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Abstract

Cannabis products used for pain typically contain delta-9-tetrahydrocannabinol (D9-THC) and
cannabidiol (CBD) in varied amounts, but data on effects of specific cannabinoid formulations
on different pain types are lacking. This study used the carrageenan-induced inflammatory pain
model to test oral D9-THC, CBD, or their combination on acute edema and pain hypersensitivity.
Male and female Sprague Dawley rats (n = 10-14 per sex/group) were pretreated (- 1 hr) with
vehicle (sesame oil), D9-THC (1, 3, 10 mg/kg, p.o), CBD (10, 30, 100 mg/kg, p.o.), or select
doses of D9-THC+CBD combinations prior to an intraplantar A-carrageenan injection into the
hind paw. The non-steroidal anti-inflammatory drug (NSAID) ketoprofen (10, 20 mg/kg, i.p.) or
its vehicle (1:1:18 ethanol:cremophor:saline) was administered to a separate group as a positive
control. Measurements were conducted at baseline, 1, 3, and 5 hours post carrageenan.
Carrageenan produced edema and hypersensitivity to radiant heat (hyperalgesia) and
mechanical pressure (allodynia). D9-THC alone sex- and dose-dependently decreased
hyperalgesia and allodynia but not inflammation, with effects of D9-THC being greater in
females than males, and the lowest D9-THC dose was pro-inflammatory in males. CBD alone
did not affect pain sensitivity but had modest anti-inflammatory effects in males. Isobolographic
and dose addition analyses indicated D9-THC+CBD was sub-additive relative to D9-THC alone.
These data demonstrate that prophylactic oral D9-THC alleviates acute inflammatory pain with
sex-dependent effects, and CBD diminishes D9-THC antinociception when combined. Findings
suggest oral D9-THC is superior to CBD or combined D9-THC+CBD for acute inflammatory

pain.



Significance Statement

Despite the popularity of cannabis for pain management, empirical data on how specific
cannabinoid formulations affect acute inflammatory pain are limited. This study in rats found that
pure D9-THC formulations were most effective at improving inflammatory pain compared to
pure CBD or D9-THC+CBD combinations, and females were more sensitive than males to the

antinociceptive effects of D9-THC.



Introduction

Pain relief is the most frequently cited reason for using medical cannabis, with many patients
reporting that they use cannabis as a substitute for prescription opioids to manage their pain
(Ogborne et al., 2000; Sexton et al., 2016; Reiman et al., 2017). Consequently, clinical trials
have investigated cannabis or isolated cannabinoids, including delta-9-tetrahydrocannabinol
(D9-THC), the primary psychoactive cannabinoid of cannabis, and cannabidiol (CBD), the
second most abundant cannabinoid in cannabis, as potential therapeutic compounds for pain
relief. Most studies to date have focused on chronic neuropathic pain-related outcomes (see
review by Haleem and Wright (2020)). Overall, these trials report improvements in pain
measures compared to placebo; however, results vary substantially by cannabinoid type and
administration route. In contrast, there is little research on whether cannabinoid formulations

may be useful for treating other types of pain, including acute inflammatory pain.

Inflammatory pain refers to spontaneous pain hypersensitivity occurring in response to injury
and inflammation, including post-operative pain, traumatic pain, and tissue damage (e.g.,
burns). Associated symptoms include increased swelling (edema), indicating a pro-inflammatory
response, and pain hypersensitivity to mildly painful stimuli (hyperalgesia) or typically non-
painful stimuli (allodynia) (Jensen and Finnerup, 2014). Inflammatory pain is a complex
condition that remains a significant clinical challenge due to the limited efficacy and/or poor
tolerability of currently available treatment options. First-line treatments for managing symptoms
are nonsteroidal anti-inflammatory drugs (NSAIDs) and opioids (Park and Moon, 2010). NSAIDs
can cause severe gastrointestinal bleeding and ulcers, and opioids have significant risks for
dependence and overdose (Neuman et al., 2019; Wilson et al., 2020). As such, an increasing
number of patients are seeking treatment alternatives (Pritchard et al., 2022). Ongoing efforts in
cannabis-based drug development are focused on identifying novel formulations that may have

therapeutic efficacy for different types of pain (Finn et al., 2021). Simultaneously, regulatory



changes in state laws legalizing cannabis for medical and recreational purposes have led to
widespread availability of many cannabis products. These products are used by consumers to

manage a variety of pain conditions, yet the empirical evidence supporting their use is limited.

