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Abstract

Oxycodone is commonly prescribed for moderate to severe pain disorders. While efficacious,
long-term use can result in tolerance, physical dependence, and the development of opioid use
disorder. Cannabis and its derivatives such as A°-Tetrahydrocannabinol (A°>-THC) have been
reported to enhance oxycodone analgesia in animal models and in humans. However, it
remains unclear if A>-THC may facilitate unwanted aspects of oxycodone intake, such as
tolerance, dependence, and reward at analgesic doses. This study sought to evaluate the
impact of co-administration of A°>-THC and oxycodone across behavioral measures related to
antinociception, dependence, circadian activity, and reward in both male and female mice.
Oxycodone and A°-THC produced dose-dependent antinociceptive effects in the hotplate assay
that were similar between sexes. Repeated treatment (twice daily for 5 days) resulted in
antinociceptive tolerance. Combination treatment of oxycodone and A°-THC produced a greater
antinociceptive effect than either administered alone, and delayed the development of
antinociceptive tolerance. Repeated treatment with oxycodone produced physical dependence
and alterations in circadian activity, neither of which were exacerbated by co-treatment with A®-
THC. Combination treatment of oxycodone and A°-THC produced CPP when co-administered at
doses that did not produce preference when administered alone. These data indicate that A°-
THC may facilitate oxycodone-induced antinociception without augmenting certain unwanted
features of opioid intake (e.g. dependence, circadian rhythm alterations). However, our findings
also indicate that AS-THC may facilitate rewarding properties of oxycodone at therapeutically
relevant doses which warrant consideration when evaluating this combination for its potential

therapeutic utility.
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Introduction

Oxycodone remains one of the most prescribed analgesics for moderate to severe pain
disorders(Dowell et al., 2022). Oxycodone, like other opioids, exerts its analgesic actions
primarily through the p-opioid receptor(Beardsley et al., 2004; Olkkola et al., 2013). While
effective in the short term, long-term use of y-opioid agonists can result in a myriad of unwanted
side-effects which include tolerance, changes in the sleep-wake cycle, physical dependence,
and the development of opioid use disorder(Strang et al., 2020). Thus, there is an urgent need

to develop alternative therapeutic interventions for pain.

Cannabis and its derivatives such as A°-Tetrahydrocannabinol (A%>-THC) have been suggested
as a potential therapeutic for pain. Cannabis and cannabis-derivative containing products have
been recently made available for medicinal use in most states within the United
States(Haroutounian et al., 2021). In a recent survey among adults with chronic pain who reside
in in states with legalized medicinal cannabis, 30% of individuals reported using cannabis to
treat their pain(Bicket et al., 2023). In preclinical studies, A®>-THC administration produces
antinociception and exerts efficacy in evoked and non-evoked pain behaviors across several
different pain models(Abraham et al., 2020; Soliman et al., 2021). A°-THC exerts these actions
primarily through cannabinoid type-1 (CB+) and type-2 (CB-) receptors(Woodhams et al., 2017).
However, like y-opioid agonists, prolonged administration of A>~-THC and other CB+ agonists
results in antinociceptive tolerance and dependence thereby limiting the therapeutic window of
CB1 agonists(Ramaekers et al., 2020). Better approaches to maximizing the therapeutic

potential of cannabinoid-based therapies are therefore needed.

There is considerable interest in combination therapies of cannabinoids and opioids for
analgesia. CB1 and p-opioid receptors are co-expressed in areas throughout the pain neuraxis
where they are poised interact in the context of analgesia(Wilson-Poe et al., 2021; Yu et al.,

2022) and analgesic tolerance(Wilson-Poe et al., 2012; Wilson-Poe et al., 2013). Indeed, a
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wealth of preclinical evidence generally suggests co-administration of CB+ and p-agonists result
in enhanced antinociception, and synergy across different pain models(Welch and Stevens,
1992; Cichewicz et al., 1999; Cichewicz and McCarthy, 2003; Cichewicz et al., 2005; Wilkerson
et al., 2016; Wilkerson et al., 2017; Maguire and France, 2018; Slivicki et al., 2018; Slivicki et
al., 2020; Nielsen et al., 2022; Toniolo et al., 2022; Yu et al., 2022). A recent meta-analysis
reported 3.5-fold reduction in the morphine dose required to produce analgesia when combined
with A%-THC in rodent studies(Nielsen et al., 2022). This facilitation of antinociception is also
observed in nonhuman primates(Maguire et al., 2013; Maguire and France, 2014; Maguire and
France, 2018; Gerak et al., 2019; Nilges et al., 2020). In humans, combined treatment with oral
oxycodone and smoked cannabis resulted in enhanced antinociception in the cold pressor test
relative to either drug in isolation(Cooper et al., 2018). A recent review concluded the clinical
evidence of cannabinoid and opioid combinations are largely mixed in their analgesic
effectiveness(Babalonis and Walsh, 2020). Studies providing evidence for or against the use of
specific cannabinoid/opioid combinations in a therapeutic context are therefore likely to be

highly useful.

In addition to pain, there is evidence that cannabis legalization has an impact on opioid misuse
and overdose. Studies indicate that there are fewer opioid overdose deaths in states where
recreational cannabis is legal(Shi, 2017; Marinello and Powell, 2023). However, other reports
suggest that access to cannabis may increase the risk of opioid misuse(Ali et al., 2023; Rhew et
al., 2023) potentially resulting in the development of opioid use disorder. In addition to pain-
relevant areas, CB+and p-opioid receptors are co-expressed in areas such as the ventral
tegmental area and nucleus accumbens whose activity is critical for the rewarding properties of
reinforcing drugs(Wenzel and Cheer, 2018). Indeed, A°-THC has been reported to both
facilitate(Solinas et al., 2004) and reduce(Gutierrez et al., 2022) heroin self-administration.

Recently, it was demonstrated that injected or vaporized A°-THC reduced oxycodone self-
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administration(Nguyen et al., 2019). Similarly, in non-human primates it has been reported that
A°-THC administration decreases heroin responsivity(Maguire and France, 2016), but has no
effect on fentanyl reward(Carey et al., 2023) suggesting a potential ligand-specific interaction. In
humans studies, smoked cannabis resulted in a facilitation of drug liking for oxycodone(Cooper
et al., 2018), however oral administration of the A°-THC -conjugate dronabinol reduced drug
liking for oxycodone(Lofwall et al., 2016). The two studies differ in their route of administration
and dose of oxycodone, further suggesting these interactions are complex and highly
dependent on dose and route of administration. Thus, there are clear interactions between A°-
THC and opioids in the context of reward that require consideration when evaluating potential
therapeutic implementation. CB+ and u-opioid receptors are also co-expressed in areas relevant
to drug withdrawal(Scavone et al., 2013). CB agonists, allosteric modulators and
endocannabinoid degradation inhibitors reduce measures of p-opioid dependence and
withdrawal(Lichtman et al., 2001; Schlosburg et al., 2009; Ramesh et al., 2011; Wilkerson et al.,
2017; Dodu et al., 2022). In humans, the A°-THC conjugate dronabinol has been shown to
suppress opioid withdrawal signs in opioid-dependent individuals(Bisaga et al., 2015). However,
in another study dronabinol exhibited unwanted effects such as a “heart racing” feeling and
tachycardia at doses effective for reducing withdrawal measures in opioid-dependent
individuals(Lofwall et al., 2016). Thus, experiments evaluating how co-treatment of oxycodone

and A°-THC interact in the context of drug withdrawal are likely to be translationally informative.

Prior literature indicates that cannabinoids and opioids functionally interact to affect a wide array
of different outcome measures. Ligand, dose range and dosing regimen can all influence such
interactions. Based on these studies, we set out to evaluate the impact of co-administration of
oxycodone with A>-THC in a variety of behaviors related to antinociception, tolerance,

dependence, circadian activity, and reward.

