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Cannabidiol reduces oxycodone
self-administration while
preserving its analgesic efficacy in a
rat model of neuropathic pain
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Prescription opioid misuse is a significant public health concern among individuals with chronic

pain. Treating severe pain often requires high doses of opioids, increasing the risk of developing an
opioid use disorder. Cannabidiol (CBD) is a non-intoxicating component of cannabis that has shown
therapeutic potential without abuse liability. This study investigated the effects of CBD on oxycodone
self-administration and hyperalgesia in an animal model of chronic neuropathic pain. Adult male

rats were trained to self-administer intravenous oxycodone (0.06 mg/kg/infusion). Subsequently,

they underwent chronic constriction injury (CCI) of the sciatic nerve or received sham surgery. Paw
withdrawal latency was measured using the Hargreaves test as an indicator of thermal pain sensitivity.
CBD (0, 1, 3, and 10 mg/kg, IP) was administered before the self-administration sessions, and pain
testing was conducted afterward. The rats acquired oxycodone self-administration, as indicated by
more active than inactive lever presses. CCl surgery decreased the paw withdrawal latency, confirming
the induction of neuropathic pain. CCl alone did not affect oxycodone self-administration, suggesting
that neuropathic pain does not substantially influence opioid intake at the dose tested. Treatment
with CBD reduced oxycodone self-administration in both the sham and CCl rats. Oxycodone self-
administration in the CCl rats reversed the CCl-induced decrease in paw withdrawal latency. However,
CBD did not affect the antinociceptive effect of oxycodone in CCl rats. Taken together, these findings
demonstrate that CBD reduces oxycodone self-administration without affecting the antinociceptive
effects of oxycodone in neuropathic pain. This study supports the potential of CBD to reduce opioid use
and misuse, regardless of pain status.

The use of prescription opioids is widespread in the United States. It has been estimated that between 2019 and
2020, 12% of the general population used prescription opioids!. This prevalence increases among individuals
with pain conditions. 30% of those with chronic pain and more than 40% of those with high-impact chronic pain
report using prescription opioids', highlighting that opioids continue to play a critical role in pain management.
It has been estimated that 12% of the adults with an opioid prescription misuse opioids®>. The motives for
opioid misuse vary by age. Younger individuals often misuse opioids to experiment, relax, get high, or cope
with negative emotions. In contrast, older adults typically misuse opioids for pain relief’. During the last two
decades, there has been a strong increase in drug overdose deaths. The number of overdose deaths increased
from fewer than 20,000 in 1999 to more than 100,000 in 2023*°. The great majority of these deaths are caused by
synthetic opioids®’. Therefore, it is critical to develop treatment approaches with potential to reduce opioid use
and misuse without compromising pain management.

Chronic use of opioids can lead to tolerance, physical dependence, and withdrawal symptoms upon
discontinuation®'°. High-potency opioids like oxycodone are often used for their effective pain relief, but
they also have a significant risk of abuse!!'!2. Oxycodone is a semi-synthetic opioid analgesic that is chemically
derived from the naturally occurring opioid thebaine. Oxycodone activates mu, delta, and kappa 2b-opioid
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receptors and has a higher affinity for mu-opioid receptors (Ki value, 18 nM) than for delta (Ki value, 958
nM) and kappa-opioid receptors (Ki value, 677 nM)!3~1. Oxycodone’s analgesic effects result from activating
mu-opioid receptors in the brain, but stimulation of these receptors also causes euphoria, anxiolysis, and
sedation!®~18. Due to its potent efficacy for pain relief, oxycodone is widely used in clinical settings, but chronic
use leads to tolerance and dependence. Given the high potential for misuse associated with oxycodone use for
pain treatment, exploring adjunct therapies that could mitigate opioid misuse while preserving analgesia is of
significant clinical interest.

Cannabis is widely used for the treatment of pain, but it also has psychoactive effects that produce abuse
liability'®. Cannabis contains a complex profile of cannabinoids, which have different pharmacological actions
and therapeutic potential. Tetrahydrocannabinol (THC) is the main psychoactive constituent that produces the
euphoric effects of cannabis and is responsible for its abuse liability*®. Conversely, cannabidiol (CBD) exhibits
a wide range of therapeutic properties, including analgesic, anti-inflammatory, anxiolytic, antidepressant, and
anticonvulsant effects, but has no euphoric effects?!~?’. CBD exhibits complex pharmacology and acts through
multiple mechanisms, interacting with cannabinoid receptors, transient receptor potential vanilloid 1 (TRPV1)
channels, serotonin and GABA-A receptors, as well as opioid and dopaminergic receptor systems?*~*°. Notably,
a purified form of CBD (Epidiolex’) has been approved for the treatment of seizures associated with Dravet
syndrome, Lennox-Gastaut syndrome, and tuberous sclerosis complex?s*,

Both CBD and opioids such as morphine, fentanyl, and oxycodone have demonstrated analgesic effects in
several preclinical models of chronic pain?’*!-%. In addition, CBD has been shown to attenuate the reinforcing
effects of opioids, including morphine, fentanyl, and oxycodone, in conditioned place preference and intravenous
self-administration paradigms*’-*2. However, no studies have systematically examined the interaction between
CBD and opioids on both reinforcement and analgesic properties under chronic pain conditions. Rivera-
Garcia et al. reported that high-CBD cannabis vapor (64.2% CBD and 7.1% THC) attenuates fentanyl self-
administration in rats with chronic pain*?, but that study did not assess pain sensitivity in the CBD-exposed rats
or test the effects of CBD alone. Similarly, Jesus et al. found that CBD enhances the analgesic effect of sub-effective
morphine doses in rats with chronic pain but did not investigate opioid reinforcement under those conditions*.
Collectively, these findings suggest that CBD may influence both the motivational and analgesic properties of
opioids, raising the possibility that CBD could reduce opioid intake while maintaining or potentiating analgesic
efficacy. Although recent preclinical work suggests that CBD vapor attenuates oxycodone reinforcement*!, the
effects of systemically administered CBD on both oxycodone reinforcement and analgesia under chronic pain
conditions have not been examined. Building on these findings, the present study uniquely investigates the
effects of systemically administered CBD on both oxycodone reinforcement and analgesia in the same animals,
providing an integrated behavioral assessment under chronic neuropathic pain conditions. We hypothesized
that CBD reduces oxycodone self-administration while maintaining or potentiating its analgesic efficacy in rats
with chronic neuropathic pain. Our findings showed that CBD reduces opioid-reinforced responding while
preserving the analgesic effects of oxycodone in animals with chronic neuropathic pain.

Materials and methods

Animals

Adult male Sprague Dawley rats (SD rats; 280-350 g; 8-9 weeks of age; N=24) were purchased from Charles
River (Raleigh, NC). The rats were kept in standard housing conditions (2 rats per cage) in a climate-controlled
vivarium on a 12 h light-dark cycle (light off at 7 PM). The study was conducted during the light period of the
light-dark cycle between 10 AM and 4 PM. Food and water were available ad libitum in the home cage throughout
the study. The experimental protocols were approved by the University of Florida Institutional Animal Care and
Use Committee (IACUC202107636). All experiments were performed in accordance with relevant guidelines
and regulations of IACUC and in compliance with the ARRIVE guidelines 2.0 (Animal Research: Reporting of
In Vivo Experiments).

Drugs and treatment

For intravenous self-administration, oxycodone hydrochloride (NIDA Drug Supply Program) was dissolved
in sterile saline (0.9% sodium chloride). The rats self-administered 0.06 mg/kg/infusion of oxycodone in a
volume of 0.1 ml/infusion. The oxycodone dose is expressed as the weight of the salt. CBD (NIDA Drug Supply
Program) was prepared in 5% ethanol and 5% Cremophor in PBS and administered intraperitoneally (IP) at a
volume of 1 ml/kg body weight.

