corrections for 
post hoc tests.

Oxycodone-induced analgesia (tail-flick test)
The tail-flick test measures response to noxious stimuli 
 using a heat stimulus.27 Drug-naive rats were tested before 
they received any treatment to obtain baseline tail-flick 
 latency. Then, rats received a pretreatment of saline (n = 5) 
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or maraviroc (n = 5; 10 mg/kg) 1 h before a second tail-
flick test. Both groups were then given an i.p. injection of 
oxycodone (3 mg/kg) 15 min before the rats’ tails were 
dipped in water set at 60°C. If no response was detected 
after 10 s, the rats’ tails were removed to avoid any poten-
tial tissue damage.

We performed repeated-measures ANOVA on latency to 
the tail-flick test, with treatment (maraviroc or vehicle) as a 
between-subject factor and time (baseline or after oxycodone 
injection) as a within-subject factor. We applied Bonferroni 
correction for post hoc tests.

Resting-state functional connectivity

We imaged the rats from the CPP assay (oxycodone/vehicle 
and oxycodone/maraviroc) and their controls (maraviroc 
only; n = 5) and vehicle only (n = 4) 48 hours after completion 
of the CPP assay. The maraviroc and vehicle controls fol-
lowed the same 8 d treatment regimen used for the CPP 
 assay, minus exposure to oxycodone and CPP testing. Im-
aging was conducted under light isoflurane anesthesia to 
minimize motion and physiologic stress during resting-state 
BOLD functional connectivity imaging (for a review, see 
Gorges and colleagues28). Anesthesia may reduce the magni-
tude of the BOLD signal, but it does not disrupt connectivity, 
as demonstrated across species and under different physio-
logical conditions.29

We collected scans using a spin-echo triple-shot echo-planar 
imaging (EPI) sequence (imaging parameters: matrix size  
96  × 96 × 20 [height × width × depth], repetition time  
1000 ms, echo time  15 ms, voxel size  0.312 × 0.312 × 1.2 mm, 
slice thickness 1.2 mm, 200 repetitions, acquisition time 
10 min). The benefits of multi-shot EPI in BOLD imaging have 
been described previously.30–34 We avoided using single-shot 
EPI because of its severe geometrical distortion at high field 
strengths (≥ 7 T) and loss of effective spatial resolution as the 
readout period increases.31,35,36 Single-shot EPI also comes with 
the possibility of signal loss as a result of accumulated mag-
netic susceptibility or field inhomogeneity.34 Information on 
our data processing and analysis has been published previ-
ously37 and is provided in Appendix 1, available at jpn.ca.

Results

Behavioural models

CPP
Figure 1 shows that exposure to oxycodone led to a significant 
increase in time spent in the oxycodone-paired chamber after 
conditioning (time: F1,16 =  80.67, p < 0.001, ηp

2 = 0.834). We 
found no overall significant effect of treatment (F1,16 = 2.946, p = 
0.11, ηp

2 = 0.155). However, the rats treated with maraviroc 
during CPP exhibited a significant reduction in time spent in 
the drug-paired chamber after CPP (time × treatment: F1,16 = 
6.128, p = 0.025, ηp

2 = 0.277). Post hoc tests revealed a signifi-
cant difference between rats treated with maraviroc and those 
treated with vehicle in terms of time spent in the oxycodone-
paired chamber after CPP (p = 0.018, d = 1.203).

Cue-induced drug-seeking test
Seven rats were excluded from analyses because they failed 
to reach the training criterion (an average of 10 infusions on 
the last 3 d under fixed ratio 3, in which the ratio of active to 
inactive lever presses was 2 to 1). All analyses were per-
formed on a total of 13 rats (Figure 2A; maraviroc: n = 7; 
 vehicle: n = 6). We found no significant differences between 
groups for mean number of oxycodone infusions, and the 
number of infusions remained consistent over time (days: 
F9,99 = 1.76, p = 0.08, ηp

2 = 0.14; treatment: F1,11 = 0.0001, p = 
0.99, ηp

2 = 0.000; days × treatment: F9,99 = 0.69, p = 0.71, ηp
2 = 

0.06; Figure 2B). As shown in Figure 2C, responses on the 
 active lever increased from day 1 to day 10 of training, but 
the number of inactive lever responses remained low and 
 stable over the 10 d (days: F9,99 =  4.11, p < 0.001, ηp

2 = 0.272; 
 levers: F0.283,3.111 = 10.77, p = 0.048, ηp

2 = 0.49; days × levers: 
F2.557,25.85 = 4.44, p = 0.016, ηp

2 = 0.305). We observed no other 
significant main effects or interactions.