Methods:
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Subjects

All experiments used C57BL/6J male and female mice bred in-house or purchased from
Jackson laboratories (Bar Harbor, ME). Mice were 8 to 10 weeks of age at the start of
experiments. Animals were group housed 3-5 per cage in all experiments aside from the
hotplate combination dosing experiments. Animals were maintained in a temperature-controlled
facility with a 12-hour light—dark cycle (lights on at 06:00-18:00 hours) and given ad libitum food
and water. All experimental procedures were approved by the Washington University
Institutional Animal Care and Use Committee and followed the guidelines of the International
Association for the Study of Pain. Mice were randomly assigned to experimental conditions.
Male and female cohorts were always tested separately. Behavioral testing occurred between 8

AM and 6 PM (2:00 and 12:00 ZT).
Drugs and chemicals

A°-THC (NIDA drug supply program) was provided in ethanol (200 mg/ml), and dissolved in a
vehicle of 4.75% ethanol, 5% Koliphor EL, and 90% sterile saline and administered at volume of
5 ml/kg. For this vehicle, a stock of Koliphor and saline was separately mixed and then added to
the corresponding amount of ethanol to yield the final injectable vehicle. Oxycodone (Sigma-
Aldrich) was dissolved in sterile saline and administered at a volume of 5 ml/kg. For
experiments which involved combinations of A°~-THC and oxycodone both compounds were
dissolved in the same vehicle (4.75% ethanol, 5% Koliphor EL and 90% sterile saline) at 2.5
ml/kg. Equal parts of each solution were combined to generate A°>-THC and oxycodone cocktail

which was injected at a volume of 5 ml/kg.
Hotplate test of antinociception

The hotplate test was used to evaluate antinociception as both oxycodone and A°-THC have

been demonstrated to be antinociceptive in this assay(Zhang et al., 2016; Alegre-Zurano et al.,
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2020). In brief, mice were placed on a hot plate (Model PE34 Series 8, IITC Life Science Inc.)
set at 55°C. The latency to nocifensive response by any paw was recorded. A maximal cutoff

latency of 15s seconds was used to prevent tissue damage.
Measuring oxycodone and A°-THC acute antinociception and tolerance:

Oxycodone or A%>-THC was administered at doses of 1, 3, 10 or 30 mg/kg twice daily during the
light cycle at approximately 0830 and 1730 for 5 consecutive days. Hotplate thresholds were
measured 30, 60, 90, 180, 360 and 1440 mins after the first daily injection on days 1, 3 and 5 of
repeated dosing. Dose-response curves were generated from the 30 min timepoint on day 1 of
dosing. Groups received oxycodone (3 mg/kg s.c.), A%>-THC (3 mg/kg s.c.), combination of
oxycodone (3 mg/kg s.c.) and A°-THC (3 mg/kg s.c.), or vehicle. Drug treatment and hotplate

testing were conducted as described above.
Evaluation of p-opioid receptor dependence

Following repeated dosing with the assigned condition, mice were treated with a final dose of
the assigned treatment condition followed by naloxone (3 mg/kg s.c.) 1 hr later. Immediately
following naloxone injection, mice were placed into a plexiglass observation chamber and were
recorded with a Sony Handicam set at 30 frames per second with 1080p resolution.
DeepLabCut™ (DLC, version 2.2b6[46,47]) was used to conduct markerless pose estimation as
described in(Slivicki et al., 2023). The network was built from 20 frames extracted from 30
videos using kmeans clustering and labelled with the following 9 body parts: left ear, right ear,
left forepaw, right forepaw, left hind paw, right hind paw, snout, tail base, back. The training
fraction was set to 0.95, and the resnet_50 network was trained for 800,000 iterations. A train
error of 1.82 and test error of 6.67 were achieved with a cutoff value of p=0.6. From this point

the trained networked was locked and used to analyze subsequent videos.
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Simple behavioral analysis (SimBA)(Nilsson et al., 2020) was used to process DLC data as
previously described(Slivicki et al., 2023). Videos were cropped for occasions which contained
frames of jumping and other behaviors, typically around a minute long. Frames were labelled for
jumping behavior (any instance in which all 4 paws left the platform). Random forest
classification was then used to generate a behavioral classifier for jumping behavior with the
probability set to 0.9 and behavior bout 35 ms. This classifier was then applied to subsequent

videos to generate the total number of jumping instances.
Home cage activity monitoring using passive infrared (PIR):

To evaluate circadian activity, mice were single housed and a PIR-based activity sensor
(Pallidus MR1, Saint Louis MO) was placed in the homecage to detect changes in activity as
reported previously(Slivicki et al., 2023). Briefly, the PIR sensor tested for activity in the
homecage 5 times per second and data were aggregated as the % of time that the mouse was
active in each minute. To evaluate the acute effect of a single drug injection on activity, % of
time active was analyzed as 5 min bins (Supplemental Figure 1). To evaluate general effects on
circadian rhythm throughout each experimental phase, activity % was analyzed as 1 hr bins
throughout the entire light:dark cycle (See Supplemental Figure 2 for collapsed averages
throughout each phase of the experiment). Data were processed on the MR1 and transmitted
wirelessly to a cloud-based server for storage and visualization. Animals were monitored
continuously for 2 days prior to the dosing period. During the dosing period animals were
injected with vehicle, oxycodone (3 mg/kg s.c.), A%>-THC (3 mg/kg s.c.) or a combination of
oxycodone (3 mg/kg s.c.) and A°-THC (3 mg/kg s.c.) twice daily during the light cycle as detailed

above.

Conditioned place preference (CPP) and locomotor sensitization
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CPP was performed as described(Land et al., 2008). The apparatus consisted of two chambers
with distinct visual cues (vertical or horizontal black and white stripes) and one center chamber.
Each chamber was filled with bedding, and the chambers were wiped down with water between
sessions. Habituation and baseline chamber preference: On days 1 and 2, animals were
allowed access to all three chambers for 30 min and the baseline values for time spent in each
chamber were derived from day 2. Vehicle/drug chamber pairings for each mouse were then
randomly assigned. Pairing: Days 3-5 served as chamber pairing days. On these days animals
were first injected with vehicle in the AM and confined to the designated chamber for 30 min. At
least 4 hrs later animals were injected with the assigned drug conditioned and were confined to
the opposite chamber for 30 min. Post-test: On day 6, animals were again allowed free access

to all three chambers for 30 min.

Video was recorded from the top of each chamber at rate of 25 fps using Bonsai open-source
software(Lopes et al., 2015). Videos were then analyzed using Ethovision 14
(Noldus Information Technology). Ethovision was used to calculate the amount of time spent in

each chamber and the amount of distance travelled during conditioned sessions.

Statistical analysis:

The experimenters (RS, JW) were blind to behavioral treatment condition. All data were
analyzed using Graphpad Prism 8.0 and Excel. Raw data for hotplate analysis and EDsg
calculations were converted to % baseline responding (i.e. prior to CFA treatment) using the
following formula: (Experimental Value — Hotplate Baseline)/(15 — Hotplate Baseline). EDsp
values were generated using nonlinear regression analysis in GraphPad 9.0. 5 min bins of
activity counts were used to demonstrate acute changes in activity (supplemental figure 1). For
circadian experiments, activity counts were comprised of 1 hr bins for the entirety of the
light:dark cycle. 24 hr data was transformed to area under the curve (AUC) for each light:dark

period (12 hrs). Total percentage of time active during the light phase % was calculated by
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dividing the AUC of the light activity during the 12 hour ‘light-on’ period by the total AUC for that
day. Behavioral data were analyzed via an ANOVA (two-way or one-way) followed by Tukey’s
or Sidak’s post-hoc tests. Relevant statistically significant comparisons are reported in the text,

represented in the figure legends. Detailed statistics are reported in the supplemental tables.
Results
Oxycodone and A°-THC produce dose-dependent antinociception in the hotplate test.

To evaluate antinociceptive efficacy and tolerance, separate groups of male and female mice
were administered oxycodone (0,1,3,10, and 30 mg/kg s.c.), A%-THC (0,3,10,30 mg/kg s.c.) or
their respective vehicles twice daily for a period of 5 days (see Figures 1A, 2A for timeline).
Oxycodone produced dose-dependent antinociception that exhibited similar efficacy in both
males (EDso = 2.81 (1.90-4.39); Figure 1B) and females (EDso = 5.166 (3.83-7.00); Figure 1C).
Although the EDsg values are slightly higher in females, the 95% CI’'s overlap indicating this
difference is not significant. Similarly, AS-THC produced dose-dependent antinociception in both
males (EDso = 12.53 (8.24-19.28); Figure 2B) and females (EDso = 19.20 (11.9-31.81); Figure
2C). Again, EDso values in the females were larger however the Cls overlap indicating this

difference is not significant.

To determine the timecourse of oxycodone and A°-THC-induced antinociception, hotplate
latencies were measured at 30, 60, 90, 180 and 1440 min post injection. At the highest dose
tested (30 mg/kg s.c.) oxycodone-induced antinociceptive lasted until 90 min post injection in
males (p<0.01 vs. vehicle two-way ANOVA followed by Tukey post-hoc; Figure 1D; Table 1),
and 60 min post injection in females (p<0.01 vs. vehicle two-way ANOVA followed by Tukey
post-hoc; Figure 1E; Table 1). Like oxycodone, A°-THC produced antinociception at 30 mg/kg

s.c. dose for up to 90 mins post-injection in males (p<0.01 two-way ANOVA followed by Tukey’s
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post-hoc; Figure 2D; Table 2) but only 30 mins post-injection for females (p<0.01 two-way

ANOVA followed by Tukey’s post-hoc; Figure 2E; Table 2)

By day 3 of dosing, antinociceptive tolerance had developed to all doses of oxycodone except
the highest dose tested (30 mg/kg s.c.) in both males (Figure 1D; Table 1) and females (Figure
1E, Table 1). By day 5 all doses were ineffective relative to vehicle (Figure 1F,G). A°>-THC -
treated mice developed tolerance by day 3 in both males (Figure 2D) and females (Figure 2E)

that remained on day 5 of dosing (Figure 2F,G, Table 2).