Further limiting the development of cannabis-derived analgesics are the unwanted side effects
of D9-THC (e.g., intoxication, cognitive and motor impairments). CBD, however, is non-
intoxicating, and has been purported to augment the therapeutic effects of D9-THC and/or
mitigate the adverse effects of D9-THC when co-administered (see review by Boggs et al.
(2018)). Systematic testing of different dose combinations of D9-THC+CBD is required to
evaluate whether specific formulations may improve inflammation and pain without producing
adverse effects. Use of preclinical models provides a high-throughput platform to evaluate
numerous cannabinoid dosing conditions under strict experimental control. Preclinical studies of
the antinociceptive effects of exogenous cannabinoids (partially reviewed by Lotsch et al.
(2018)) have demonstrated that both D9-THC and CBD alone can decrease pain and
inflammation in rodent models of arthritis (Malfait et al., 2000; Cox and Welch, 2004), multiple
sclerosis (Mecha et al., 2013; Feliu et al., 2015), and inflammatory pain (Costa et al., 2004a;
Britch et al., 2020; Britch and Craft, 2021). There is some evidence in neuropathic pain models
that D9-THC and CBD may act synergistically to produce increased antinociception (Casey et

al., 2017).

Inflammatory pain can be modeled in rats by administering an intraplantar injection of A-
carrageenan. Carrageenan is an irritating substance that induces transient inflammation and
swelling and produces pain hypersensitivity, which typically peaks within 2 to 3 hours post
injection and subsides by 24 hours. The aim of the current study was to systematically
investigate the acute effects of D9-THC and CBD, alone or combined in select dose

combinations, on measures of inflammation (edema) and pain (hyperalgesia, allodynia) in male



and female rats using the carrageenan-induced paw inflammation procedure. There is evidence
that females may be disproportionately affected by pain compared to males, and responses to
medications can be sex dependent (Mogil, 2020; Osborne and Davis, 2022; Britch and Craft,
2023; Salis et al., 2024). Preclinical research on sex as a biological factor in pain is critically
needed. We hypothesized that D9-THC and CBD alone would produce antinociceptive and anti-
inflammatory effects, and that D9-THC+CBD co-administration would have synergistic
antinociceptive and anti-inflammatory effects. We further hypothesized that females would show
more severe inflammatory pain symptoms and would be more sensitive to the effects of these

cannabinoids than males.

Materials and Methods

Animals

Adult male and female Sprague Dawley rats (N = 321 total, 51% female; Charles River,
Wilmington, MA) were same-sex pair-housed in wire- and filter- topped plastic cages (27 x 48 x
20 cm) with standard enrichment and ad libidum food and water access. Diet was a corn-based
chow (Teklad product no. 2018, Global 18% Protein Rodent Diet; Harlan, Indianapolis, IN). The
vivarium was on a 12-hr reverse light cycle (lights off at 8:00 AM) and was humidity and
temperature controlled. All animals were handled and habituated to procedures prior to
experimentation. All procedures used in this study were approved by the Johns Hopkins
Institutional Animal Care and Use Committee. The facilities adhered to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (National Research Council
Committee for the Update of the Guide for the Care and Use of Laboratory Animals, 2011) and

met the American Association for Laboratory Animal Science standards.