Experimental design

We investigated the effect of CBD on oxycodone self-administration in male rats under conditions of chronic
pain induced by chronic constriction injury (CCI) and in non-pain (sham) states. A schematic overview of the
experimental design is depicted in Fig. 1. Twenty-four rats were trained to press a lever for food pellets over a
10-day period. One week after the food training sessions, all rats underwent jugular vein catheterization surgery
over 4 days to enable intravenous self-administration (IVSA) of oxycodone. Following surgery, the animals were
given at least 7 days to recover. After recovery, a food reminder session was conducted using a fixed-ratio 1 (FR1)
schedule with a 20-second time-out (TO20) during a 20-minute session to confirm that the rats retained lever-
pressing behavior. The rats were then trained to acquire oxycodone self-administration (0.06 mg/kg/infusion)
on an FR1-TO20 schedule during 120-minute sessions for 14 sessions. The unit dose of oxycodone (0.06 mg/
kg/infusion) was selected based on previous work showing that this dose reliably maintains intravenous self-
administration in rats and that CBD vapor exposure reduces oxycodone intake at the same dose under an FR1
schedule*!. The left lever served as the active lever for 11 rats, while the right lever served as the active lever for
12 rats. The active lever assignment remained the same throughout the study. Responding on the active lever

Scientific Reports |

(2026) 16:2080 | https://doi.org/10.1038/s41598-025-31828-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Chronic neuropathic pain — oxycodone IVSA and cannabidiol treatment
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Fig. 1. Schematic overview of the experiment. Adult male Sprague Dawley rats were trained to respond

for food pellets. Following this, the rats were implanted with IV catheters and trained to self-administer
oxycodone in 2-hour sessions per day for 14 sessions (N=21). After the acquisition phase, chronic constriction
injury (CCI) surgery was performed to induce neuropathic pain, while sham surgery was performed in control
animals. Following recovery, the Hargreaves test was used to assess thermal pain sensitivity, and baseline
oxycodone self-administration sessions were conducted in 2-hour sessions per day for 5 sessions. Subsequently,
the effects of cannabidiol (CBD) treatment on oxycodone self-administration and thermal pain sensitivity were
evaluated in both CCI and sham control rats. Sham, N=11; CCI, N=10. Abbreviation: IVSA, intravenous self-
administration.

resulted in the delivery of an oxycodone infusion (0.1 ml infused over a 6.5-s period). The infusion was paired
with a cue light, which remained illuminated throughout the time-out period. Responding on the inactive lever
was recorded but did not have scheduled consequences. The active and inactive levers were retracted during
the time-out period. Self-administration sessions were conducted five days per week. Rats reliably acquired
oxycodone self-administration when they earned > 15 infusions in two consecutive sessions. Following
acquisition of oxycodone self-administration, rats were divided into two surgical groups: sham (N = 11) and CCI
(N'=11). CCI surgery was performed to induce neuropathic pain, while sham surgery was performed to serve as
a control. The CCI and sham groups were counterbalanced based on the left/right side of the active lever. In the
CCI group, six rats self-administered oxycodone with the right lever as the active lever, while five rats used the
left lever as the active lever. In the sham group, five rats self-administered oxycodone with right lever as the active
lever, while six rats used the left lever as the active lever. Previous studies have shown that CCI of the sciatic
nerve induces thermal hypersensitivity in adult male SD rats, as measured by the Hargreaves test, which remains
relatively stable for at least one month post-surgery**~"’. In this study, the Hargreaves test, oxycodone self-
administration, and CBD treatment were conducted between post-CCI days 5 and 20. After the post-operative
recovery period of four days, the Hargreaves test was conducted to assess thermal nociception as a measure of
pain sensitivity in sham and CCI rats on post-CCI day 5. Baseline oxycodone self-administration sessions were
then conducted for 5 days, with the Hargreaves test performed in the morning prior to the day 4 and 5 baseline
self-administration sessions (i.e. on post-CCI days 10 and 11). Following the five-baseline oxycodone self-
administration sessions, post-CCI day 12-20, CBD (0, 1, 3, and 10 mg/kg, IP) was administered according to a
Latin square design, with 48 h separating successive CBD sessions. The doses of CBD were based on a previous
study in which CBD pretreatment (0.3-30 mg/kg, IP) produced antinociceptive effects on mechanical sensitivity
and thermal sensitivity to cold and heat in CCI rats?’. CBD was administered 20 min before the 2 h oxycodone
self-administration session to ensure systemic exposure during the session and to capture the ascending phase
of absorption. In rats, CBD can be detected in plasma and the brain 30 min after intraperitoneal administration
and reaches peak concentrations 60 to 120 min later®®->’. In addition, behavioral studies have shown that CBD
(3 mg/kg, IP) produces antinociceptive effects from 30 to 150 min post-injection in a rat model of postoperative
incisional pain®'. Therefore, immediately after the self-administration session (= 2 h 20 min post-injection),
the Hargreaves test was performed to assess changes in pain sensitivity associated with CBD treatment and
oxycodone intake, corresponding to the expected near-peak CBD exposure window. Although route-specific
differences exist, the pharmacokinetic profile of intraperitoneal CBD in rats is broadly comparable to the delayed
absorption phase of oral CBD in humans, which peaks at approximately 120 min following administration,
supporting the translational relevance of the selected dosing interval®%. Self-administration was also assessed in
the intervening sessions (between successive CBD sessions). This experimental design allowed us to evaluate the
effects of different doses of CBD on oxycodone intake in sham control rats and rats with chronic pain, as well
as to assess any potential interaction effects of CBD and oxycodone on thermal hyperalgesia induced by CCL
One rat was excluded from the study after cathether implantation due to health issues. Additionally, one rat
from the CCI group was excluded from the study due to excessively high responding on the inactive lever (> 200
inactive lever responses) across post-CCI self-administration sessions. During the self-administration period,
catheter patency was tested by infusing 0.2 ml of the ultra-short-acting barbiturate Brevital (1% methohexital
sodium). Rats with patent catheters displayed a sudden loss of muscle tone. If the rats did not respond to Brevital,
their self-administration data were excluded from the analysis. On day 10 of oxycodone self-administration
acquisition, one rat did not respond to Brevital, and its data were excluded from the study.
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Food training

Rats were trained to press a lever for food pellets in operant chambers placed in sound- and light-attenuated
cubicles (Med Associates, St. Albans, VT) as in our previous work®>%. Food delivery was paired with a cue light,
which remained illuminated throughout the time-out period. Twenty-four male rats were initially trained to
respond for food pellets (F0299, 45 mg, chocolate-flavored pellets; Bio-Serv, Flemington, NJ) on a FR1 schedule
using both levers over a period of 5 days. This was followed by an additional 5 days of training on an FR1
schedule with a 20-second time-out during 20-minute sessions using both levers. After completing the food
training session on day 8, the rats were singly housed and remained singly housed for the remainder of the study.
Three days before the start of the oxycodone self-administration sessions, the rats were allowed to respond for
food pellets under the FR1-TO20 schedule during a single 20-minute session. Responding on both the right and
left levers resulted in the delivery of a food pellet.

Intravenous catheter implantation

The catheters were implanted as described before®>=’. The rats were anesthetized with an isoflurane-oxygen vapor
mixture (1-3%) and prepared with a catheter in the right jugular vein. The catheters consisted of polyurethane
tubing (length 10 c¢m, inner diameter 0.64 mm, outer diameter 1.0 mm, model 3Fr, Instech Laboratories,
Plymouth Meeting, PA). The right jugular vein was isolated, and the catheter was inserted 2.9 cm. The tubing was
then tunneled subcutaneously (SC) and connected to a vascular access button (Instech Laboratories, Plymouth
Meeting, PA). The button was exteriorized through a 1-cm incision between the scapulae. During the 7-day
recovery period, the rats received daily infusions of the antibiotic gentamycin (4 mg/kg, IV, Sigma-Aldrich,
St. Louis, MO). A sterile heparin solution (0.1 ml, 50 U/ml) was flushed through the catheter before and after
administering the antibiotic and after oxycodone self-administration. After flushing the catheter, 0.05 ml of a
sterile heparin/glycerol lock solution (500 U/ml, Instech Laboratories, Plymouth Meeting, PA) was infused into
the catheter. The animals received carprofen (5 mg/kg, SC) daily for 72 h after the surgery.

CCl surgery

Chromic gut suture (4.0, Ethicon) was cut into 2 cm pieces and immersed in sterile saline to prevent drying.
Surgery was performed under aseptic conditions on a heating pad. Animals were administered buprenorphine
(1.0 mg/kg, SC) before being maintained under general anesthesia (1-3% isoflurane in oxygen). The left hind
leg was shaved and sterilized with chlorhexidine and 70% ethanol. A 5 to 7 mm incision was made in the skin
below the femur and the skin separated from the muscle and connective tissue using blunt forceps. An incision
was made through the femoris muscles, and the sciatic nerve freed using a glass pipette with a blunt curved
tip. Three ligatures were made using a double knot 1 mm apart, tightened until the loop was just snug and the
ligatures were unable to slide along the nerve. Silk sutures (5.0, Ethicon) were used to close the muscle layer and
skin, and the wound was cleaned with chlorhexidine before application of triple antibiotic ointment. Rats in the
sham control group underwent the same procedure (i.e., same paw, surgical intervention, treatment etc.) with
the exception that no ligatures were placed.