A subthreshold dose of A*-THC enhances oxycodone-induced antinociception and

delays the development of antinociceptive tolerance.

Next, we sought to evaluate the effect of co-administration of AS-THC and oxycodone on
hotplate antinociception and antinociceptive tolerance. To this end, we used the dose-response
curves generated in Fig 1 to incorporate a dose of A>-THC which does not produce
antinociception (3 mg/kg s.c.), combined with an effective, but not maximal antinociceptive dose
of oxycodone (3 mg/kg s.c.). Animals received either oxycodone (3 mg/kg s.c.), A%-THC (3
mg/kg s.c.) a combination of oxycodone (3 mg/kg s.c.) and A°-THC (3 mg/kg s.c.) or vehicle
twice daily for a period of five days (see Figure 3A for timeline). Combination groups exhibited
enhanced antinociception relative to all groups on day 1 and at the 30 min timepoint (Males: F s,
go= 6.968, p<0.01, Females: F1s5 = 5.596, p<0.01 two-way ANOVA interaction effect; Figure
3B,C; Table 3) and on day 3 at the 30 min timepoint (Males: F15,s0= 4.194, p<0.01, Females:
F1s,80= 3.286, p<0.01 two-way ANOVA interaction effect; Figure 3D,E;Table 3). However, by
day 5 there were no differences between groups (Figure 3F,G). These data suggest that a

subthreshold dose of A®-THC can augment oxycodone-induced antinociception.
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Repeated dosing with oxycodone produces physical dependence. Combination
treatment of A°-THC and oxycodone reduced physical oxycodone-induced physical

dependence in male but not female mice.

We next sought to evaluate if our repeated dosing regimen would produce p-opioid receptor
dependence. Repeated administration of p-opioid agonists produces physical dependence that
can be precipitated with administration of naloxone. Mice were administered naloxone (3 mg/kg
s.c.) on day 6 of repeated dosing and evaluated for jumping behavior over 30 mins. Male (F424=
5.039, p<0.01 one-way ANOVA; Figure 4B;Table 4) and female (F424= 4.692, p<0.01 one-way
ANOVA,; Figure 4C; Table 4) mice treated with oxycodone exhibited jumping behavior following
naloxone treatment, indicative of y-opioid mediated dependence. Combination treatment with
A°-THC reduced naloxone-precipitated jumping behavior in males (F3 6= 7.853, p<0.01 one-
way ANOVA; Figure 4D; Table 4) but not females (F3 16= 5.300, p<0.01 one-way ANOVA; Figure
4E; Table 4). These data indicate that oxycodone administration produces p-opioid receptor

dependence, and A°-THC administration does not augment this effect.

Treatment with oxycodone or a combination of oxycodone and A°-THC results in

alterations of circadian activity

Repeated opioid intake can cause alterations in circadian activity(Stinus et al., 1998; Bedard et
al., 2023). Insomnia is also a hallmark sign of withdrawal from opioids(Budney et al., 2004) and
cannabis(Budney et al., 2004; Babson et al., 2013a; Bonn-Miller et al., 2019). We sought to
evaluate if our dosing regimen with oxycodone, A°-THC or a combination would produce
changes in general circadian activity during dosing, withdrawal, and recovery periods (See
Figure 5A for timeline). Mice treated with A>-THC (3 mg/kg s.c.) did not exhibit alterations in
circadian activity relative to vehicle-treated controls in either males (Figure 5B,H; Table 5) or
females (Figure 5C,|; Table 5). Mice treated with oxycodone (3 mg/kg s.c.) were more active

during the dosing period relative to vehicle treated controls in both sexes (Male: two-way


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

ANOVA interaction effect; Figures D,H,E,l) . Combination treatment of A°>-THC (3 mg/kg s.c.)
and oxycodone (3 mg/kg s.c.) resulted in increased activity during the light period in both sexes
(p<0.01 two-way ANOVA followed by Tukey post-hoc). See Supplemental figure 1 for acute
activity increase, Supplemental Figure 2 for increase throughout the dosing phase. Total activity
in the light period was normalized during the 2-day recovery period following withdrawal. These
data indicate that oxycodone can produce detectable alterations in circadian activity, and co-
treatment with A>-THC does not affect oxycodone-induced alterations in circadian activity. See

supplemental figure 2 for circadian activity traces throughout all phases of the experiment.

A%-THC facilitates oxycodone-induced CPP and does not alter oxycodone-induced

locomotor sensitization.

A°-THC has been demonstrated to enhance the subjective effects of oxycodone in
humans(Cooper et al., 2018). However, A°-THC can reduce oxycodone self-administration in
rats(Nguyen et al., 2019) and morphine-induced CPP is reduced in CB1 knockout mice(Martin et
al., 2000; lyer et al., 2022). Here we incorporated CPP to evaluate if A°>-THC would enhance or

dampen oxycodone-induced CPP at doses therapeutically relevant for antinociception.

Mice administered vehicle for pairing conditions did not exhibit changes in chamber preference
(Supplemental Figure 3A,B). A°-THC did not produce CPP in either sex (Supplemental Figure
C,D). Mice administered oxycodone at 1 mg/kg s.c. did not exhibit CPP for the drug-paired
chamber (Figure 6A,B). In contrast, mice treated with a 3 mg/kg s.c. dose of oxycodone
developed a robust CPP to the drug-paired chamber (Male: p<0.01, Female: p<0.01 vs. vehicle

paired-chamber two-way ANOVA followed by Bonferroni post-hoc; Figure 6C,D; Table 6).

We next evaluated if doses of oxycodone (1 mg/kg s.c.) and A°-THC (3 mg/kg s.c.), which were
subthreshold for producing preference alone, would produce preference when co-administered.

Mice administered this combination produced CPP in both sexes (Male: p<0.04, Female: p<0.03
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vs. vehicle-paired chamber two-way ANOVA followed by Sidak post-hoc; Figure 6C,D; Table 6).
Similarly, combination of a preference producing oxycodone dose (3 mg/kg s.c.) and A°-THC (3
mg/kg s.c.) produced CPP (Male: p<0.01, Female: p<0.05 two-way ANOVA followed by Sidak

post-hoc; Figure 6 E,F; Table 6). These data indicate that A°>-THC does not reduce oxycodone-
induced CPP and subthreshold doses of oxycodone and A®-THC become preference producing

when combined.

M-opioid agonists produce an initial hyperlocomotor response that sensitizes following repeated
administration(Severino et al., 2020), which parallels the development of drug-seeking
behavior(Robinson and Berridge, 1993; Brings et al., 2022). We tracked locomotion during the
CPP pairing days to evaluate this effect across our different groups. Oxycodone produced
increased locomotion at 3 mg/kg in both sexes across all pairing days (Male: Fs39=43.00,
p<0.01, Female: Fs29= 12.29 p<0.01 two-way ANOVA treatment effect; Figure 7A,B; Table 7).
The combination group of oxycodone (3 mg/kg s.c.) with AS-THC (3 mg/kg s.c.) also produced
enhanced locomotion relative to all other groups aside from the oxycodone (3 mg/kg s.c.) group
in both sexes. Although the low dose oxycodone (1 mg/kg s.c.) and A°%-THC (3 mg/kg s.c.)
combination group produced preference there was no increase in locomotion or indication of
locomotor sensitization in either sex. These data indicate that while A°-THC can facilitate

oxycodone-induced CPP, it does not alter oxycodone-induced locomotor sensitization.
Discussion

In the present study we demonstrate that combination treatment of A%>-THC and oxycodone
results in greater antinociceptive efficacy and delayed antinociceptive tolerance relative to either
administered alone. Using doses which produce antinociception, we demonstrate that A>-THC
does not alter oxycodone-induced u-opioid receptor dependence or alterations in circadian

activity. We also demonstrate that co-treatment of oxycodone and A%-THC produces CPP at
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doses in which either in isolation do not produce CPP. These results have therapeutic

implications for combination treatment of oxycodone and A°-THC.