Drugs



Ampules of concentrated (-)-trans-D9-THC (50-200 mg/ml in 95% USP ethyl alcohol) were
provided by the National Institute on Drug Abuse (NIDA) Drug Supply Program; ethanol was
evaporated using nitrogen gas prior to use. Pure hemp-derived CBD isolate was obtained from
Albany Molecular Research Inc. (Rensselaer, NY). CBD was confirmed to not contain D9-THC
or other contaminants by independent testing. D9-THC and CBD were mixed in 100% USP
sesame oil (Spectrum Chemical; New Brunswick, NJ) and administered via oral gavage (1
ml/kg, p.o.). D9-THC doses (1, 3, 10 mg/kg) were selected based on our past data showing
antinociceptive effects of 10 mg/kg D9-THC in acute pain with 1 and 3 mg/kg having
subthreshold effects (Moore et al., 2021; Moore and Weerts, 2022). As 10 mg/kg D9-THC was
shown to produce significant side effects (e.g., neurocognitive impairment) in our prior study
(Moore et al., 2023), we chose lower THC doses for the D9-THC+CBD combinations. CBD
doses (10, 30, 100 mg/kg) were selected to permit investigation of a range of ecologically
relevant, CBD dominant ratio combinations (e.g., 1:10, 1:30, 3:10). Specific dose combinations
tested were 1 mg/kg D9-THC+10 mg/kg CBD, 1 mg/kg D9-THC+30 mg/kg CBD, 3 mg/kg D9-
THC+10 mg/kg CBD, and 3 mg/kg D9-THC+30 mg/kg CBD. Ketoprofen (Sigma Aldrich, St.
Louis, MO) was mixed in 1:1:18 ethanol:cremophor:saline and administered at a dose of 10 or
20 mg/kg (i.p.) per prior publications (Herrero et al., 1997; Aguilar-Carrasco et al., 2014). An
equivalent volume (1 ml/kg) of sesame oil (D9-THC and CBD vehicle, p.o.) or

ethanol:cremophor:saline (ketoprofen vehicle, i.p.) was administered to control groups.

Induction of transient inflammatory pain

We used standard methods for carrageenan-induced transient inflammatory pain in rats (Winter
et al., 1962; Rock et al., 2018). A-carrageenan (Sigma Aldrich) was mixed in physiological saline
to yield a 1% wi/v solution for injection. Rats were briefly anaesthetized using isoflurane (3-5%)
prior to receiving an intraplantar injection of 0.1 ml of carrageenan solution into their left or right

hind paw (counterbalanced) using a 27-G needle.



Evaluation of edema

Measurements (mm) of hind paw thickness (edema) were collected using an electronic digital
caliper (Control Company, Fisher Scientific, Hampton, NH) as a proxy measure to assess the
magnitude of inflammatory response to carrageenan across the dorsoventral axis of the paw.
Measurements were taken at baseline (i.e., immediately prior to carrageenan injection) and

again at specific intervals post-injection (Figure 1A).

Evaluation of thermal hyperalgesia

The Hargreaves procedure was performed to assess thermal hyperalgesia (Hargreaves et al.,
1988; Rock et al., 2018). Prior to baseline testing, rats were habituated to the apparatus for 10
min. Rats were placed in clear plastic cubicles atop an elevated glass platform under which sat
a movable infrared light generator connected to the computerized plantar test apparatus (Ugo
Basile 37370, Italy). Infrared light was focused on the midplantar region of the target paw until
an elicited withdrawal behavior (i.e., a nocifensive hind paw flexion reflex) triggered a beam-
break. Paw withdrawal latency was measured to the nearest 0.1s across 3 trials, >1 minute
apart. The intensity of the heat source was set at 55% based on preliminary tests showing
average baseline latencies of 10-12s. A maximum cut off time of 30s was set to prevent tissue
damage; testing ceased if the maximum cut off time was reached. Carrageenan-induced

hyperalgesia was demonstrated as a shorter withdrawal latency when compared to baseline.

Evaluation of mechanical allodynia

The von Frey test was performed to assess mechanical allodynia as in our prior study (Moore
and Weerts, 2022). Prior to baseline testing, rats were habituated to the apparatus for >10 min
and to the procedure. Rats were placed in clear plastic cubicles atop a mesh floor, through

which nylon monofilaments were applied to the target hind paw in a sequence of increasing



force (9 filaments used, 0.6—15.0 g range of force, beginning with 2.0 g). Filaments were applied
perpendicularly with enough force to cause a slight buckling against the paw. The presence or
absence of a withdrawal response was recorded after each filament application. If a response
did not occur, the next strongest filament was applied; if a response did occur, the next weakest
filament was applied. This up-down method was repeated four times after the first change in
response, and the 50% threshold for paw withdrawal was calculated using the individual
response pattern and the force of the last von Frey filament tested (Dixon, 1991; Chaplan et al.,
1994). Carrageenan-induced allodynia was demonstrated as a decrease in the withdrawal

threshold from baseline.