Hargreaves thermal paw withdrawal test

Animals were acclimated to a thermal hindpaw reflex testing apparatus (Ugo Basile model 7375a, Stoelting,
Wood Dale, IL, USA) until they exhibited minimal spontaneous movement. A radiant heat lamp (intensity
set at 45) was aimed at the left or right hind paw (random order) until the paw was withdrawn, with a cutoff
time of 25 s to prevent tissue damage. The average of the first two latency measurements per paw, separated by
approximately 2 min, was used for analysis.

Statistics

Acquisition of oxycodone self-administration (14 sessions) data were analyzed using two-way ANOVAs with
lever (active versus inactive) and session as within-subject factors. Oxycodone self-administration data (5
sessions) following sham and CCI surgery were analyzed using three-way ANOVAs with lever and session as
within-subject factors, and surgery (sham versus CCI) as a between-subject factor. Hargreaves test data collected
post-surgery, including assessments before the day 4 and 5 baseline oxycodone self-administration sessions,
were analyzed using two-way ANOVAs with paw (right versus left) as a within-subject factor and surgery as a
between-subject factor. Post-surgery, CBD treatment effects on oxycodone self-administration were analyzed
using two-way ANOVAs with treatment as a within-subject factor and surgery as a between-subject factor.
CBD treatment effects on Hargreaves test data (absolute paw withdrawal latency and percentage change from
baseline) collected after oxycodone self-administration were analyzed using three-way ANOVAs with treatment
and paw as within-subject factors, and surgery as a between-subject factor. The paw withdrawal latencies were
expressed as a percentage of the drug-free baseline values obtained from the Hargreaves test conducted on post-
CCI surgery days 10 and 11, prior to the initiation of CBD and oxycodone self-administration. For all statistical
analyses, significant interaction effects identified in the ANOVAs were followed by Bonferroni’s post hoc tests
to determine which groups differed. P-values less than or equal to 0.05 were considered significant. Data were
analyzed using SPSS Statistics version 29 and GraphPad Prism version 10.1.2. Figures were generated using
GraphPad Prism version 10.1.2.

Results

Acquisition of oxycodone self-administration

The rats were initially allowed to self-administer oxycodone for 14 sessions. During this period, the rats
responded more on the active lever than on the inactive lever and responding on the inactive lever decreased
more over time than responding on the active lever (Fig. 2A, Lever F1,20=9.134, P<0.01; Session F13,260 = 6.293,
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Fig. 2. Acquisition of oxycodone self-administration in male rats. The rats were trained to respond for food
pellets and then given access to oxycodone. The rats self-administered oxycodone for 14 sessions and active
and inactive lever presses (A) and oxycodone intake (B) are shown. Asterisks indicate a significant difference
in active lever responses and inactive lever responses during the same self-administration session. Plus signs
indicate fewer inactive lever responses or lower oxycodone intake compared with the first self-administration
session. +, P<0.05; **, P<0.01; +++, ***, P<0.001. N=21. Data are expressed as mean + SEM.

P<0.001; Lever x Session F13,260=6.253, P<0.001). The post hoc analysis revealed that the active lever
responses were significantly higher than inactive lever responses from the eleventh session onward (Fig. 2A).
In addition, inactive lever presses were significantly reduced from the second session onward compared to the
first session (Fig. 2A). Furthermore, oxycodone intake initially decreased and then remained relatively stable
over time (Fig. 2B, Session F13,260=4.072, P<0.001). The post hoc analysis showed that oxycodone intake was
significantly lower on the fifth session compared to the first session (Fig. 2B).

CCl and hargreaves test

On post-CCI day 5, the CCI surgery decreased the paw withdrawal latency, and this effect was greater in the
CCI paw than in the control paw (Fig. 3A, Surgery F1,19=5.583, P<0.05; Paw F1,19=0.514, NS; Paw x Surgery
F1,19=7.126, P<0.05). However, the post hoc analysis did not reveal a significant difference in paw withdrawal
latency between the control paw and surgery paw within either the sham or CCI groups (Fig. 3A). Furthermore,
on post-CCI days 10 and 11 (before oxycodone self-administration sessions), withdrawal latency was shorter in
the CCI paw compared to the paw that did not receive surgery and both paws of animals in the sham control
group (Fig. 3B, post-CCI day 10: Surgery F1,19=7.872, P<0.05; Paw F1,19=11.926, P<0.01; Paw x Surgery
F1,19=11.229, P<0.01; Fig. 3C, post-CCI day 11: Surgery F1,19=4.475, P<0.05; Paw F1,19=16.578, P<0.001;
Paw x Surgery F1,19=21.592, P<0.001). On both these days, the post hoc analysis showed that only in CCI rats
the paw withdrawal latency was significantly lower in surgery paw compared with control paw (Fig. 3B and C).

CCl and oxycodone self-administration

The CCI surgery did not affect responding on the active or the inactive lever, and the rats continued to respond
more on the active than the inactive lever (Fig. 4A, Surgery F1,19=0.026, NS; Lever F1,19=43.123, P<0.001;
Lever x Surgery F1,19=0.001, NS; Session F4,76=0.466, NS; Session x Surgery F4,76=1.524, NS; Lever x
Session F4,76 =2.677, P<0.05; Lever x Session x Surgery F4,76 =1.228, NS). The CCI surgery also did not affect
oxycodone intake (Fig. 4B, Surgery F1,19=0.010, NS; Session F4,76 = 1.077, NS; Session x Surgery F4,76 =1.778,
NS).

Effects of CBD pretreatment on oxycodone reinforcement and analgesia

Oxycodone self-administration (2 h) conducted 20 min after CBD pretreatment

Treatment with CBD decreased responding on the active lever in both the sham control and CCI group and the
magnitude of this reduction did not differ between the two groups (Fig. 5A, Surgery F1,19=1.072, NS; Treatment
F3,57=5.151, P<0.01; Treatment x Surgery F3,57=2.045, NS). Neither CBD nor surgery condition affected
inactive lever responses (Fig. 5B, Surgery F1,19=0.033, NS; Treatment F3,57=0.109, NS; Treatment x Surgery
F3,57=0.556, NS). CBD also decreased oxycodone intake to an equivalent extent in both surgical conditions
(Fig. 5C, Surgery F1,19=1.266, NS; Treatment F3,57 =4.614, P<0.01; Treatment x Surgery F3,57=1.832, NS).

CBD and oxycodone-induced antinociception (Hargreaves test)

Absolute paw withdrawal latency In drug-free condition (baseline - average of post-CCI day 10 and 11 Har-
greaves testing conducted without CBD or oxycodone on board), CCI surgery decreased paw withdrawal latency
in the surgery paw (Surgery F1,19=5.541, P<0.05, Paw F1,19=17.54, P<0.001; Paw X Surgery F1,19=15.388,
P<0.001). However, immediately following oxycodone self-administration, this reduction in latency was re-
versed in both vehicle and CBD treated CClI rats (Fig. 6A; Treatment F4,76 =3.475, P <0.05; Treatment x Surgery
F4,76=1.219, NS; Treatment x Paw F4,76 =1.84, NS; Treatment x Paw x Surgery F4,76=2.597, P<0.05). The
post hoc analysis revealed that the significant reduction in withdrawal latency in the surgery paw compared with
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Fig. 3. Paw withdrawal latencies are reduced in the Hargreaves test following CCI surgery. Thermal
withdrawal latencies were measured in sham control and CCI rats on post-CCI day 5 (A), prior to the fourth
(B, post-CCI day 10) and fifth (C, post-CCI day 11) baseline oxycodone self-administration sessions. Asterisks
indicate lower paw withdrawal latencies in the ipsilateral (surgery) paw compared to the contralateral (control)
paw in CCI rats, indicating increased thermal sensitivity in the Hargreaves test. **, P<0.01; ***, P<0.001.
Sham, N=11; CCI N=10. Data are presented as mean + SEM.
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Fig. 4. Neuropathic pain does not affect oxycodone self-administration in rats. The figures show oxycodone
self-administration in sham control rats and CCI rats. The rats self-administered oxycodone for 5 days after
the sham or CCI surgery and active and inactive lever presses (A) and oxycodone intake (B) are shown. Sham,
N=11; CCI N=10. Data are expressed as mean + SEM.
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Fig. 5. CBD treatment reduces oxycodone intake in both sham control and CCI rats. Treatment with CBD
reduced active lever responses in both the CCI and sham control groups, with no effect of CCI surgery on
active lever responses or the response to CBD (A). Neither CBD treatment nor CCI surgery affected inactive
lever responses (B). CBD treatment decreased oxycodone intake in both the CCI and sham control groups,
while CCI surgery had no effect on oxycodone intake (C). Sham, N=11; CCI N=10. Data are presented as
mean + SEM.

the control paw was only observed during the baseline drug-free condition in CCI rats. In addition, post hoc
analysis showed that oxycodone self-administration had no effect on paw withdrawal latency in either vehicle
or CBD treated sham rats.