Both oxycodone and A®-THC produced dose-dependent antinociception in the hotplate. Prior
studies have reported that females are more sensitive to the antinociceptive effects of A°-
THC(Craft et al., 2013; Wakley et al., 2014), and have demonstrated differential rates of
tolerance development in the context of analgesia(Henderson-Redmond et al., 2022; Piscura et
al., 2023). In our study, A°-THC produced a higher EDs, in females relative to males, but this
was not statistically significant. This is consistent with a prior report indicating a higher EDs, for
A°-THC in the tail-flick test in mice(Henderson-Redmond et al., 2022). Yet, these data are in
contrast to other reports in rats which suggest females are more sensitive(Tseng and Craft,
2001; Wakley and Craft, 2011a; Craft et al., 2012; Wakley et al., 2014)(for review see:(Cooper
and Craft, 2018)) and reflect a species difference. We also did not observe a sex difference in
oxycodone-induced analgesia. This is in parallel to prior reports indicating similar
antinociceptive efficacy of oxycodone between sexes(Collins et al., 2016). Tolerance developed
to repeated administration in mice treated with either compound and was similar between
sexes. When A%-THC was co-administered at a sub-EDsy dose (3 mg/kg s.c.) with oxycodone at
a near-EDsp dose (3 mg/kg s.c.), the effect of the combination was greater than either
administered alone. Interestingly, we observed a delay in the development of tolerance in
animals administered the combination relative to either drug alone in both sexes. This is similar
to what others have reported using A°-THC in combination with oxycodone and other opioids
such as morphine on the tail-flick test in rodents(Welch and Stevens, 1992; Cichewicz et al.,
1999; Yesilyurt et al., 2003; Williams et al., 2006; Wakley and Craft, 2011b)(for review see
(Nielsen et al., 2022)). Such enhancements of antinociceptive efficacy are also observed in
nonhuman primates(Beardsley et al., 2004; Maguire and France, 2014; Gerak and France,

2016; Carey et al., 2023) and in some cases, humans(Cooper et al., 2018). Excitingly there are
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two clinical studies currently ongoing investigating interactions of A°>~THC and oxycodone in an

analgesic context. One in the context of fibromyalgia pain(van Dam et al., 2023) and another in

a naive context using the cold pressor test (Clinicaltrials.gov identifier: NCT03679949). It will be
interesting to see if an enhanced analgesic effect is observed in the combination groups of

these trials.

Prior reports demonstrate that direct CB1 agonists, allosteric modulators, and endocannabinoid
degradation inhibitors can reduce somatic and autonomic withdrawal in opioid-dependent
animals(Scavone et al., 2013). Further, co-treatment of A®-THC with fentanyl does not alter
opioid withdrawal signs in nonhuman primates(Gerak and France, 2016). These lines of
evidence suggest A%-THC likely wouldn’t facilitate and might reduce withdrawal-associated
behaviors from oxycodone. Like prior reports(Enga et al., 2016; Carper et al., 2021), naloxone
induced jumping behavior in mice treated repeatedly with oxycodone. Notably, jumping behavior
was present even at the lowest dose tested(1 mg/kg s.c.), indicating does that do not exhibit
antinociceptive efficacy are still sufficient to produce dependence. In males, co-administration
with A°-THC and oxycodone reduced jumping, however this effect was not observed in females.
These results suggest that A°>-THC did not exacerbate p-opioid receptor physical dependence at

doses relevant for facilitating antinociception and may even reduce opioid withdrawal signs..

Alterations in sleep and circadian rhythm can occur following repeated intake of and withdrawal
from opioids and cannabis(Beswick et al., 2003; Levin et al., 2010; Vandrey et al., 2011; Babson
et al., 2013b; Gorelick et al., 2013; Eacret et al., 2020; Tripathi et al., 2020; Tamura et al., 2021;
Bergum et al., 2022; Gamble et al., 2022; Xue et al., 2022). To our knowledge, our study is the
first to evaluate combination treatment of oxycodone and A%-THC in such metrics. We report
that twice daily administration of oxycodone(3 mg/kg s.c.) resulted in a profound impact on
circadian activity which was normalized following withdrawal in both sexes. Other studies have

demonstrated a longer-lasting impact on circadian activity and sleep behavior following
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withdrawal from morphine(Marchant and Mistlberger, 1995; Stinus et al., 1998) or
fentanyl(Gamble et al., 2022). These studies did not precipitate withdrawal, and incorporated
opioid ligands and dosing regimens which may account for the lack of a continued withdrawal
effect in the present study. Regardless, there are still apparent alterations in activity that are
induced by oxycodone dosing, which parallels our prior report on voluntary oral consumption of
oxycodone in mice, where mice consuming oxycodone exhibited increased activity during the
light phase(Slivicki et al., 2023). A%-THC, in contrast, did not appear to affect circadian activity
during any phase of the observation period. This differs from recent studies which demonstrate
alterations in sleep patterns following administration of A°>-THC(Kesner et al., 2022) or
administration of a synthetic cannabinoid agonist, AM2389(Missig et al., 2022). The cause of
such differences may be the endpoints used (EEG vs. cage activity), larger dose of A°>-THC (10
mg/kg) or different CB1agonist (AM2389). A°-THC did not appear to alter oxycodone’s impact
on circadian activity during any point of the study. A limitation of this study is that drug
administration occurred during the animal’s light cycle when they generally have less activity,

and using a dose of oxycodone that produces hyperlocomotion.

Prior reports have demonstrated interactions between cannabinoids and opioids on measures of
reward in rodents(lyer et al., 2022; Mohammadkhani and Borgland, 2022), nonhuman
primates(Beardsley et al., 2004; Maguire et al., 2013; Gerak et al., 2019) and humans(Cooper
et al., 2018). It is therefore important to consider reward-related measures of A%>-THC and
oxycodone in a dose range that is therapeutically relevant. In our study, oxycodone produced
dose-dependent CPP in both sexes at the 3 mg/kg dose. This is consistent with prior literature
demonstrating CPP in mice using this dose(Niikura et al., 2013; Harris et al., 2022). By contrast
A°-THC did not produce conditioned place preference at the 3 mg/kg s.c. dose. When non-
preference producing doses of A%>-THC (3 mg/kg) and oxycodone (1 mg/kg) were administered,

it resulted in the development of CPP in both sexes. These findings parallel recent literature
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reporting that vaporized or injected A%>-THC reduces oxycodone(Nguyen et al., 2019; Nguyen et
al., 2021; Nguyen et al., 2023) and heroin(Gutierrez et al., 2022) self-administration in rats. The
authors in(Nguyen et al., 2021; Nguyen et al., 2023) suggest that A>-THC may be increasing the
rewarding efficacy of a “unit dose” of oxycodone when self-administered. Our findings in the
CPP paradigm are consistent with this hypothesis. Furthermore, smoked cannabis produced an
increase in oxycodone-induced drug liking and subjective effects in humans(Lofwall et al., 2016;
Cooper et al., 2018). This interaction has the potential to be detrimental in a clinical setting. Co-
administering A°-THC with oxycodone could result in a greater association of reward or liking
with oxycodone, potentially resulting in an increased likelihood of drug seeking behavior. On
the other hand, A°-THC could be used as an adjuvant therapy for dose tapering in the case of
oxycodone dependence or in combination with other opioid-based therapies such as
methadone(Strang et al., 2020). Regardless, there are clear interactions between A°-THC and
oxycodone in reward and drug “liking” across species that warrant consideration with respect to

therapeutic implementation of combination treatments.

Locomotor sensitization following repeated opioid exposure has been implicated as a proxy for
drug seeking behavior(Robinson and Berridge, 1993; Valjent et al., 2010). CB4 agonists can
induce catalepsy which may obscure interpretation of locomotor-based assays(Compton et al.,
1993; Metna-Laurent et al., 2017; Slivicki et al., 2022). A°>-THC did not reduce locomotor activity
at the dose tested here in either sex, allowing us to study the effect of A°>~-THC on endpoints of
oxycodone-induced locomotor activity. A prior report in rats found that pretreatment with AS-THC
(41 days) increased heroin-induced locomotor sensitization(Singh et al., 2005). CB+ knockout
mice do not exhibit locomotor sensitization when administered morphine(Martin et al., 2000). In
contrast to these results our data indicate that co-administration of A°>-THC with oxycodone does
not alter oxycodone-induced hyperlocomotion or locomotor sensitization. This may reflect

difference in the ligands and/or dosing conditions used.
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The findings of the present study complement and extend the existing literature on cannabinoid
and opioid interactions. Taken together, our results support the notion that the combination of
A°-THC and oxycodone may result in a facilitation of desired therapeutic effects (e.g.
antinociception, delayed tolerance) without augmenting certain undesired effects of u-opioid
receptor activation (e.g. dependence and circadian rhythm alteration). However, our data also
suggests the abuse liability of such combinations warrants consideration. Future studies
evaluating such metrics in the context of pain will be of great importance to fully comprehend

the clinical utility of cannabinoid and opioid combination therapies.

Acknowledgments: Grant support from F32DA051160 (to RAS) R34NS126036 (RWG),
R0O1DA049924 (MCC), RO1DA058755 (MCC), Hetzler Foundation for Addiction Research and
Prevention (MCC), Diabetes Research Center Pilot Project (AVK) Hope Center Pilot Project (to
AVK) Whitehall Foundation Grant (2017-12-54 to MCC) Rita Allen Scholar Award in Pain (to
MCC). This work was also supported by the Dr. Seymour and Rose T. Brown Professorship in

Anesthesiology (RWG).