During the oxycodone-seeking test, the number of inactive 
lever responses was significantly lower than the number of 
active lever responses (lever: F1,11 = 37.21, p < 0.001, ηp

2 = 
0.772; Figure 3), indicating well-conditioned oxycodone-
seeking. Repeated treatment with maraviroc attenuated 
 responses on both levers compared to the vehicle-treated rats 
(treatment F1,11 = 5.72, p = 0.036, ηp

2= 0.342). The interaction 
between lever and treatment was not significant (lever × 
treatment: F1,11 = 2.25, p = 0.162, ηp

2 = 0.17); however, after 
Bonferroni post hoc correction, the difference in active (but 
not inactive) lever responses between the maraviroc and 

Figure 1: Conditioned place preference induced by 3 mg/kg of 
oxycodone. Rats were pretreated with either maraviroc or vehi-
cle and then paired to a specific side of the chamber with oxy-
codone on alternating days over an 8 d period. #Denotes a sig-
nificantly higher preference for the side paired with oxycodone 
after conditioning (time: F1,16 = 80.67, p < 0.001, ηp

2 = 0.834). 
*Denotes a significantly lower preference for the oxycodone-
paired chamber in maraviroc-treated rats compared to vehicle-
treated rats (p = 0.018, d = 1.203).
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vehicle groups was significant (active lever: p = 0.021, d = 
1.22; inactive lever: p = 0.84, d = 1.77).

When we examined lever responses over the test time 
(1 h bins; Figure 4), we found that the number of responses 
on both levers declined over time (time: F2,22 = 18.96, p < 
0.001, ηp

2 = 0.633; time × lever: F1.737,19.11 = 16.92, p < 0.001, 
ηp

2  = 0.606; time × treatment: F2,22 = 4.93, p = 0.017, ηp
2 = 

0.31). The attenuation of response in maraviroc-treated rats 
seemed more robust for the active lever (time × lever × 
treatment: F2,22 = 4.46, p = 0.024, ηp

2 = 0.288; Figure 4A). 
 Follow-up 2-way ANOVAs performed on active lever re-
sponses revealed a significant effect of time (F1.639,18.03 = 20.71, 
p < 0.001, ηp

2 = 0.653) and a treatment × time interaction 
(F2,22 = 5.409, p = 0.012, ηp

2 = 0.33). We found no significant 
effect of treatment (F1,11 = 4.049, p = 0.07, ηp

2 = 0.27). Inactive 
lever responses over the test (1 h bins; Figure 4B) showed a 
significant effect of time (F1.195,13.15 = 4.654, p = 0.045, ηp

2 = 0.3) 
and treatment (F1,11 = 8.577, p = 0.014, ηp

2 = 0.44), but we 

found no significant treatment × time interaction (F2,22 = 
1.190, p = 0.32, ηp

2 = 0.098).

Locomotor test
The distance travelled by the rats over the 1 hour test de-
creased quickly as the rats habituated to the arena (time: 
F3.260,35.86 = 74.14, p < 0.001, ηp

2 = 0.87; Figure 5). Treatment with 
maraviroc did not change locomotor activity (treatment: 
F1,11  = 0.130, p = 0.73, ηp

2 = 0.012; treatment ×  time: F5,55 = 
2.156, p = 0.07, ηp

2 = 0.164).

Oxycodone-induced analgesia (tail-flick test)
Figure 6 shows the tail-flick test assessing pain response before 
and after oxycodone injection for the maraviroc and vehicle 
groups. We found a clear antinociceptive effect of oxycodone 
(time: F1,8 = 152.8, p < 0.001, ηp

2 = 0.95). However, we found no 
significant difference in pain-like response after maraviroc 
treatment (treatment × time: F1,8 = 3.19, p = 0.11, ηp

2 = 0.285).