Percentage change in paw withdrawal latency from baseline To assess the relative changes from baseline data
(average of post-CCI day 10 and 11 Hargreaves testing conducted without CBD or oxycodone on board), paw
withdrawal latencies were expressed as percentage change (Fig. 6B). In CCI rats, oxycodone self-administration
increased paw withdrawal latency in surgery paw (Fig. 6B, Surgery F1,19=3.113, NS; Paw F1,19=7.8, P<0.05;
Paw X Surgery F1,19=9.484, P<0.01). CBD treatment did not alter the effect of oxycodone self-administration
on paw withdrawal latency in the CCI surgery paw (Fig. 6B, Treatment F3,57 =1.62, NS; Treatment x Surgery
F3,57=1.007, NS; Treatment x Paw F3,57=0.601, NS; Treatment x Paw x Surgery F3,57=0.962, NS).

Oxycodone self-administration conducted 24 h after CBD treatment

During the self-administration sessions interspersed between CBD test sessions, neither treatment with CBD
nor CCI condition affected responding on the active lever (Fig. S1A, Surgery F1,19=0.003, NS; Treatment
F3,57=1.44, NS; Treatment x Surgery F3,57=0.408, NS) or the inactive lever (Fig. S1B, Surgery F1,19=0.517,
NS; Treatment F3,57=0.422, NS; Treatment x Surgery F3,57=0.511, NS). There was also no effect of CBD
treatment or CCI surgery on oxycodone intake (Fig. S1C, Surgery F1,19=0.117, NS; Treatment F3,57 = 1.469,
NS; Treatment x Surgery F3,57=0.103, NS).

Discussion

This study tested the hypothesis that CBD would reduce oxycodone self-administration while maintaining
or potentiating its analgesic efficacy in a model of chronic neuropathic pain. Consistent with this hypothesis,
CBD pretreatment reduced oxycodone intake without diminishing oxycodone’s antinociceptive effects in CCI
rats. The rats acquired oxycodone self-administration as indicated by more lever presses on the active than
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Fig. 6. CBD treatment did not alter the antinociceptive effect of oxycodone self-administration in CCI rats.
The Hargreaves data are shown as absolute paw withdrawal latency (A) and as percentage change from baseline
(B). Baseline (BL) values represent drug-free conditions (i.e., in the absence of CBD or oxycodone) and were
obtained as the average of post-CCI days 10 and 11. At baseline, CCI surgery reduced paw withdrawal latency
in the ipsilateral (surgery) paw compared to the contralateral (control) paw, indicating increased thermal
sensitivity in the Hargreaves test (A). In vehicle-treated CCI rats (i.e., in the absence of CBD), oxycodone self-
administration increased paw withdrawal latency in the CCI paw relative to the contralateral paw, as reflected
in the percentage change from baseline, indicating an antinociceptive effect (B). However, treatment with CBD
in combination with oxycodone self-administration did not alter the paw withdrawal latency in the CCI paw
compared to the contralateral paw (A and B). Plus signs indicate significantly lower absolute paw withdrawal
latencies in the ipsilateral paw compared with the contralateral paw in CCI rats at baseline. BL, baseline; Oxy,
oxycodone. +++ P<0.001. Sham, N=11; CCI N=10. Data are presented as mean + SEM.

the inactive lever. The CCI procedure reduced the paw withdrawal latency in the Hargreaves test, confirming
the development of thermal hyperalgesia, a hallmark of neuropathic pain. However, CCI alone did not alter
oxycodone self-administration. Treatment with CBD significantly reduced oxycodone intake in both sham and
CCI rats. Notably, oxycodone self-administration produced antinociceptive effects in CCI but not sham rats.
Together, these findings suggest that CBD reduces oxycodone self-administration regardless of pain status while
preserving its antinociceptive effects in an animal model of chronic neuropathic pain.
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CCI of the sciatic nerve is a well-established model of chronic neuropathic pain in rodents*-4758%, In

this study, CCI decreased the withdrawal latency in the Hargreaves test, indicating that CCI induces thermal
pain hypersensitivity, a feature of chronic neuropathic pain. Interestingly, we observed no effect of CCI
surgery on oxycodone self-administration, which contrasts with some previous reports. For instance, it has
been reported that spinal nerve ligation of the L5 and L6 dorsal nerve roots reduces opioid (heroin, morphine,
fentanyl, hydromorphone, and methadone) self-administration in rats®?. Similarly, rats with spared nerve
injury, which involves ligation of the left tibial and common peroneal nerves while sparing the sural nerve,
show reduced fentanyl self-administration compared to sham-operated controls*’. Furthermore, a study using a
chronic inflammatory pain model (intraplanar injection of Complete Freund’s Adjuvant, CFA) found that pain
modulated how heroin affected dopamine release in the nucleus accumbens and heroin self-administration,
with these effects being dose-dependent®!. A low dose (0.075 mg/kg, IV) of heroin reduced dopamine release,
whereas a high dose (0.15 mg/kg, IV) enhanced dopamine release. Inflammatory pain did not affect the self-
administration of 0.05 and 0.1 mg/kg/infusion of heroin but increased the intake of the higher dose (0.2 mg/kg/
infusion)®!. Taken together, these studies suggest that different types of opioids and the doses of opioids used
in chronic pain conditions may differently affect the self-administration of opioids. In the current study, we
examined the effects of neuropathic pain on oxycodone self-administration using a single dose (0.06 mg/kg/
infusion) in CCI rats. However, previous studies have shown that rats readily self-administer higher doses of
oxycodone®>3, Therefore, further investigation is warranted to determine whether higher doses of oxycodone
may reveal different effects of neuropathic pain on oxycodone self-administration in rats.

In this study, CBD treatment reduced oxycodone intake in both sham and CCI groups. This finding that
CBD reduces oxycodone intake aligns with previous studies exploring the effects of CBD on opioid intake. For
example, Nguyen et al. demonstrated that acute CBD vapor inhalation decreases oxycodone self-administration,
suggesting that CBD may reduce the rewarding properties of oxycodone?!. Our results also align closely with
those of Rivera-Garcia et al., who demonstrated that high-CBD cannabis vapor (64.2% CBD and 7.1% THC)
reduces fentanyl self-administration in both spared nerve injury and sham-operated female rats**. Furthermore,
both intraperitoneally administered CBD and inhalation of high-CBD whole-plant cannabis extract prevents the
development of morphine-induced conditioned place preference in mice and ratsi***. In addition, CBD blocked
the reward-enhancing effect of morphine in the intracranial self-stimulation procedures in rats®!. Inhaled CBD
also prevented fentanyl-induced conditioned place preference in mice*?. Importantly, preliminary clinical
findings indicate that CBD (Epidiolex’) reduces cue-induced craving in individuals with opioid use disorder who
are treated with buprenorphine®. Taken together, these preclinical and clinical observations suggest that CBD
decreases the rewarding properties of opioids and may help mitigate opioid misuse irrespective of pain status.