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

REFERENCES

Abraham AD, Leung EJY, Wong BA, Rivera ZMG, Kruse LC, Clark JJ and Land BB (2020)
Orally consumed cannabinoids provide long-lasting relief of allodynia in a mouse model
of chronic neuropathic pain. Neuropsychopharmacology 45:1105-1114.

Alegre-Zurano L, Martin-Sanchez A and Valverde O (2020) Behavioural and molecular effects
of cannabidiolic acid in mice. Life Sci 259:118271.

Ali MM, McClellan C, Mutter R and Rees DI (2023) Recreational marijuana laws and the misuse
of prescription opioids: Evidence from National Survey on Drug Use and Health
microdata. Health Econ 32:277-301.

Babalonis S and Walsh SL (2020) Therapeutic potential of opioid/cannabinoid combinations in
humans: Review of the evidence. Eur Neuropsychopharmacol 36:206-216.

Babson KA, Boden MT and Bonn-Miller MO (2013a) The impact of perceived sleep quality and
sleep efficiency/duration on cannabis use during a self-guided quit attempt. Addict
Behav 38:2707-2713.

Babson KA, Boden MT, Harris AH, Stickle TR and Bonn-Miller MO (2013b) Poor sleep quality
as a risk factor for lapse following a cannabis quit attempt. J Subst Abuse Treat 44:438-
443.

Beardsley PM, Aceto MD, Cook CD, Bowman ER, Newman JL and Harris LS (2004)
Discriminative stimulus, reinforcing, physical dependence, and antinociceptive effects of
oxycodone in mice, rats, and rhesus monkeys. Exp Clin Psychopharmacol 12:163-172.

Bedard ML, Lord JS, Perez PJ, Bravo IM, Teklezghi AT, Tarantino LM, Diering GH and
McElligott ZA (2023) Probing different paradigms of morphine withdrawal on sleep
behavior in male and female C57BL/6J mice. Behav Brain Res 448:114441.

Bergum N, Berezin CT, Dooley G and Vigh J (2022) Morphine Accumulates in the Retina
Following Chronic Systemic Administration. Pharmaceuticals (Basel) 15.

Beswick T, Best D, Rees S, Bearn J, Gossop M and Strang J (2003) Major disruptions of sleep
during treatment of the opiate withdrawal syndrome: differences between methadone
and lofexidine detoxification treatments. Addict Biol 8:49-57.

Bicket MC, Stone EM and McGinty EE (2023) Use of Cannabis and Other Pain Treatments
Among Adults With Chronic Pain in US States With Medical Cannabis Programs. JAMA
Netw Open 6:€2249797.

Bisaga A, Sullivan MA, Glass A, Mishlen K, Pavlicova M, Haney M, Raby WN, Levin FR,
Carpenter KM, Mariani JJ and Nunes EV (2015) The effects of dronabinol during
detoxification and the initiation of treatment with extended release naltrexone. Drug
Alcohol Depend 154:38-45.

Bonn-Miller MO, Pollack CV, Jr., Casarett D, Dart R, EISohly M, Good L, Guzman M, Hanus L,
Hill KP, Huestis MA, Marsh E, Sisley S, Skinner N, Spahr J, Vandrey R, Viscusi E, Ware
MA and Abrams D (2019) Priority Considerations for Medicinal Cannabis-Related
Research. Cannabis Cannabinoid Res 4:139-157.

Brings VE, Payne MA and Gereau RWt (2022) Opioids alter paw placement during walking,
confounding assessment of analgesic efficacy in a postsurgical pain model in mice. Pain
Rep 7:1035.

Budney AJ, Hughes JR, Moore BA and Vandrey R (2004) Review of the validity and
significance of cannabis withdrawal syndrome. Am J Psychiatry 161:1967-1977.

Carey LM, Maguire DR and France CP (2023) Effects of Delta(9)-tetrahydrocannabinol (THC),
cannabidiol (CBD), and THC/CBD mixtures on fentanyl versus food choice in rhesus
monkeys. Drug Alcohol Depend 244:109787.

Carper M, Contreras KM, Walentiny DM, Beardsley PM and Damaj Ml (2021) Validation and
characterization of oxycodone physical dependence in C57BL/6J mice. Eur J Pharmacol
903:174111.


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Cichewicz DL, Martin ZL, Smith FL and Welch SP (1999) Enhancement mu opioid
antinociception by oral delta9-tetrahydrocannabinol: dose-response analysis and
receptor identification. J Pharmacol Exp Ther 289:859-867.

Cichewicz DL and McCarthy EA (2003) Antinociceptive synergy between delta(9)-
tetrahydrocannabinol and opioids after oral administration. J Pharmacol Exp Ther
304:1010-1015.

Cichewicz DL, Welch SP and Smith FL (2005) Enhancement of transdermal fentanyl and
buprenorphine antinociception by transdermal delta9-tetrahydrocannabinol. Eur J
Pharmacol 525:74-82.

Collins D, Reed B, Zhang Y and Kreek MJ (2016) Sex differences in responsiveness to the
prescription opioid oxycodone in mice. Pharmacol Biochem Behav 148:99-105.

Compton DR, Rice KC, De Costa BR, Razdan RK, Melvin LS, Johnson MR and Martin BR
(1993) Cannabinoid structure-activity relationships: correlation of receptor binding and in
vivo activities. J Pharmacol Exp Ther 265:218-226.

Cooper ZD, Bedi G, Ramesh D, Balter R, Comer SD and Haney M (2018) Impact of co-
administration of oxycodone and smoked cannabis on analgesia and abuse liability.
Neuropsychopharmacology 43:2046-2055.

Cooper ZD and Craft RM (2018) Sex-Dependent Effects of Cannabis and Cannabinoids: A
Translational Perspective. Neuropsychopharmacology 43:34-51.

Craft RM, Marusich JA and Wiley JL (2013) Sex differences in cannabinoid pharmacology: a
reflection of differences in the endocannabinoid system? Life Sci 92:476-481.

Craft RM, Wakley AA, Tsutsui KT and Laggart JD (2012) Sex differences in cannabinoid 1 vs.
cannabinoid 2 receptor-selective antagonism of antinociception produced by delta9-
tetrahydrocannabinol and CP55,940 in the rat. J Pharmacol Exp Ther 340:787-800.

Dodu JC, Moncayo RK, Damaj MI, Schlosburg JE, Akbarali HI, O'Brien LD, Kendall DA, Wu Z,
Lu D and Lichtman AH (2022) The Cannabinoid Receptor Type 1 Positive Allosteric
Modulator ZCZ011 Attenuates Naloxone-Precipitated Diarrhea and Weight Loss in
Oxycodone-Dependent Mice. J Pharmacol Exp Ther 380:1-14.

Dowell D, Ragan KR, Jones CM, Baldwin GT and Chou R (2022) CDC Clinical Practice
Guideline for Prescribing Opioids for Pain - United States, 2022. MMWR Recomm Rep
71:1-95.

Eacret D, Veasey SC and Blendy JA (2020) Bidirectional Relationship between Opioids and
Disrupted Sleep: Putative Mechanisms. Mol Pharmacol 98:445-453.

Enga RM, Jackson A, Damaj Ml and Beardsley PM (2016) Oxycodone physical dependence
and its oral self-administration in C57BL/6J mice. Eur J Pharmacol 789:75-80.

Gamble MC, Chuan B, Gallego-Martin T, Shelton MA, Puig S, O'Donnell CP and Logan RW
(2022) A role for the circadian transcription factor NPAS2 in the progressive loss of non-
rapid eye movement sleep and increased arousal during fentanyl withdrawal in male
mice. Psychopharmacology (Berl) 239:3185-3200.

Gerak LR and France CP (2016) Combined Treatment with Morphine and Delta9-
Tetrahydrocannabinol in Rhesus Monkeys: Antinociceptive Tolerance and Withdrawal. J
Pharmacol Exp Ther 357:357-366.

Gerak LR, Weed PF, Maguire DR and France CP (2019) Effects of the synthetic cannabinoid
receptor agonist JWH-018 on abuse-related effects of opioids in rhesus monkeys. Drug
Alcohol Depend 202:33-38.

Gorelick DA, Goodwin RS, Schwilke E, Schroeder JR, Schwope DM, Kelly DL, Ortemann-
Renon C, Bonnet D and Huestis MA (2013) Around-the-clock oral THC effects on sleep
in male chronic daily cannabis smokers. Am J Addict 22:510-514.

Gutierrez A, Nguyen JD, Creehan KM, Javadi-Paydar M, Grant Y and Taffe MA (2022) Effects
of combined THC and heroin vapor inhalation in rats. Psychopharmacology (Berl)
239:1321-1335.