Figure 2: Oxycodone self-administration. (A) Experimental timeline for self-administration, drug-seeking tests and locomotor test. (B) Mean 
(± standard error of the mean) number of oxycodone infusions (0.1 mg/kg per infusion) during the 10 d of self-administration training for the 
vehicle (blue squares) and maraviroc (red circles) groups. We found no significant differences between the groups in mean number of oxy-
codone infusions during self-administration training. (C) Mean (± standard error of the mean) responses on the active and inactive levers over 
10 d of oxycodone self-administration (0.1 mg/kg per infusion), under 3 fixed ratio (FR) schedules of reinforcement: FR1, FR2 and FR3 (n = 
13). #Indicates a significant increase in lever presses over training days (days: F9,99 = 4.11, p < 0.001, ηp

2 = 0.272). *Denotes a significantly 
higher level of response on the active compared to the inactive lever (lever: F0.283, 3.111 = 10.77, p = 0.048, ηp

2 = 0.49).
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Resting-state functional connectivity

Using the k nearest neighbours method to identify clusters 
of nodes that formed resting state networks, we found that 
the nucleus accumbens shell had the highest number of sig-
nificant connections within the cluster that reflected reward 
circuitry. Table 1 shows brain areas that were significantly 
coupled to the accumbens shell for each of the experimental 
conditions. In addition, all 4 experimental groups (vehicle, 
oxycodone, maraviroc, and maraviroc with oxycodone) 
showed coupling to a core of areas that included the accum-
bens core, the ventral pallidum and the endopiriform cor-
tex. Vehicle-treated rats showed 11 areas that were signifi-
cantly coupled to the accumbens shell, most associated with 
the basal ganglia, such as the medial and lateral septum and 
the dorsal and lateral striatum. In the oxycodone group, 
connectivity to the basal ganglia was lost; instead, we found 
an increase in connectivity to the olfactory system, the ex-
tended amygdala, the hippocampus and the dorsal prefron-
tal cortex that we did not observe in any of the other condi-
tions. In the oxycodone/maraviroc group, we found loss of 
connection to the basal ganglia, the olfactory system, the 
amygdala and the hippocampus. Interestingly, maraviroc 
by itself still showed coupling, but it showed anticorrelation: 

that is, negative coupling to the ventral pallidum, the floc-
culus cerebellum, the locus coeruleus, the periaqueductal 
grey and the medial geniculate.

Data matrices comparing the different experimental condi-
tions are provided in Appendix 1, Figure S1.

Discussion

In the experiments presented here, we used a combination of 
established behavioural models and brain imaging to 
investigate the potential of the CCR5 antagonist maraviroc as 
a treatment for oxycodone abuse disorder.

The first major finding in this study was that treatment 
with maraviroc attenuated the development of CPP, an effect 
that was in line with a recent report showing that cocaine 
CPP was significantly attenuated after treatment with mara-
viroc during conditioning.12 CPP is thought to be a unique 
measure of drug reward, reflecting an approach to drug-
related environmental stimuli that can set the occasion for 
drug-taking behaviour.38 Importantly, a common theme in all 
influential theories on the development of drug addiction is 
the major role of the rewarding properties of drugs of abuse, 
leading to adaptations in the reward circuitry — primarily in 
the mesocorticolimbic dopaminergic pathway.39–41 Thus, 
CCR5 antagonism with maraviroc has the potential to interfere 
with drug reward and reduce abuse potential. The mechanisms 
through which maraviroc affects oxycodone-conditioned 
 rewards are not known but could be related to interaction 
 between the CCR5 and dopaminergic systems.42 An effect on 
the dopaminergic system is also suggested by the maraviroc-
induced attenuation of the CPP of cocaine,12 a psychostimu-
lant with a direct effect on dopamine transmission.43 In con-
trast to the current results, maraviroc treatment did not 
change morphine CPP in mice.9 The reasons for this discrep-
ancy are not clear. There were numerous differences between 
the 2 studies, including species (mice versus rats), the target 
opioid drug (morphine versus oxycodone) and the route of 
administration (p.o. versus i.p.), but we could not identify a 
specific factor that would explain the different outcomes.

Although attenuating the direct reward properties of oxy-
codone could help in reducing the risk for abuse, a major ob-
stacle in the treatment of opioid addiction is the high rate of 
relapse, even after prolonged abstinence.44,45 Here, we used 
the “abstinence procedure”19 to assess the effects of maraviroc 
treatment on drug-seeking over a 14 d abstinence period in 
rats that had been trained to self-administer oxycodone. As 
previously demonstrated with psychostimulant and opiate 
drugs,19 we observed robust oxycodone-seeking after the ab-
stinence period. The second major finding in this study was 
that daily administration of maraviroc over the abstinence 
per iod substantially reduced the number of lever presses dur-
ing the oxycodone-seeking test, suggesting a reduced level of 
oxycodone craving in the maraviroc-treated group.46 To the 
best of our knowledge, this was the first demonstration of the 
efficacy of a treatment that targets the CCR5 system on drug-
seeking using an operant conditioning procedure.