In this study, oxycodone self-administration in vehicle-treated rats increased the paw withdrawal latency in
the CCI paw but not in sham rats, suggesting that oxycodone mediated antinociceptive effects only in neuropathic
pain conditions. Notably, both sham and CCI rats self-administered similar amounts of oxycodone per session
(~ 1.6 mg/kg total intake/session), raising the possibility that the lack of effect in the sham rats may be related to
insufficient total drug exposure. A previous study reported that oxycodone self-administration at a comparable
unit dose (0.06 mg/kg/infusion) produced antinociceptive effects in SD rats in the tail-flick assay®®. However,
the total oxycodone intake in that study was higher (~ 2.7 mg/kg over a 3-hour session) compared to the intake
in our sham group (~ 1.6 mg/kg over a 2-hour session)®. This difference in cumulative intake may be critical,
as the median effective dose (EDs,) for antinociception following subcutaneous administration of oxycodone
in male rats is approximately 1.7 mg/kg, with full antinociception observed at 5.6 mg/kg®. Similarly, the EDs,
following intraperitoneal administration is about 1.46 mg/kg, with full antinociception at 4 mg/kg®®. Unlike a
single bolus injections, intravenous self-administration results in cumulative drug exposure that depends on
session duration and intake behavior. Therefore, it is possible that the total oxycodone intake in sham rats was
below the threshold required for measurable antinociceptive effects. In contrast, the same dose was sufficient
to alleviate thermal hypersensitivity in CCI rats, suggesting that pain state modulates the efficacy of oxycodone
self-administration.

We did not examine the effects of CBD alone on thermal pain sensitivity in drug-naive (e.g., saline self-
administration) sham or CCI rats. However, a previous study reported that sub-chronic intraperitoneal
administration of CBD (0.3-30 mg/kg) on post-CCI days 22-24 produced antinociceptive effects in the hot plate
assay in male CCI rats?. In the present study, CBD treatment (1-10 mg/kg) did not affect the antinociceptive
effects of oxycodone self-administration in CCI rats. An important alternative interpretation is that, because
CBD reduced oxycodone intake in CCl rats, the preserved antinociceptive effect may reflect a pharmacodynamic
interaction between CBD and oxycodone, whereby CBD’s intrinsic antinociceptive properties could partially
offset the reduction in oxycodone exposure. This possibility highlights a key limitation of the current study
and underscores the need to evaluate the effects of CBD alone on nociception in CCI rats. In contrast, in an
acute pain model, previous research has shown that CBD blocked the antinociceptive effect of oxycodone in
the hot plate test in mice®. Furthermore, CBD in combination with morphine produced subadditive effects on
morphine-induced antinociception in the hot plate assay’’. Notably, in CCI rats, intraperitoneal CBD produced
anti-allodynic effects in the Von Frey mechanical sensitivity test only at the highest dose tested (30 mg/kg), but
not at lower doses (3 and 10 mg/kg)*>. Moreover, combining the effective (30 mg/kg) and subeffective (10 mg/
kg) doses of CBD with subeffective doses of morphine resulted in anti-allodynic effects only when 30 mg/kg
CBD was included™. Taken together, these findings suggest that the interaction between CBD and opioids in
modulating pain sensitivity may depend on the specific doses used, and may result in synergistic, additive, or
subadditive effects. In the present study, we did not test the 30 mg/kg dose of CBD and used only a single dose of
oxycodone for self-administration. Therefore, future studies are warranted to examine the effects of higher CBD
doses and varying oxycodone doses in neuropathic pain models.
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In this study, the effects of neuropathic pain, CBD, and oxycodone self-administration were examined only
in male rats. Previous studies have shown that CCI of the sciatic nerve induces thermal hypersensitivity in both
male and female rodents, with no significant sex differences observed®’!, However, in an acute pain model,
intraperitoneal administration of CBD in naive male and female rats revealed sex differences in antinociceptive
effects as measured by the tail-flick assay. Specifically, only the highest dose (30 mg/kg) was effective in males,
whereas females exhibited dose-dependent (0.3, 3, and 30 mg/kg) antinociceptive effects®!. In females, these
effects were also dependent on the estrous cycle, with significant antinociception observed during late diestrus
but not during proestrus®'. Additionally, in acute pain models, the antinociceptive effect of intraperitoneally
administered oxycodone has been reported to be greater in females than in males in the tail-flick assay®.
Moreover, previous studies have demonstrated sex differences in intravenous oxycodone self-administration
in rats®?72. Therefore, further studies are warranted to investigate the effect of sex on CBD and oxycodone self-
administration in neuropathic pain models.

This study has several limitations that should be considered. First, we did not assess the effects of CBD alone
on nociception in either sham or CCI rats. As a result, it remains unclear whether CBD’s intrinsic antinociceptive
properties contributed to the preserved analgesic effects during oxycodone self-administration. Second, we
employed only a single unit dose of oxycodone (0.06 mg/kg/infusion), limiting our ability to determine whether
neuropathic pain differentially modulates oxycodone reinforcement across a broader dose range. Pain-dependent
differences in oxycodone intake may emerge at higher or lower doses. Third, the CBD dose range tested was
restricted to low to moderate doses (1-10 mg/kg). Higher doses of CBD (e.g., 30 mg/kg), which have produced
anti-allodynic effects in CCI models, were not examined?’. Thus, the full CBD dose-response relationship and its
interaction with oxycodone under neuropathic pain conditions remain to be defined. Fourth, nociception was
evaluated solely using the Hargreaves test. Although this assay reliably measures thermal hyperalgesia, reliance
on a single modality limits the ability to detect broader pain-related changes and potential CBD-oxycodone
interactions. Prior work has shown that CBD can reverse mechanical allodynia, cold allodynia, and thermal
hyperalgesia in neuropathic pain models, suggesting that CBD’s effects may manifest across multiple sensory
dimensions?’. Future studies using multimodal assessments (e.g., von Frey, cold allodynia, additional thermal
tests) will be important to provide a more comprehensive characterization of CBD-oxycodone interactions.
Fifth, this study was performed only in male rats. Previous studies have demonstrated marked sex differences in
CBD-induced antinociception, oxycodone analgesia, and intravenous oxycodone self-administration’!-6268.72,
Therefore, future work should explicitly incorporate sex as a biological variable. Finally, although not the
primary focus of this study, the mechanisms by which CBD reduces oxycodone intake remain unresolved.
CBD is known to act as a negative allosteric modulator at CB1 receptors, a 5-HT1A receptor agonist, and a
modulator of GABAergic, dopaminergic, and opioidergic signaling, all pathways that could influence oxycodone
reinforcement?®473-7> Additionally, converging in vitro and in vivo evidence indicates that CBD modulates
nociception predominantly through TRPV1 activation followed by desensitization and through cAMP-
dependent TRPV1 regulatory pathways?”’%”7. These mechanistic observations, together with the behavioral
limitations noted above, underscore the need for future studies incorporating full CBD and oxycodone dose-
response curves, multimodal pain assays, and neuropharmacological analyses to determine how CBD influences
both analgesia and reinforcement in chronic pain states.

In conclusion, our findings demonstrate that CBD reduces oxycodone self-administration in adult rats,
regardless of neuropathic pain status, and does not interfere with the antinociceptive effects of oxycodone in
neuropathic pain. These results underscore the therapeutic potential of CBD for reducing oxycodone misuse
while preserving its antinociceptive effects.

Data availability

Data are available from the corresponding author on request.

Received: 24 July 2025; Accepted: 5 December 2025
Published online: 11 January 2026

References

1. Zajacova, A., Grol-Prokopczyk, H., Limani, M., Schwarz, C. & Gilron, I. Prevalence and correlates of prescription opioid use
among US adults, 2019-2020. PloS One. 18, 0282536 (2023).

2. Han, B, Jones, C. M., Einstein, E. B., Dowell, D. & Compton, W. M. Prescription opioid use disorder among adults reporting
prescription opioid use with or without misuse in the united States. J. Clin. Psychiatry. 85 https://doi.org/10.4088/JCP.24m15258
(2024).

3. Schepis, T. S., Wastila, L., Ammerman, B., McCabe, V. V. & McCabe, S. E. Prescription opioid misuse motives in US older adults.
Pain Med. 21, 2237-2243. https://doi.org/10.1093/pm/pnz304 (2019).

4. Centers for Disease Control and Prevention, N. C. f. H. S. Multiple Cause of Death 1999-2019, CDC WONDER Online Database,
released 12/2020. (2021).

5. Centers for Disease Control and Prevention, N. C. f. H. S. U.S. Overdose Deaths Decrease in 2023, First Time Since., (2018). https
://www.cdc.gov/nchs/pressroom/nchs_press_releases/2024/20240515.htm (2024).