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Haroutounian S, Arendt-Nielsen L, Belton J, Blyth FM, Degenhardt L, Di Forti M, Eccleston C,
Finn DP, Finnerup NB, Fisher E, Fogarty AE, Gilron I, Hohmann AG, Kalso E, Krane E,
Mohiuddin M, Moore RA, Rowbotham M, Soliman N, Wallace M, Zinboonyahgoon N and
Rice ASC (2021) International Association for the Study of Pain Presidential Task Force
on Cannabis and Cannabinoid Analgesia: research agenda on the use of cannabinoids,
cannabis, and cannabis-based medicines for pain management. Pain 162:S117-S124.

Harris HM, Gul W, EISohly MA and Sufka KJ (2022) 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.

Henderson-Redmond AN, Sepulveda DE, Ferguson EL, Kline AM, Piscura MK and Morgan DJ
(2022) Sex-specific mechanisms of tolerance for the cannabinoid agonists CP55,940
and delta-9-tetrahydrocannabinol (Delta(9)-THC). Psychopharmacology (Berl) 239:1289-
1309.

lyer V, Rangel-Barajas C, Woodward TJ, Kulkarni A, Cantwell L, Crystal JD, Mackie K, Rebec
GV, Thakur GA and Hohmann AG (2022) Negative allosteric modulation of CB(1)
cannabinoid receptor signaling suppresses opioid-mediated reward. Pharmacol Res
185:106474.

Kesner AJ, Mateo Y, Abrahao KP, Ramos-Maciel S, Pava MJ, Gracias AL, Paulsen RT, Carlson
HB and Lovinger DM (2022) Changes in striatal dopamine release, sleep, and behavior
during spontaneous Delta-9-tetrahydrocannabinol abstinence in male and female mice.
Neuropsychopharmacology 47:1537-1549.

Land BB, Bruchas MR, Lemos JC, Xu M, Melief EJ and Chavkin C (2008) The dysphoric
component of stress is encoded by activation of the dynorphin kappa-opioid system. J
Neurosci 28:407-414.

Levin KH, Copersino ML, Heishman SJ, Liu F, Kelly DL, Boggs DL and Gorelick DA (2010)
Cannabis withdrawal symptoms in non-treatment-seeking adult cannabis smokers. Drug
Alcohol Depend 111:120-127.

Lichtman AH, Sheikh SM, Loh HH and Martin BR (2001) Opioid and cannabinoid modulation of
precipitated withdrawal in delta(9)-tetrahydrocannabinol and morphine-dependent mice.
J Pharmacol Exp Ther 298:1007-1014.

Lofwall MR, Babalonis S, Nuzzo PA, Elayi SC and Walsh SL (2016) Opioid withdrawal
suppression efficacy of oral dronabinol in opioid dependent humans. Drug Alcohol
Depend 164:143-150.

Lopes G, Bonacchi N, Frazao J, Neto JP, Atallah BV, Soares S, Moreira L, Matias S, ltskov PM,
Correia PA, Medina RE, Calcaterra L, Dreosti E, Paton JJ and Kampff AR (2015)
Bonsai: an event-based framework for processing and controlling data streams. Front
Neuroinform 9:7.

Maguire DR and France CP (2014) Impact of efficacy at the mu-opioid receptor on
antinociceptive effects of combinations of mu-opioid receptor agonists and cannabinoid
receptor agonists. J Pharmacol Exp Ther 351:383-389.

Maguire DR and France CP (2016) Effects of daily delta-9-tetrahydrocannabinol treatment on
heroin self-administration in rhesus monkeys. Behav Pharmacol 27:249-257.

Maguire DR and France CP (2018) Antinociceptive effects of mixtures of mu opioid receptor
agonists and cannabinoid receptor agonists in rats: Impact of drug and fixed-dose ratio.
Eur J Pharmacol 819:217-224.

Maguire DR, Yang W and France CP (2013) Interactions between mu-opioid receptor agonists
and cannabinoid receptor agonists in rhesus monkeys: antinociception, drug
discrimination, and drug self-administration. J Pharmacol Exp Ther 345:354-362.

Marchant EG and Mistlberger RE (1995) Morphine phase-shifts circadian rhythms in mice: role
of behavioural activation. Neuroreport 7:209-212.


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Marinello S and Powell LM (2023) The impact of recreational cannabis markets on motor
vehicle accident, suicide, and opioid overdose fatalities. Soc Sci Med 320:115680.

Martin M, Ledent C, Parmentier M, Maldonado R and Valverde O (2000) Cocaine, but not
morphine, induces conditioned place preference and sensitization to locomotor
responses in CB1 knockout mice. Eur J Neurosci 12:4038-4046.

Metna-Laurent M, Mondesir M, Grel A, Vallee M and Piazza PV (2017) Cannabinoid-Induced
Tetrad in Mice. Curr Protoc Neurosci 80:9 59 51-59 59 10.

Missig G, Mehta N, Robbins JO, Good CH, lliopoulos-Tsoutsouvas C, Makriyannis A, Nikas SP,
Bergman J, Carlezon WA, Jr. and Paronis CA (2022) Altered sleep during spontaneous
cannabinoid withdrawal in male mice. Behav Pharmacol 33:195-205.

Mohammadkhani A and Borgland SL (2022) Cellular and behavioral basis of cannabinioid and
opioid interactions: Implications for opioid dependence and withdrawal. J Neurosci Res
100:278-296.

Nguyen JD, Grant Y, Creehan KM, Hwang CS, Vandewater SA, Janda KD, Cole M and Taffe
MA (2019) Delta(9)-tetrahydrocannabinol attenuates oxycodone self-administration
under extended access conditions. Neuropharmacology 151:127-135.

Nguyen JD, Grant Y and Taffe MA (2021) 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.

Nguyen JD, Grant Y, Yang C, Gutierrez A and Taffe MA (2023) Oxycodone Self-Administration
in Female Rats is Enhanced by A(9)-tetrahydrocannabinol, but not by Cannabidiol, in a
Progressive Ratio Procedure. bioRxiv.

Nielsen S, Picco L, Murnion B, Winters B, Matheson J, Graham M, Campbell G, Parvaresh L,
Khor KE, Betz-Stablein B, Farrell M, Lintzeris N and Le Foll B (2022) Opioid-sparing
effect of cannabinoids for analgesia: an updated systematic review and meta-analysis of
preclinical and clinical studies. Neuropsychopharmacology 47:1315-1330.

Niikura K, Ho A, Kreek MJ and Zhang Y (2013) Oxycodone-induced conditioned place
preference and sensitization of locomotor activity in adolescent and adult mice.
Pharmacol Biochem Behav 110:112-116.

Nilges MR, Bondy ZB, Grace JA and Winsauer PJ (2020) Opioid-enhancing antinociceptive
effects of delta-9-tetrahydrocannabinol and amitriptyline in rhesus macaques. Exp Clin
Psychopharmacol 28:355-364.

Nilsson SR, Goodwin NL, Choong JJ, Hwang S, Wright HR, Norville ZC, Tong X, Lin D,
Bentzley BS, Eshel N, McLaughlin RJ and Golden SA (2020) Simple Behavioral Analysis
(SimBA) — an open source toolkit for computer classification of complex social behaviors
in experimental animals. bioRxiv:2020.2004.2019.049452.

Olkkola KT, Kontinen VK, Saari Tl and Kalso EA (2013) Does the pharmacology of oxycodone
justify its increasing use as an analgesic? Trends Pharmacol Sci 34:206-214.

Piscura MK, Sepulveda DE, Maulik M, Guindon J, Henderson-Redmond AN and Morgan DJ
(2023) Cannabinoid Tolerance in S426A/S430A x beta-Arrestin 2 Knockout Double-
Mutant Mice. J Pharmacol Exp Ther 385:17-34.

Ramaekers JG, Mason NL and Theunissen EL (2020) Blunted highs: Pharmacodynamic and
behavioral models of cannabis tolerance. Eur Neuropsychopharmacol 36:191-205.

Ramesh D, Ross GR, Schlosburg JE, Owens RA, Abdullah RA, Kinsey SG, Long JZ, Nomura
DK, Sim-Selley LJ, Cravatt BF, Akbarali HI and Lichtman AH (2011) Blockade of
endocannabinoid hydrolytic enzymes attenuates precipitated opioid withdrawal
symptoms in mice. J Pharmacol Exp Ther 339:173-185.

Rhew IC, Le VT, Ramirez JJ, Fleming CB, Kilmer JR, Delawalla MLM, Hultgren BA, Lee CM,
Larimer ME and Guttmannova K (2023) The association between cannabis use and risk
of non-medical pain reliever misuse onset among young adults in a legal cannabis
context. Addict Behav 143:107711.


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Robinson TE and Berridge KC (1993) The neural basis of drug craving: an incentive-
sensitization theory of addiction. Brain Res Brain Res Rev 18:247-291.

Scavone JL, Sterling RC and Van Bockstaele EJ (2013) Cannabinoid and opioid interactions:
implications for opiate dependence and withdrawal. Neuroscience 248:637-654.