Opioid drug-seeking following abstinence is mediated 
by dopamine transmission in the mesolimbic and nigrostriatal 

Figure 3: Difference in mean (± standard error of the mean) total 
active and inactive lever responses for the maraviroc and vehicle 
groups during a 3 h drug-seeking test in rats trained to self-
administer oxycodone (0.1 mg/kg per infusion) and then submit-
ted to 14 d of forced abstinence. #Denotes a statistically signifi-
cant difference in active lever responses between the maraviroc 
and vehicle groups (p = 0.021, d = 1.18). *Denotes a significantly 
higher level of response to the active versus the inactive lever 
(lever: F1,11 = 37.21, p < 0.001, ηp

2 = 0.77).
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pathways.47 It is therefore possible that maraviroc treat-
ment led to interference in dopamine transmission through 
the CCR5 system and in turn reduced drug-seeking.42 
 Interestingly, we found previously that acute treatment 
with maraviroc had no effect on cue-induced reinstate-
ment of oxycodone-seeking (Appendix 1, Figure S2). 
 Direct comparisons between the 2 studies should be made 
with caution because of the different procedures used (re-
instatement of extinguished oxycodone-seeking versus 
forced abstinence). However, the findings suggest that re-
peated exposure to maraviroc is necessary to induce the 
neural changes (or reverse existing adaptations) involved 
in its effect on oxycodone-seeking.

We also observed a significant attenuation in the number 
of responses on the inactive lever. The interpretation of 
changes in response level on the inactive lever is not always 
straightforward (see discussion in Shalev and colleagues48). 
Our experimental design did not allow us to completely rule 
out an effect of maraviroc on the expression of sensory-motor 
habit that developed during self-administration training. 
However, it is more likely that responses on the inactive lever 
reflect response generalization that is often observed dur-
ing extinction (the condition of the oxycodone-seeking 
test). Other evidence of generalization of drug-seeking was 
the observation that although the overall number of re-
sponses on the active lever was considerably higher, we did 

Figure 4: Oxycodone-seeking test over time. (A) Mean (± standard error of the mean) active lever presses made by the vehicle (n = 6) and 
maraviroc (n = 7) groups during hours 1, 2 and 3 of the drug-seeking test. *Denotes a significant decrease in active lever presses over time 
(time: F1.639,18.03 = 20.71, p < 0.001, ηp

2 = 0.65). (B) Mean (± standard error of the mean) inactive lever presses made by the vehicle (n = 6) and 
maraviroc (n = 7) groups during hours 1, 2 and 3 of the drug-seeking test. #Represents a significant effect of treatment (F1,11 = 8.577, p = 
0.014, ηp

2 = 0.44). *Denotes a significant decrease in inactive lever presses over time (time: F1.195,13.15 = 4.654, p = 0.045, ηp
2 = 0.297).
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see an extinction pattern on the inactive lever over time. 
Thus, responses on both levers started to decline after the 
first hour once the rat realized the drug was not present. It is 
therefore not surprising that maraviroc treatment reduced re-
sponses on the inactive lever as well. Notably, a nonspecific 
motor effect was unlikely because we found no effect for 
maraviroc treatment on locomotor activity.

Our third major finding was that oxycodone-induced 
CPP was accompanied by enhanced functional coupling to 
key nodes in the reward circuitry (for example, the accum-
bens and ventral pallidum, as well as the limbic cortex, 
amygdala and hippocampus) in rats imaged within 48 h af-
ter the completion of CPP testing. This result was not unex-
pected and supports a neuroadaptive mechanism involving 
the neural circuitry of emotion and cognition that increases 
risk for drug-seeking behaviour after exposure to opioids.10 
Rats exposed to vehicle during CPP testing showed cou-
pling to the accumbens and ventral pallidum but not to 
brain areas associated with emotion and cognition. Rats ex-
posed to oxycodone with maraviroc treatment during CPP 
testing showed a loss of connectivity to the basal ganglia, 
amygdala and hippocampus. Although our findings were 
correlative, they raise the possibility that the observed de-
coupling in the neurocircuits involved in emotion and cog-
nition was related to the reduction in drug-seeking in 
 maraviroc-treated rats.