Experimental design

Male and female rats were randomly assigned to experimental groups (n =10-14 per sex/group).
Baseline pain testing (8:15 AM) was completed before rats were administered vehicle or test
drug (9:00 AM). One hour later, rats received carrageenan injections (10:00 AM) as described
above and returned to their home cage. Rats then underwent pain testing and edema
measurements at 1-, 3-, and 5-hours post-carrageenan (Figure 1A). Experimenters were
blinded to the treatment groups. Testing was completed in the following order: 1) Hargreaves
testing, 2) edema measurement, 3) von Frey testing. All pain testing was completed under light

(not dark) conditions to facilitate data collection.

Data analysis

Outcome variables analyzed were paw thickness (mm) for edema, withdrawal latency (sec) for
Hargreaves testing, and withdrawal threshold (g) for von Frey testing. Raw vehicle control data
were used to confirm successful model induction. Model induction was evaluated for each

outcome measure in vehicle (p.o.) treated control data using one-way repeated measures

10



ANOVAs in GraphPad Prism v10.2.3 with sex as the between-subject factor and time as the

within-subject factor.

To evaluate treatment effects, all positive control and test drug data were transformed to
absolute change from baseline scores for the 1 hr, 3 hr, and 5 hr timepoints. Data for each
outcome measure were analyzed using separate three-way repeated measures ANOVAs with
sex and treatment as between-subject factors and time as the within-subject factor. For
ketoprofen and D9-THC or CBD alone conditions, ‘treatment’ referred to the dose of test drug,
which was analyzed against their respective vehicle control. For D9-THC+CBD combination
conditions, ‘treatment' referred to the dose of CBD, which was analyzed against the matched
D9-THC alone condition (e.g., 1 D9-THC + 0 CBD, 1 D9-THC + 10 CBD, 1 D9-THC + 30 CBD).
Initial three-way repeated measures ANOVAs yielded main effects of sex (p < 0.05). Data were
then disaggregated by sex and separate two-way ANOVAs were run on each outcome measure
for each sex. Statistical analyses were performed using JASP v0.18.1 (for initial three-way
ANOVAs) and GraphPad Prism (for subsequent within-sex two-way ANOVAs and for multiple
comparisons analyses). Greenhouse-Geisser corrections were used where Mauchly’s test of
sphericity indicated that the assumption of sphericity was violated. Where main or interaction
effects were observed, Dunnett’s post hoc tests were performed to isolate treatment effects.
Significance was accepted at p < 0.05 for a two-tailed test. All test statistics are reported in

tables in the supplementary material (Supplemental Tables 1 — 3).

To further illustrate cannabinoid effects, arithmetic differences between i) D9-THC or CBD data
and vehicle control data or ii) D9-THC+CBD combination data and matched D9-THC alone data
were computed and visualized using radar plots. The radar plots provide a summative profile of
the relative change in outcome across sexes and timepoints that is produced by varying

cannabinoid doses and ratios. The x axes are the polygonal axes that define the plot boundaries
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and data range; the y axes are the radial axes projecting from the center point with each axis
representing a different treatment condition. Along the y axes, a value of x = 0 means that there
is no difference (i.e., no outcome change) between treatment and comparison groups; a value
of x > 0 (toward the outermost x axis) indicates an increase; a value of x < 0 (towards the inner

center point) indicates a decrease.

Drug combination analysis

The combined effects of D9-THC+CBD were evaluated using isobole and dose addition analysis
as previously described (Porreca et al., 1990; Tallarida et al., 2003; Tallarida, 2016; Hayduk et
al., 2024). Von Frey data from the time of peak effects (1 hr) were used for the analysis as this
measure showed the greatest response magnitude. Data were transformed to percent change
from vehicle (% vehicle). Dose response curves for D9-THC alone, CBD alone, and D9-THC as
a function of CBD dose were plotted and linear regressions were computed to calculate ED50
values for each condition. An ED50 could not be computed for CBD alone data because this
condition had no effect on pain measures. Linear regression of the D9-THC alone data was
constrained to the 1 and 3 mg/kg doses to match the D9-THC+CBD combinations. ED50s from
D9-THC alone and D9-THC+CBD combinations were plotted and visually compared on an
isobologram to evaluate additivity. The line of additivity was set as a vertical line at the D9-THC
ED50 value (due to the lack of CBD effect) and the D9-THC+CBD combination ED50s were
compared against this line of additivity. If the combination ED50s underwent a leftward shift
relative to the line of additivity, the observed effect was considered synergistic; if they underwent
a rightward shift, the observed effect was considered sub-additive. Due to the between-subject
design, ED50 values were computed from group-level data which resulted in a single value for

each condition and limited statistical analysis.