Schlosburg JE, Carlson BL, Ramesh D, Abdullah RA, Long JZ, Cravatt BF and Lichtman AH
(2009) Inhibitors of endocannabinoid-metabolizing enzymes reduce precipitated
withdrawal responses in THC-dependent mice. AAPS J 11:342-352.

Severino AL, Mittal N, Hakimian JK, Velarde N, Minasyan A, Albert R, Torres C, Romaneschi N,
Johnston C, Tiwari S, Lee AS, Taylor AM, Gaveriaux-Ruff C, Kieffer BL, Evans CJ,
Cahill CM and Walwyn WM (2020) mu-Opioid Receptors on Distinct Neuronal
Populations Mediate Different Aspects of Opioid Reward-Related Behaviors. eNeuro 7.

Shi 'Y (2017) Medical marijuana policies and hospitalizations related to marijuana and opioid
pain reliever. Drug Alcohol Depend 173:144-150.

Singh ME, McGregor IS and Mallet PE (2005) Repeated exposure to Delta(9)-
tetrahydrocannabinol alters heroin-induced locomotor sensitisation and Fos-
immunoreactivity. Neuropharmacology 49:1189-1200.

Slivicki RA, Earnest T, Chang YH, Pareta R, Casey E, Li JN, Tooley J, Abiraman K, Vachez YM,
Wolf DK, Sackey JT, Kumar Pitchai D, Moore T, Gereau RWt, Copits BA, Kravitz AV and
Creed MC (2023) Oral oxycodone self-administration leads to features of opioid misuse
in male and female mice. Addict Biol 28:e13253.

Slivicki RA, lyer V, Mali SS, Garai S, Thakur GA, Crystal JD and Hohmann AG (2020) Positive
Allosteric Modulation of CB(1) Cannabinoid Receptor Signaling Enhances Morphine
Antinociception and Attenuates Morphine Tolerance Without Enhancing Morphine-
Induced Dependence or Reward. Front Mol Neurosci 13:54.

Slivicki RA, Saberi SA, lyer V, Vemuri VK, Makriyannis A and Hohmann AG (2018) Brain-
Permeant and -Impermeant Inhibitors of Fatty Acid Amide Hydrolase Synergize with the
Opioid Analgesic Morphine to Suppress Chemotherapy-Induced Neuropathic
Nociception Without Enhancing Effects of Morphine on Gastrointestinal Transit. J
Pharmacol Exp Ther 367:551-563.

Slivicki RA, Yi J, Brings VE, Huynh PN and Gereau RW1t (2022) The cannabinoid agonist CB-13
produces peripherally mediated analgesia in mice but elicits tolerance and signs of
central nervous system activity with repeated dosing. Pain 163:1603-1621.

Soliman N, Haroutounian S, Hohmann AG, Krane E, Liao J, Macleod M, Segelcke D, Sena C,
Thomas J, Vollert J, Wever K, Alaverdyan H, Barakat A, Barthlow T, Bozer ALH,
Davidson A, Diaz-delCastillo M, Dolgorukova A, Ferdousi MI, Healy C, Hong S, Hopkins
M, James A, Leake HB, Malewicz NM, Mansfield M, Mardon AK, Mattimoe D, McLoone
DP, Noes-Holt G, Pogatzki-Zahn EM, Power E, Pradier B, Romanos-Sirakis E, Segelcke
A, Vinagre R, Yanes JA, Zhang J, Zhang XY, Finn DP and Rice ASC (2021) Systematic
review and meta-analysis of cannabinoids, cannabis-based medicines, and
endocannabinoid system modulators tested for antinociceptive effects in animal models
of injury-related or pathological persistent pain. Pain 162:526-S44.

Solinas M, Panlilio LV and Goldberg SR (2004) Exposure to delta-9-tetrahydrocannabinol (THC)
increases subsequent heroin taking but not heroin's reinforcing efficacy: a self-
administration study in rats. Neuropsychopharmacology 29:1301-1311.

Stinus L, Robert C, Karasinski P and Limoge A (1998) Continuous quantitative monitoring of
spontaneous opiate withdrawal: locomotor activity and sleep disorders. Pharmacol
Biochem Behav 59:83-89.

Strang J, Volkow ND, Degenhardt L, Hickman M, Johnson K, Koob GF, Marshall BDL, Tyndall
M and Walsh SL (2020) Opioid use disorder. Nat Rev Dis Primers 6:3.


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Tamura EK, Oliveira-Silva KS, Ferreira-Moraes FA, Marinho EAV and Guerrero-Vargas NN
(2021) Circadian rhythms and substance use disorders: A bidirectional relationship.
Pharmacol Biochem Behav 201:173105.

Toniolo EF, Gupta A, Franciosi AC, Gomes |, Devi LA and Dale CS (2022) Interactions between
cannabinoid and opioid receptors in a mouse model of diabetic neuropathy. Pain
163:1414-1423.

Tripathi R, Rao R, Dhawan A, Jain R and Sinha S (2020) Opioids and sleep - a review of
literature. Sleep Med 67:269-275.

Tseng AH and Craft RM (2001) Sex differences in antinociceptive and motoric effects of
cannabinoids. Eur J Pharmacol 430:41-47.

Valjent E, Bertran-Gonzalez J, Aubier B, Greengard P, Herve D and Girault JA (2010)
Mechanisms of locomotor sensitization to drugs of abuse in a two-injection protocol.
Neuropsychopharmacology 35:401-415.

van Dam CJ, van Velzen M, Kramers C, Schellekens A, Olofsen E, Niesters M and Dahan A
(2023) Cannabis-opioid interaction in the treatment of fibromyalgia pain: an open-label,
proof of concept study with randomization between treatment groups: cannabis,
oxycodone or cannabis/oxycodone combination-the SPIRAL study. Trials 24:64.

Vandrey R, Smith MT, McCann UD, Budney AJ and Curran EM (2011) Sleep disturbance and
the effects of extended-release zolpidem during cannabis withdrawal. Drug Alcohol
Depend 117:38-44.

Wakley AA and Craft RM (2011a) Antinociception and sedation following intracerebroventricular
administration of Delta(9)-tetrahydrocannabinol in female vs. male rats. Behav Brain Res
216:200-206.

Wakley AA and Craft RM (2011b) THC-methadone and THC-naltrexone interactions on
discrimination, antinociception, and locomotion in rats. Behav Pharmacol 22:489-497.

Wakley AA, Wiley JL and Craft RM (2014) Sex differences in antinociceptive tolerance to delta-
9-tetrahydrocannabinol in the rat. Drug Alcohol Depend 143:22-28.

Welch SP and Stevens DL (1992) Antinociceptive activity of intrathecally administered
cannabinoids alone, and in combination with morphine, in mice. J Pharmacol Exp Ther
262:10-18.

Wenzel JM and Cheer JF (2018) Endocannabinoid Regulation of Reward and Reinforcement
through Interaction with Dopamine and Endogenous Opioid Signaling.
Neuropsychopharmacology 43:103-115.

Wilkerson JL, Ghosh S, Mustafa M, Abdullah RA, Niphakis MJ, Cabrera R, Maldonado RL,
Cravatt BF and Lichtman AH (2017) The endocannabinoid hydrolysis inhibitor SA-57:
Intrinsic antinociceptive effects, augmented morphine-induced antinociception, and
attenuated heroin seeking behavior in mice. Neuropharmacology 114:156-167.

Wilkerson JL, Niphakis MJ, Grim TW, Mustafa MA, Abdullah RA, Poklis JL, Dewey WL, Akbarali
H, Banks ML, Wise LE, Cravatt BF and Lichtman AH (2016) The Selective
Monoacylglycerol Lipase Inhibitor MUN110 Produces Opioid-Sparing Effects in a Mouse
Neuropathic Pain Model. J Pharmacol Exp Ther 357:145-156.

Williams |J, Edwards S, Rubo A, Haller VL, Stevens DL and Welch SP (2006) Time course of
the enhancement and restoration of the analgesic efficacy of codeine and morphine by
delta9-tetrahydrocannabinol. Eur J Pharmacol 539:57-63.

Wilson-Poe AR, Morgan MM, Aicher SA and Hegarty DM (2012) Distribution of CB1
cannabinoid receptors and their relationship with mu-opioid receptors in the rat
periaqueductal gray. Neuroscience 213:191-200.

Wilson-Poe AR, Pocius E, Herschbach M and Morgan MM (2013) The periaqueductal gray
contributes to bidirectional enhancement of antinociception between morphine and
cannabinoids. Pharmacol Biochem Behav 103:444-449.


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Wilson-Poe AR, Wiese B, Kibaly C, Lueptow L, Garcia J, Anand P, Cahill C and Moron JA
(2021) Effects of inflammatory pain on CB1 receptor in the midbrain periaqueductal gray.
Pain Rep 6:e897.