To date only 2 functional MRI studies in humans have 
looked at the acute effect of oxycodone on functional con-
nectivity, and both reported a decrease in functional cou-
pling between limbic structures.49,50 We have investigated 
the acute effects of oxycodone on brain activity in drug-naive 
mice and rats and reported significant BOLD signal 
changes in pain neural circuitry and brain areas high in 
μ-opioid receptors.51,52 In neither species was the accumbens 
responsive to this first exposure to oxycodone. It was only 
when rats were exposed to daily injections of oxycodone for 
4 consecutive days that they showed neuronal activation in 
brain areas associated with drug-seeking behaviour (for 
 example, the accumbens, the ventral striatum, the amyg-
dala, the ventral tegmental area and the hippocampus).52 In 
contrast, Nasseef and colleagues examined changes in 
 resting-state functional connectivity in rats exposed to oxy-
codone and reported a decrease in coupling in the periaque-
ductal grey and the nucleus accumbens.53 However, unlike 
the present report, in which rats were imaged 48 h after 
 exposure to repeated oxycodone under a CPP protocol, 
Nasseef and colleagues applied a single exposure to oxyco-
done, and imaging occurred immediately after oxycodone 
administration. Thus, the findings reported by Nasseef and 
colleagues reflect acute changes in functional connectivity 
that involve the pain and reward centres, and not the long-
term neuroadaptations that are important for the condi-
tioned effects of drugs and drug-associated cues. Conse-
quently, we can make 2 important observations. First, there 
seems to be rebound for functional connectivity in critical 
networks that are affected by oxycodone after a period of 
abstinence. Second, our data suggest that maraviroc treat-
ment interferes with the neuroadaptive effects of repeated 
exposure to oxycodone on circuitry associated with emotion 
and cognition. Importantly, because of our experimental de-
sign we could not rule out a contribution of the exposure to 
the CPP procedure (i.e., the apparatus, the associative learn-
ing or both) to the observed changes in functional connec-
tivity. Future experiments should address this caveat with 
appropriate control groups.

Interestingly, rats that were exposed to maraviroc alone 
showed loss of coupling associated with the amygdala, the 
limbic cortex and the hippocampus. In addition, the accum-
bens shell showed negative correlation or uncoupling to the 
ventral pallidum, the flocculus cerebellum, the locus coeru-
leus, the periaqueductal grey and the medial geniculate, 
something not seen in any of the other experimental groups. 
Hence, in drug-naive rats, continuous exposure to maraviroc 
uncoupled the basal ganglia from the accumbens shell in ad-
dition to the limbic cortex, the amygdala and parts of the hip-
pocampus. This would suggest that maraviroc has a non-
specific effect on neurocircuitry that normally would be 
necessary for drug-seeking behaviour. Ccr5-knockout mice 
exhibit fewer dopamine neurons and lower levels of striatal 
dopamine.11 Thus, if repeated blockade of CCR5 results in 
similar adaptations, changes in coupling with these major 
targets of the mesolimbic dopaminergic pathway can be ex-
pected. However, we were unable to observe any nonspecific 
behavioural effects for maraviroc treatment.

Figure 6: Oxycodone-induced analgesia. Tail-flick latencies before 
and after oxycodone administration (3 mg/kg). The first test (base-
line) showed tail-flick latencies before any drug was given in both 
the vehicle and maraviroc groups, and the second test (oxycodone) 
showed tail-flick latencies after both groups received oxy-
codone. Maraviroc (10 mg/kg, red) or vehicle (blue) were adminis-
tered 1 h before the second test. *Denotes a significant increase in 
tail-flick latency after oxycodone treatment compared to baseline 
(time: F1,8 = 152.8, p < 0.001, ηp

2 = 0.95).
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Although we have shown here that maraviroc can reduce 
CPP to oxycodone without changing oxycodone-induced 
analgesia, there have been reports of augmented opioid 
drug-induced analgesia when combined with CCR5 antag-
onists. It has been reported that maraviroc can reduce neuro-
pathic pain and enhance opioid analgesia by decreasing 
 microglia and astrocytic activation, diminishing their role in 
neuroinflammation-induced nociception.16,54 In an environ-
ment of neuroinflammation (a conditional Tat-expressing 
transgenic mouse; Tat is an HIV-1 replication regulator, but 
also promotes neuroinflammation), maraviroc reversed Tat-
induced attenuation of morphine tolerance and symptoms of 
withdrawal, and it enhanced CPP to morphine.9 In addition, 
a ligand combining a μ-opioid agonist and CCR5 antagonist 
greatly enhanced morphine analgesia in a mouse model of 
lipopolysaccharide neuroinflammation.55 These findings sug-
gest that caution should be used when considering CCR5 
antagonist-based treatment for substance use disorder in 
people with severe neuroinflammation.