12



Dose addition analysis was also performed to compare the observed D9-THC+CBD
combination ED50 (z,,;,) to the predicted combination ED50 (z,,,)- Because we designed the
study to evaluate D9-THC+CBD ratio combinations with ecological relevance to human
cannabis use, dose elements were not scaled in a fixed proportion. Thus, we defined our z,,;,
value as the ED50 of the D9-THC+CBD combinations with a fixed ratio (i.e., 1:10, with the 1+10

and 3+30 D9-THC+CBD conditions). z,,;4 was calculated using the following formula:

A
1- pa

Zadd =

Where A is the ED50 of D9-THC and p4 is the proportion of D9-THC in the 1:10 combination. If
the observed combination ED50 was greater than the expected ED50 (z,,ix > Zg44), the
interaction was considered sub-additive; if the observed ED50 was lesser than the expected

(Zmix < Zgaq), the interaction was considered synergistic.

Results

Induction of edema and pain hypersensitivity by carrageenan

In vehicle controls, intraplantar carrageenan produced acute inflammatory pain comprising hind
paw edema, thermal hyperalgesia, and mechanical allodynia lasting at least 5 hrs (Figure 1B-
D). Main effects of time on paw thickness, withdrawal latency, and withdrawal threshold were
observed (p’s < 0.001; see Supplemental Table 1 for full results). Post hoc testing showed that
between baseline and post-carrageenan timepoints, edema was increased at all timepoints in
both male and female rats (p’s < 0.001); withdrawal latencies were decreased in male rats at 5
hr (p = 0.008) and female rats at 3 hr and 5 hr (p’s < 0.01); withdrawal thresholds were

decreased in male and female rats at all time points (p’s < 0.05).

Effects of the NSAID ketoprofen on carrageenan-induced edema and pain hypersensitivity

13



Expectedly, ketoprofen decreased edema in males and females (Figure 1E; Supplemental Table
2, interaction of treatment x time, p < 0.05). Specifically, at the 5 hr timepoint, edema was
decreased in males that received 20 mg/kg (p = 0.009) and in females that received either 10 or
20 mg/kg (p’s < 0.05). Ketoprofen also decreased thermal hyperalgesia and mechanical
allodynia in females only (Figure 1F,G): effects of treatment on withdrawal latency and threshold
were observed (p’s < 0.05; Supplemental Table 3). Both doses increased withdrawal latencies at
the 3 hr and 5 hr timepoints compared with vehicle (p’s < 0.05). The 10 mg/kg dose also

increased withdrawal thresholds at the 3 hr and 5 hr timepoints (p’s < 0.05).

Cannabinoid effects on edema

D9-THC alone had dose-dependent effects on edema in males and females (Figure 2;
Supplemental Table 2, interaction of treatment x time, p < 0.05). In males, 1 mg/kg D9-THC
increased edema (p = 0.039) at the 5 hr timepoint (Figure 2C). In females, 3 and 10 mg/kg D9-
THC produced non-significant decreases in edema (3: p = 0.060, 10: p = 0.056) at the 5 hr
timepoint (Figure 2C). CBD alone had anti-inflammatory effects in males only (Figure 2C; main
effect of dose, p < 0.05), where 10 mg/kg CBD decreased edema (p = 0.049) at the 5 hr
timepoint. CBD did not affect edema in females. Co-administration of CBD with 1 mg/kg D9-
THC did not affect edema as no statistical differences were observed between the 1 mg/kg D9-
THC+CBD combinations and 1 mg/kg D9-THC alone. Co-administration of CBD with 3 mg/kg
D9-THC increased edema compared to D9-THC alone: there was a main effect of treatment
(i.e. CBD dose) on edema in females (Supplemental Table 3; p < 0.001). Both dose
combinations increased edema compared to D9-THC alone in females at the 1 hr, 3 hr, and 5 hr
timepoints (p’s < 0.05; Figure 2A-C). Radar plots (Figure 2D-F) were used to visualize average
differences between cannabinoid dose conditions and the respective comparison group (i.e.,
vehicle controls for D9-THC/CBD alone doses, denoted by the white background, and matched