Woodhams SG, Chapman V, Finn DP, Hohmann AG and Neugebauer V (2017) The
cannabinoid system and pain. Neuropharmacology 124:105-120.

Xue X, Zong W, Glausier JR, Kim SM, Shelton MA, Phan BN, Srinivasan C, Pfenning AR,
Tseng GC, Lewis DA, Seney ML and Logan RW (2022) Molecular rhythm alterations in
prefrontal cortex and nucleus accumbens associated with opioid use disorder. Transl
Psychiatry 12:123.

Yesilyurt O, Dogrul A, Gul H, Seyrek M, Kusmez O, Ozkan Y and Yildiz O (2003) Topical
cannabinoid enhances topical morphine antinociception. Pain 105:303-308.

Yu Y, Tsang QK, Jaramillo-Polanco J, Lomax AE, Vanner SJ and Reed DE (2022) Cannabinoid
1 and mu-Opioid Receptor Agonists Synergistically Inhibit Abdominal Pain and Lack
Side Effects in Mice. J Neurosci 42:6313-6324.

Zhang Y, Windisch K, Altschuler J, Rahm S, Butelman ER and Kreek MJ (2016) Adolescent
oxycodone self administration alters subsequent oxycodone-induced conditioned place
preference and anti-nociceptive effect in C57BL/6J mice in adulthood.
Neuropharmacology 111:314-322.


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

Figure 1

A .
Hotplate timecourse
2x daily dosing
0830 and 1730
1 3 3
B Dose-response D ...
100+ 6\ . 1007
w
W S
ig 50 s
EDy,-2.81
(1.895-4.387) -50 1
0 I T 1 30
1 10 100
Dose (mg/kg) -~ Vehicle
C100 9 E‘]OO—****
w 50
w o
S so0- <
S T
EDy,-5.166
(3.828-7.000) -50 T
0 T T 1 30
1 10 100
Dose (mglkg) -0~ Vehicle

Day 1

T T
180 1440

60 90 360
Time post inj (min)
1mgkg -e- 3 mg/kg

-~ 10mg/kg -e- 30 mg/kg

T T
180 1440

60 90 360
Time post inj (min)
1mglkg -e- 3 mglkg

- 10mg/kg -e- 30 mg/kg

%MPE

100

*%*

Day 3

-50 1 1 1 1 1 1
30 60 90 180 360 1440
Time post inj (min)
-0- Vehicle 1mg/kg -e- 3 mglkg
-~ 10mg/kg -e- 30 mg/kg
100 %

-50 I I I I I I
30 60 90 180 360 1440
Time post inj (min)
-0- Vehicle 1mg/kg -e- 3 mglkg

- 10mg/kg -e- 30 mg/kg

H Day 5

%MPE

100 **

-50 I I I I I I
30 60 90 180 360 1440
Time post inj (min)
-0~ Vehicle 1mgkg -e- 3 mgl/kg

-~ 10mg/kg -e- 30 mg/kg

100 *

50

0_ .
-50 I I I I I I
30 60 90 180 360 1440
Time post inj (min)
-0- Vehicle 1mg/kg -e- 3 mglkg

- 10mg/kg -e- 30 mg/kg


https://doi.org/10.1101/2023.12.04.569809
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.04.569809; this version posted December 6, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Figure 1. Oxycodone produces dose-dependent antinociception in the hotplate test.
Oxycodone (1, 3, 10, 30 mg/kg s.c.) was administered twice daily over a period of 5 days (A).
Oxycodone produced dose-dependent antinociception in males (B) and females (C) at the 30
min timepoint on day 1 of dosing. Tolerance developed by day 3 to most doses (Males: F,
Females: G) and to all doses by day 5 (Males:H, Females:l). Data represented as mean + SEM.

N = 6-7 per group. ***p<0.0001, **p<0.01, *p<0.05 2x2 ANOVA interaction effect
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Figure 2. A°>-THC produces dose-dependent antinociception in the hotplate test. A>-THC
(1, 3, 10, 30 mg/kg s.c.) was administered twice daily over a period of 5 days (A). AS-THC
produced dose-dependent antinociception in males (B) and females (C) at the 30 min timepoint
on day 1 of dosing. Tolerance developed by day 3 (Males: F, Females: G) and remained by day
5 (Males:H, Females:|) in both sexes. Data represented as mean + SEM. N = 6-7 per group.

**** p<0.0001 2x2 ANOVA interaction effect
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Figure 3. Combination dosing of A°>-THC with oxycodone results in enhanced
antinociception and delayed antinociceptive tolerance. Schematic of experimental
timecourse (A). Oxycodone (3 mg/kg s.c.) and A°-THC (3 mg/kg s.c.) produced greater and
longer lasting antinociception when co-administered relative to either administered alone on day
1 of dosing in both males (B) and females (C). On day 3 of dosing, the combination remained
efficacious, but tolerance had developed to the other treatment groups in both males (D) and
females (E). By day 5 complete tolerance had developed in all groups in both males (F) and
females (G). Data represented as mean + SEM. N =5 per group. **** p<0.0001, *** p<0.001

two-way ANOVA interaction effect.
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Figure 4. Repeated dosing with oxycodone induces p-opioid receptor dependence, co-
administration of oxycodone with A°-THC reduces p-opioid receptor dependence in
males. Oxycodone produced dependence to a similar degree in both males (B) and females (C)
following repeated dosing. Males treated with A>-THC and oxycodone in combination had a
reduced number of jumps (D), whereas the females did not differ from oxycodone alone (E).
Data are represented as mean £ SEM. N =5-7 per group. **p<0.01 one-way ANOVA main

effect.
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Figure 5. Dosing with oxycodone or a combination of A>-THC with oxycodone results in
disturbances of circadian activity. A%-THC had a minimal effect on general circadian activity
pattern relative to vehicle (B,C). Mice treated with oxycodone (D,E) or a combination of
oxycodone+A°-THC (F,G) spent a greater percentage of time active in the light relative to
vehicle during the dosing period which normalized after withdrawal in both males (H) and
females (I). Values for percent of time in light were averaged across each experimental phase
and compared in panels D and H. Data represented as mean + SEM. N =5 per group ****

p<0.0001, *p<0.05 2x2 ANOVA interaction effect.
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Figure 6. Oxycodone and A°-THC produce conditioned place preference when
administered in combination. Administration of oxycodone (1 mg/kg s.c.) did not produce
CPP in males (A) or females (B). By contrast, a 3 mg/kg dose of oxycodone produced CPP in
both males (C) and females (D). Doses of A°-THC (3 mg/kg s.c.) and oxycodone (1 mg/kg s.c.)
that did not produce preference on their own produced CPP when co-administered in both
males (E) and females (F). A>-THC (3 mg/kg s.c.) did not alter oxycodone (3 mg/kg s.c.)-
induced CPP in either males (G) or females (H). Data represented as mean + SEM. N = 5-8

per group ****p<0.0001, *** p<0.001, *p<0.05 2x2 ANOVA followed by Sidak post-hoc.
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Figure 7: A>-THC does not alter oxycodone-induced locomotor sensitization. Distance
traveled was measured during each pairing day from during CPP conditioning. Oxycodone
increased distance travelled, while A°-THC had no effect in both males (A) and females (B) A®-
THC also did not alter distance traveled when co-administered with oxycodone. Data

represented as mean + SEM. N = 5-8 per group. **** p<0.0001 2x2 ANOVA interaction effect.
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Supplemental Figure 1. Homecage activity traces following a drug administration. Activity
data from Pallidus devices were plotted as 5 min bins. Vehicle, Oxycodone (3 mg/kg s.c.), A°-
THC (3 mg/kg s.c.), or a combination of oxycodone and A°-THC was administered at the 0 min
mark in both males (A) and females (B). Oxycodone and combination treatment of oxycodone
and A°-THC produced transient increases in activity in both males and females. Data

represented as mean + SEM. N = 5-6 per group
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Supplemental Figure 2. Oxycodone and combination of A°-THC with oxycodone produce
alterations in circadian activity during the dosing phase. Schematic of experimental
timecourse (A). Activity data from Pallidus devices were plotted as 1 hr bins and averaged for
each phase of the experiment. Activity was similar across all groups during the baseline phase
of the experiment in both males (B) and females (C). During the dosing phase, treatment with
oxycodone and a combination of oxycodone and A°-THC produced a spike in activity during the
light phase in both males (D) and females (E) that corresponded to the time when the treatment
was administered. There were slight differences between groups during the withdrawal phase
(F,G) and groups appeared mostly similar during the recovery phase (H,l). Data represented as

mean + SEM. N =5 per group
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Supplemental Figure 3. Vehicle and A°-THC do not produce alterations in chamber
preference. Administration of vehicle only or AS-THC (3 mg/kg s.c.) did not produce alterations
in chamber preference in either males (A,C) or females (B,E). Data represented as mean *

SEM. N = 5-6 per group
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