Limitations

A major limitation of this study is that our conclusions are 
based on a single dose of maraviroc. The choice of a single 
dose of oxycodone of 3.0 mg/kg for CPP, 0.1 mg/kg per in-
fusion for self-administration and 10 mg/kg of maraviroc 
was based on the literature;12,56,57 however, a thorough dose 
response for each of these drugs would have provided a bet-
ter understanding of their interactions. In the present study, 
we chose to investigate the potential of maraviroc as treat-
ment for substance use disorder using a range of behav-
ioural and functional approaches. With the promising results 
reported here, future studies will use a wider range of mara-
viroc doses and target the mechanisms that underlie the 
 effects of treatment with maraviroc on substance use 
 disorder–like behaviours.

In the present study, we did not assess the development of 
physical dependence (withdrawal symptoms) after exposure to 
oxycodone in rats in the CPP or self-administration procedures. 

Table 1: Brain areas coupled to the accumbens shell

Brain area Vehicle Oxycodone Maraviroc
Oxycodone/
maraviroc

Accumbens core 3.24 3.48 2.75 4.23

Ventral pallidum 3.31 4.46 −2.44* 4.37

Endopiriform cortex 3.41 3.02 2.87 3.04

Claustrum 2.58 NS 2.6 3.44

Medial septum 3.36 NS NS NS

Lateral septum 3.25 NS NS NS

Ventral orbital cortex 2.78 NS NS NS

Dorsal medial striatum 2.71 NS NS NS

Ventral medial striatum 2.76 NS NS NS

Ventral lateral striatum NS NS NS 3

Diagonal band of Broca 2.62 NS NS NS

Lateral orbital cortex NS NS 3.08 NS

Insular cortex NS NS NS 3.19

Infralimbic cortex 3.72 3.05 3.41 NS

Prelimbic cortex NS 2.62† NS NS

Rostral piriform cortex NS 3.11 2.66 NS

Olfactory tubercles NS 2.66† NS NS

Anterior olfactory nucleus NS 2.53† NS NS

Intercalated amygdala NS 2.92† NS NS

Central amygdala NS 2.83† NS NS

Extended amygdala NS 2.5† NS NS

Bed nucleus of the stria terminalis NS 2.86† NS NS

Lateral preoptic area NS 3.91† NS NS

Neural lobe pituitary NS 4.46† NS NS

CA1 ventral hippocampus NS 2.55† NS NS

Cupola cerebellum NS 3.96† NS NS

Superior colliculus NS NS NS 3.03

Flocculus cerebellum NS NS −3* NS

Locus coeruleus NS NS −3.3* NS

Periaqueductal gray region NS NS −3.9* NS

Medial geniculate body NS NS −2.6* NS

NS = not significant.
*Decrease in connectivity.
†Increase in connectivity.
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As well, the experiments described here involved only adult 
male rats. A recent report has highlighted sex differences 
after opioid abuse. Ryan and colleagues56 have shown sex-
dependent changes in opioid receptors after oxycodone- 
CPP, supporting the need to address sex differences in fu-
ture studies. Finally, we did not perform any postmortem 
histology, which may have provided a better understanding 
of the cellular and neurochemical changes that occurred 
with repeated oxycodone exposure.

Conclusion

Maraviroc treatment attenuated both oxycodone-conditioned 
rewarding effects and oxycodone-seeking in abstinent rats. 
The behavioural effects we observed with oxycodone CPP 
and maraviroc treatment were accompanied by a reversal of 
increases in functional coupling in the reward circuitry in rats 
that were tested for oxycodone CPP. Importantly, the analge-
sic effects of oxycodone were not affected by this antiretrovi-
ral drug. We suggest that maraviroc could be used to reduce 
the risk of abuse when given as an adjunct to oxycodone to 
treat pain. As well, chronic treatment with maraviroc could 
reduce the risk of relapse in abstinent oxycodone abusers.
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