6. Seth, P, Rudd, R. A., Noonan, R. K. & Haegerich, T. M. (American Public Health Association, (2018).

7. Spencer, M. R., Garnett, M. & Minifio, A. M. Drug overdose deaths in the United States, 2002-2022. (US Department of Health and
Human Services, Centers for Disease Control and &#8230.

8. Volkow, N. D. & McLellan, A. T. Opioid abuse in chronic pain—misconceptions and mitigation strategies. N. Engl. J. Med. 374,
1253-1263 (2016).

9. Bruijnzeel, A. W. et al. Severe deficit in brain reward function associated with Fentanyl withdrawal in rats. Biol. Psychiatry. 59,
477-480 (2006).

10. Liu, J., Pan, H., Gold, M. S., Derendorf, H. & Bruijnzeel, A. W. Effects of Fentanyl dose and exposure duration on the affective and
somatic signs of Fentanyl withdrawal in rats. Neuropharmacology 55, 812-818 (2008).

Scientific Reports |

(2026) 16:2080 | https://doi.org/10.1038/s41598-025-31828-y nature portfolio


https://doi.org/10.4088/JCP.24m15258
https://doi.org/10.1093/pm/pnz304
https://www.cdc.gov/nchs/pressroom/nchs_press_releases/2024/20240515.htm
https://www.cdc.gov/nchs/pressroom/nchs_press_releases/2024/20240515.htm
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Remillard, D., Kaye, A. D. & McAnally, H. Oxycodone’s unparalleled addictive potential: is it time for a moratorium? Curr. Pain
Headache Rep. 23, 15. https://doi.org/10.1007/s11916-019-0751-7 (2019).

Kibaly, C. et al. Oxycodone in the opioid epidemic: high ‘liking}‘wanting} and abuse liability. Cell. Mol. Neurobiol. 41, 899-926
(2021).

Monory, K. et al. Opioid binding profiles of new hydrazone, oxime, carbazone and semicarbazone derivatives of
14-alkoxymorphinans. Life Sci. 64, 2011-2020 (1999).

Nielsen, C. K. et al. Oxycodone and morphine have distinctly different Pharmacological profiles: radioligand binding and
behavioural studies in two rat models of neuropathic pain. Pain 132, 289-300 (2007).

Yang, P. P. et al. Activation of delta-opioid receptor contributes to the antinociceptive effect of oxycodone in mice. Pharmacol. Res.
111, 867-876 (2016).

Valentino, R. J. & Volkow, N. D. Untangling the complexity of opioid receptor function. Neuropsychopharmacology 43, 2514-2520.
https://doi.org/10.1038/541386-018-0225-3 (2018).

. Stein, C. Opioids, sensory systems and chronic pain. Eur. J. Pharmacol. 716, 179-187 (2013).
. Bruijnzeel, A. W. et al. Oxycodone decreases anxiety-like behavior in the elevated plus-maze test in male and female rats. Behav.

Pharmacol. 33, 418-426 (2022).

. Zehra, A. et al. Cannabis addiction and the brain: a review. J. Neuroimmune Pharmacol. 13, 438-452 (2018).
. Ashton, C. H. Pharmacology and effects of cannabis: a brief review. Br. J. Psychiatry. 178, 101-106 (2001).
. Izzo, A. A, Borrelli, E, Capasso, R., Di, M. V. & Mechoulam, R. Non-psychotropic plant cannabinoids: new therapeutic

opportunities from an ancient herb. Trends Pharmacol. Sci. 30, 515-527 (2009).

. Mechoulam, R., Parker, L. A. & Gallily, R. Cannabidiol: an overview of some Pharmacological aspects. J. Clin. Pharmacol. 42,

11s-19s (2002).

Starowicz, K. & Di Marzo, V. Non-psychotropic analgesic drugs from the endocannabinoid system: magic bullet or multiple-target
strategies? Eur. J. Pharmacol. 716, 41-53. https://doi.org/10.1016/j.ejphar.2013.01.075 (2013).

Sales, A. ], Crestani, C. C., Guimaraes, F. S. & Joca, S. R. L. Antidepressant-like effect induced by Cannabidiol is dependent on
brain serotonin levels. Prog. Neuro-psychopharmacol. Biol. Psychiatry. 86, 255-261. https://doi.org/10.1016/j.pnpbp.2018.06.002
(2018).

Xiong, W. et al. Cannabinoids suppress inflammatory and neuropathic pain by targeting a3 Glycine receptors. J. Exp. Med. 209,
1121-1134. https://doi.org/10.1084/jem.20120242 (2012).

de Almeida, D. L. et al. Cannabidiol induces systemic analgesia through activation of the PI3Ky/nNOS/NO/KATP signaling
pathway in neuropathic mice. A KATP channel S-nitrosylation-dependent mechanism. Nitric Oxide. 146, 1-9. https://doi.org/10.
1016/j.niox.2024.02.005 (2024).

Silva-Cardoso, G. K. et al. Cannabidiol effectively reverses mechanical and thermal allodynia, hyperalgesia, and anxious behaviors
in a neuropathic pain model: possible role of CB1 and TRPV1 receptors. Neuropharmacology 197, 108712. https://doi.org/10.101
6/j.neuropharm.2021.108712 (2021).

Manzoni, O. J., Manduca, A. & Trezza, V. Therapeutic potential of Cannabidiol polypharmacology in neuropsychiatric disorders.
Trends Pharmacol. Sci. 46, 145-162. https://doi.org/10.1016/j.tips.2024.12.005 (2025).

Schouten, M., Dalle, S., Mantini, D. & Koppo, K. Cannabidiol and brain function: current knowledge and future perspectives.
Front. Pharmacol. 14, 1328885. https://doi.org/10.3389/fphar.2023.1328885 (2023).

Britch, S. C., Babalonis, S. & Walsh, S. L. Cannabidiol: Pharmacology and therapeutic targets. Psychopharmacol. (Berl). 238, 9-28.
https://doi.org/10.1007/s00213-020-05712-8 (2021).

Arantes, A. L. F. et al. Antinociceptive action of Cannabidiol on thermal sensitivity and post-operative pain in male and female rats.
Behav. Brain. Res. 459, 114793. https://doi.org/10.1016/j.bbr.2023.114793 (2024).

Jesus, C. H. A. et al. Cannabidiol enhances the antinociceptive effects of morphine and attenuates opioid-induced tolerance in the
chronic constriction injury model. Behav. Brain. Res. 435, 114076. https://doi.org/10.1016/j.bbr.2022.114076 (2022).

De Gregorio, D. et al. Cannabidiol modulates serotonergic transmission and reverses both allodynia and anxiety-like behavior in
a model of neuropathic pain. Pain 160, 136-150. https://doi.org/10.1097/j.pain.0000000000001386 (2019).

Britch, S. C., Craft, R. M. & Cannabidiol Delta-9-Tetrahydrocannabinol interactions in male and female rats with persistent
inflammatory pain. J. Pain. 24, 98-111. https://doi.org/10.1016/j.jpain.2022.09.002 (2023).

Eeswara, A., Pacheco-Spiewak, A., Jergova, S. & Sagen, J. Combined non-psychoactive cannabis components Cannabidiol and p-
caryophyllene reduce chronic pain via CB1 interaction in a rat spinal cord injury model. PloS One. 18, €0282920. https://doi.org/1
0.1371/journal.pone.0282920 (2023).

Backonja, M. M., Miletic, G. & Miletic, V. The effect of continuous morphine analgesia on chronic thermal hyperalgesia due to
sciatic constriction injury in rats. Neurosci. Lett. 196, 61-64. https://doi.org/10.1016/0304-3940(95)11844-m (1995).

Wala, E. P, Holtman, J. R. & Sloan, P. A. Ultralow dose Fentanyl prevents development of chronic neuropathic pain in rats. . Opioid
Manag. 9, 85-96. https://doi.org/10.5055/jom.2013.0150 (2013).

Thorn, D. A., Zhang, Y. & Li, ]. X. Tolerance and cross-tolerance to the antinociceptive effects of oxycodone and the Imidazoline
1(2) receptor agonist phenyzoline in adult male rats. Psychopharmacol. (Berl). 234, 1871-1880. https://doi.org/10.1007/s00213-01
7-4599-4 (2017).

Liu, B, Liu, Y,, Li, N, Zhang, J. & Zhang, X. Oxycodone regulates incision-induced activation of neurotrophic factors and receptors
in an acute post-surgery pain rat model. J. Pain Res. 11, 2663-2674. https://doi.org/10.2147/jpr.5180396 (2018).

Markos, J. R., Harris, H. M., Gul, W, EISohly, M. A. & Sufka, K. J. Effects of Cannabidiol on morphine conditioned place preference
in mice. Planta Med. 84, 221-224 (2018).

Nguyen, J. D., Grant, Y., Yang, C., Gutierrez, A. & Taffe, M. A. Oxycodone Self-Administration in female rats is enhanced by
A(9)-tetrahydrocannabinol, but not by Cannabidiol, in a progressive ratio procedure. BioRxiv https://doi.org/10.1101/2023.10.26.
564282 (2023).

Bhandari, B. et al. Cannabidiol reverses fentanyl-induced addiction and modulates neuroinflammation. bioRxiv, 2024.2007.
2020.604441 (2024).

Rivera-Garcia, M. T., Rose, R. M. & Wilson-Poe, A. R. High-CBD cannabis vapor attenuates opioid reward and partially modulates
nociception in female rats. Addict. Neurosci. 5 https://doi.org/10.1016/j.addicn.2022.100050 (2023).

Xi, C. et al. Combined metabolomics and transcriptomics analysis of rats under neuropathic pain and pain-related depression.
Front. Pharmacol. 14, 1320419. https://doi.org/10.3389/fphar.2023.1320419 (2023).

Guillemette, A., Dansereau, M. A., Beaudet, N., Richelson, E. & Sarret, P. Intrathecal administration of NTS1 agonists reverses
nociceptive behaviors in a rat model of neuropathic pain. Eur. J. Pain. 16, 473-484. https://doi.org/10.1016/j.ejpain.2011.07.008
(2012).

Jorgensen, J. R. et al. Meteorin reverses hypersensitivity in rat models of neuropathic pain. Exp. Neurol. 237, 260-266. https://doi.
org/10.1016/j.expneurol.2012.06.027 (2012).

Baliki, M., Calvo, O., Chialvo, D. R. & Apkarian, A. V. Spared nerve injury rats exhibit thermal hyperalgesia on an automated
operant dynamic thermal escape task. Mol. Pain. 1, 18. https://doi.org/10.1186/1744-8069-1-18 (2005).

Deiana, S. et al. Plasma and brain Pharmacokinetic profile of Cannabidiol (CBD), cannabidivarine (CBDV), Delta(9)-
tetrahydrocannabivarin (THCV) and Cannabigerol (CBG) in rats and mice following oral and intraperitoneal administration and
CBD action on obsessive-compulsive behaviour. Psychopharmacol. (Berl). 219, 859-873. https://doi.org/10.1007/s00213-011-241
5-0 (2012).

Scientific Reports |

(2026) 16:2080

| https://doi.org/10.1038/s41598-025-31828-y nature portfolio


https://doi.org/10.1007/s11916-019-0751-7
https://doi.org/10.1038/s41386-018-0225-3
https://doi.org/10.1016/j.ejphar.2013.01.075
https://doi.org/10.1016/j.pnpbp.2018.06.002
https://doi.org/10.1084/jem.20120242
https://doi.org/10.1016/j.niox.2024.02.005
https://doi.org/10.1016/j.niox.2024.02.005
https://doi.org/10.1016/j.neuropharm.2021.108712
https://doi.org/10.1016/j.neuropharm.2021.108712
https://doi.org/10.1016/j.tips.2024.12.005
https://doi.org/10.3389/fphar.2023.1328885
https://doi.org/10.1007/s00213-020-05712-8
https://doi.org/10.1016/j.bbr.2023.114793
https://doi.org/10.1016/j.bbr.2022.114076
https://doi.org/10.1097/j.pain.0000000000001386
https://doi.org/10.1016/j.jpain.2022.09.002
https://doi.org/10.1371/journal.pone.0282920
https://doi.org/10.1371/journal.pone.0282920
https://doi.org/10.1016/0304-3940(95)11844-m
https://doi.org/10.5055/jom.2013.0150
https://doi.org/10.1007/s00213-017-4599-4
https://doi.org/10.1007/s00213-017-4599-4
https://doi.org/10.2147/jpr.S180396
https://doi.org/10.1101/2023.10.26.564282
https://doi.org/10.1101/2023.10.26.564282
https://doi.org/10.1016/j.addicn.2022.100050
https://doi.org/10.3389/fphar.2023.1320419
https://doi.org/10.1016/j.ejpain.2011.07.008
https://doi.org/10.1016/j.expneurol.2012.06.027
https://doi.org/10.1016/j.expneurol.2012.06.027
https://doi.org/10.1186/1744-8069-1-18
https://doi.org/10.1007/s00213-011-2415-0
https://doi.org/10.1007/s00213-011-2415-0
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

49. Lust, C. A. C. et al. Short communication: tissue distribution of major cannabinoids following intraperitoneal injection in male
rats. PloS One. 17, €0262633. https://doi.org/10.1371/journal. pone.0262633 (2022).

50. Uttl, L., Hlozek, T., Mares, P, Palenic¢ek, T. & Kubova, H. Anticonvulsive effects and Pharmacokinetic profile of Cannabidiol (CBD)
in the Pentylenetetrazol (PTZ) or N-Methyl-D-Aspartate (NMDA) models of seizures in infantile rats. Int. J. Mol. Sci. 23 https://d
0i.org/10.3390/ijms23010094 (2021).

51. Genaro, K. et al. Cannabidiol is a potential therapeutic for the Affective-Motivational dimension of incision pain in rats. Front.
Pharmacol. 8, 391. https://doi.org/10.3389/fphar.2017.00391 (2017).

52. Devinsky, O., Kraft, K., Rusch, L., Fein, M. & Leone-Bay, A. Improved bioavailability with dry powder Cannabidiol inhalation: A
phase 1 clinical study. J. Pharm. Sci. 110, 3946-3952. https://doi.org/10.1016/j.xphs.2021.08.012 (2021).

53. Zislis, G., Desai, T. V., Prado, M., Shah, H. P. & Bruijnzeel, A. W. Effects of the CRF receptor antagonist D-Phe CRF(12-41)
and the alpha2-adrenergic receptor agonist clonidine on stress-induced reinstatement of nicotine-seeking behavior in rats.
Neuropharmacology 58, 958-966 (2007).

54. Yamada, H. & Bruijnzeel, A. W. Stimulation of alpha2-adrenergic receptors in the central nucleus of the amygdala attenuates stress-
induced reinstatement of nicotine seeking in rats. Neuropharmacology 60, 303-311 (2011).

55. Chellian, R., Behnood-Rod, A., Wilson, R., Febo, M. & Bruijnzeel, A. W. Adolescent nicotine treatment causes robust locomotor
sensitization during adolescence but impedes the spontaneous acquisition of nicotine intake in adult female Wistar rats. Pharmacol.
Biochem. Behav. 207, 173224 (2021).

56. Chellian, R., Behnood-Rod, A., Wilson, R. & Bruijnzeel, A. W. Rewarding effects of nicotine self-administration increase over time
in male and female rats. Nicotine Tob. Res. 23, 2117-2126 (2021).

57. Chellian, R. et al. Dopamine D1-like receptor Blockade and stimulation decreases operant responding for nicotine and food in
male and female rats. Sci. Rep. 12, 1-12 (2022).

58. Wang, X. et al. Macrophage migration inhibitory factor mediates peripheral nerve injury-induced hypersensitivity by curbing
dopaminergic descending Inhibition. Exp. Mol. Med. 50, e445. https://doi.org/10.1038/emm.2017.271 (2018).

59. Sheehan, G. D., Martin, M. K., Young, V. A,, Powell, R. & Bhattacharjee, A. Thermal hyperalgesia and dynamic weight bearing
share similar recovery dynamics in a sciatic nerve entrapment injury model. Neurobiol. Pain. 10, 100079. https://doi.org/10.1016/
j.ynpai.2021.100079 (2021).

60. Martin, T. J., Kim, S. A., Buechler, N. L., Porreca, F. & Eisenach, J. C. Opioid self-administration in the nerve-injured rat: relevance
of antiallodynic effects to drug consumption and effects of intrathecal analgesics. J. Am. Soc. Anesthesiologists. 106, 312322 (2007).

61. Hipolito, L. et al. Inflammatory pain promotes increased opioid Self-Administration: role of dysregulated ventral tegmental area p
opioid receptors. J. Neurosci. 35, 12217-12231. https://doi.org/10.1523/jneurosci.1053-15.2015 (2015).

62. Kimbrough, A. et al. Oxycodone self-administration and withdrawal behaviors in male and female Wistar rats. Psychopharmacol.
(Berl). 237, 1545-1555. https://doi.org/10.1007/s00213-020-05479-y (2020).

63. Nguyen, J. D., Grant, Y. & Taffe, M. A. Paradoxical changes in brain reward status during oxycodone self-administration in a novel
test of the negative reinforcement hypothesis. Br. J. Pharmacol. 178, 3797-3812. https://doi.org/10.1111/bph.15520 (2021).

64. Katsidoni, V., Anagnostou, I. & Panagis, G. Cannabidiol inhibits the reward-facilitating effect of morphine: involvement of 5-HT1A
receptors in the dorsal Raphe nucleus. Addict. Biol. 18, 286-296. https://doi.org/10.1111/j.1369-1600.2012.00483.x (2013).

65. Suzuki, J., Martin, B., Prostko, S., Chai, P. R. & Weiss, R. D. Cannabidiol effect on Cue-Induced craving for individuals with opioid
use disorder treated with buprenorphine: A small Proof-of-Concept Open-Label study. Integr. Med. Rep. 1, 157-163. https://doi.o
rg/10.1089/imr.2022.0070 (2022).

66. Zhang, Y. et al. Activation of GLP-1 receptors attenuates oxycodone taking and seeking without compromising the antinociceptive
effects of oxycodone in rats. Neuropsychopharmacology 45, 451-461. https://doi.org/10.1038/s41386-019-0531-4 (2020).

67. Austin Zamarripa, C. et al. The G-protein biased mu-opioid agonist, TRV130, produces reinforcing and antinociceptive effects
that are comparable to oxycodone in rats. Drug Alcohol Depend. 192, 158-162. https://doi.org/10.1016/j.drugalcdep.2018.08.002
(2018).

68. Holtman, J. R. Jr. & Wala, E. P. Characterization of the antinociceptive effect of oxycodone in male and female rats. Pharmacol.
Biochem. Behav. 83, 100-108. https://doi.org/10.1016/j.pbb.2005.12.013 (2006).

69. Harris, H. M., Gul, W,, ElSohly, M. A. & Sufka, K. J. Differential effects of Cannabidiol and a novel Cannabidiol analog on
oxycodone place preference and analgesia in mice: an opioid abuse deterrent with analgesic properties. Cannabis Cannabinoid Res.
7, 804-813. https://doi.org/10.1089/can.2021.0050 (2022).

70. Neelakantan, H. et al. Distinct interactions of Cannabidiol and morphine in three nociceptive behavioral models in mice. Behav.
Pharmacol. 26, 304-314. https://doi.org/10.1097/fbp.0000000000000119 (2015).

71. Tall, J. M,, Stuesse, S. L., Cruce, W. L. & Crisp, T. Gender and the behavioral manifestations of neuropathic pain. Pharmacol.
Biochem. Behav. 68, 99-104. https://doi.org/10.1016/s0091-3057(00)00461-5 (2001).

72. Mavrikaki, M., Pravetoni, M., Page, S., Potter, D. & Chartoff, E. Oxycodone self-administration in male and female rats.
Psychopharmacology 234, 977-987 (2017).

73. Iyer, V. et al. Negative allosteric modulation of CB(1) cannabinoid receptor signaling suppresses opioid-mediated reward.
Pharmacol. Res. 185, 106474. https://doi.org/10.1016/j.phrs.2022.106474 (2022).

74. Laprairie, R. B,, Bagher, A. M., Kelly, M. E. & Denovan-Wright, E. M. Cannabidiol is a negative allosteric modulator of the
cannabinoid CBI receptor. Br. J. Pharmacol. 172, 4790-4805. https://doi.org/10.1111/bph.13250 (2015).

75. Bakas, T. et al. The direct actions of Cannabidiol and 2-arachidonoyl glycerol at GABAA receptors. Pharmacol. Res. 119, 358-370
(2017).

76. Costa, B., Giagnoni, G., Franke, C., Trovato, A. E. & Colleoni, M. Vanilloid TRPV1 receptor mediates the antihyperalgesic effect of
the nonpsychoactive cannabinoid, cannabidiol, in a rat model of acute inflammation. Br. J. Pharmacol. 143, 247-250. https://doi.o
rg/10.1038/s].bjp.0705920 (2004).

77. Anand, U. et al. CBD effects on TRPV1 signaling pathways in cultured DRG neurons. J. Pain Res. 13, 2269-2278. https://doi.org/1
0.2147/jpr.S258433 (2020).

Author contributions

Adriaan W. Bruijnzeel: Conceptualization, Supervision, Formal analysis, Writing — Original Draft, Visualization,
Project administration, Funding acquisition. Azin Behnood-Rod: Investigation, Project administration. Ran-
jithkumar Chellian: Formal analysis, Investigation, Writing — Original Draft, Visualization. Wendi Malphurs: In-
vestigation, Project administration. Robert M. Caudle: Conceptualization, Writing - Review & Editing. Marcelo
Febo: Conceptualization, Writing — Review & Editing. Barry Setlow: Conceptualization, Resources, Writing
- Review & Editing. Niall P. Murphy: Conceptualization, Supervision, Project administration, Writing — Review
& Editing. John K. Neubert: Conceptualization, Supervision, Funding acquisition, Writing — Review & Editing.

Funding
This work was supported by the National Institute on Drug Abuse (NIDA) through grant DA049470 to J.K.
Neubert and R.M. Caudle, and grant DA046411 to A.W. Bruijnzeel. We thank the NIDA Drug Supply Program

Scientific Reports|  (2026) 16:2080 | https://doi.org/10.1038/s41598-025-31828-y nature portfolio


https://doi.org/10.1371/journal.pone.0262633
https://doi.org/10.3390/ijms23010094
https://doi.org/10.3390/ijms23010094
https://doi.org/10.3389/fphar.2017.00391
https://doi.org/10.1016/j.xphs.2021.08.012
https://doi.org/10.1038/emm.2017.271
https://doi.org/10.1016/j.ynpai.2021.100079
https://doi.org/10.1016/j.ynpai.2021.100079
https://doi.org/10.1523/jneurosci.1053-15.2015
https://doi.org/10.1007/s00213-020-05479-y
https://doi.org/10.1111/bph.15520
https://doi.org/10.1111/j.1369-1600.2012.00483.x
https://doi.org/10.1089/imr.2022.0070
https://doi.org/10.1089/imr.2022.0070
https://doi.org/10.1038/s41386-019-0531-4
https://doi.org/10.1016/j.drugalcdep.2018.08.002
https://doi.org/10.1016/j.pbb.2005.12.013
https://doi.org/10.1089/can.2021.0050
https://doi.org/10.1097/fbp.0000000000000119
https://doi.org/10.1016/s0091-3057(00)00461-5
https://doi.org/10.1016/j.phrs.2022.106474
https://doi.org/10.1111/bph.13250
https://doi.org/10.1038/sj.bjp.0705920
https://doi.org/10.1038/sj.bjp.0705920
https://doi.org/10.2147/jpr.S258433
https://doi.org/10.2147/jpr.S258433
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

for providing cannabidiol and oxycodone.
Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-31828-y.

Correspondence and requests for materials should be addressed to A.W.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:2080 | https://doi.org/10.1038/s41598-025-31828-y nature portfolio


https://doi.org/10.1038/s41598-025-31828-y
https://doi.org/10.1038/s41598-025-31828-y
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Cannabidiol reduces oxycodone self-administration while preserving its analgesic efficacy in a rat model of neuropathic pain
	﻿Materials and methods
	﻿Animals
	﻿Drugs and treatment
	﻿Experimental design
	﻿Food training
	﻿Intravenous catheter implantation
	﻿CCI surgery
	﻿Hargreaves thermal paw withdrawal test
	﻿Statistics

	﻿Results
	﻿Acquisition of oxycodone self-administration
	﻿CCI and hargreaves test
	﻿CCI and oxycodone self-administration
	﻿Effects of CBD pretreatment on oxycodone reinforcement and analgesia
	﻿Oxycodone self-administration (2 h) conducted 20 min after CBD pretreatment
	﻿CBD and oxycodone-induced antinociception (Hargreaves test)


	﻿Oxycodone self-administration conducted 24 h after CBD treatment
	﻿Discussion
	﻿References