D9-THC alone dose for D9-THC+CBD combination doses, denoted by the light gray
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background). Comparison groups are represented by the 0 axis (an average difference of 0).
Sexes are shown in different shades (blue = males; orange = females) to visualize sex
differences in drug effects on edema. An increase or decrease from the 0 axis along the dose
condition axis represents an increase or decrease in paw thickness, respectively, for that

specific dose condition.

Cannabinoid effects on thermal hyperalgesia

D9-THC alone dose-dependently decreased thermal hyperalgesia in male and female rats
(Figure 3; Supplemental Table 2, main effect of treatment, p < 0.05). In females, all D9-THC
doses increased withdrawal latency at the 1 hr and 3 hr timepoints, and 3 and 10 mg/kg
continued to increase withdrawal latencies at the 5 hr timepoint (p’s < 0.05; Figure 3A-C). Post
hoc effects were not detected in males. CBD alone did not produce effects on withdrawal
latency in either males or females. Similarly, the D9-THC+CBD dose combinations did not
produce different effects compared to D9-THC alone. Radar plots (Figure 3D-F) were used to
visualize average differences between cannabinoid dose conditions and respective comparison
groups (i.e., vehicle controls for D9-THC/CBD alone doses, denoted by the white background,
and matched D9-THC alone dose for D9-THC+CBD combination doses, denoted by the light
gray background). Comparison groups are represented by the 0 axis (an average difference of
0). Sexes are shown in different shades (blue = males; orange = females) to visualize sex
differences in drug effects on thermal hyperalgesia. An increase or decrease from the 0 axis
along the dose condition axis represents an increase or decrease in withdrawal latency,

respectively, for that specific dose condition.

Cannabinoid effects on mechanical allodynia
D9-THC alone dose-dependently decreased mechanical allodynia and females were more

sensitive to these effects (Figure 4; Supplemental Table 2, interactions of treatment x time and
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treatment x sex, p’s < 0.05). The 3 and 10 mg/kg D9-THC doses increased withdrawal threshold
at the 1 hr and 3 hr timepoints in males (p’s < 0.05) and at the 1 hr, 3 hr, and 5 hr timepoints in
females (p’s < 0.05; Figure 4A-C). CBD alone did not produce effects on withdrawal threshold in
either sex. The combination of CBD with 1 mg/kg D9-THC did not modify D9-THC effects on
withdrawal threshold (no main effect nor interactions with treatment). However, combining 10
mg/kg CBD with 3 mg/kg D9-THC blunted the improvement in allodynia seen with 3 mg/kg D9-
THC alone (interaction of treatment x time, p < 0.05). The combination of 3 mg/kg D9-THC + 10
mg/kg CBD decreased withdrawal threshold in males at the 3 hr timepoint (p = 0.017) and in
females at the 1 hr and 3 hr (p’s < 0.05) timepoints compared to D9-THC alone (Figure 4A,B).
Radar plots (Figure 4D-F) were used to visualize average differences between cannabinoid
dose conditions and respective comparison groups (i.e., vehicle controls for D9-THC/CBD alone
doses, denoted by the white background, and matched D9-THC alone dose for D9-THC+CBD
combination doses, denoted by the light gray background). Comparison groups are represented
by the 0 axis (an average difference of 0). Sexes are shown in different shades (blue = males;
orange = females) to visualize sex differences in drug effects on mechanical allodynia. An
increase or decrease from the 0 axis along the dose condition axis represents an increase or

decrease in withdrawal threshold, respectively, for that specific dose condition.

Drug combination analysis

Isobole analysis was used to evaluate the potential additivity of D9-THC+CBD combinations
relative to D9-THC alone effects using empirical ED50 values. The ED50 values were
determined to be 1.23 mg/kg for oral D9-THC alone, 1.74 mg/kg for D9-THC combined with 10
mg/kg CBD, and 1.37 mg/kg for D9-THC combined with 30 mg/kg CBD. Thus, ED50 values for
the D9-THC+CBD combinations lay to the right of the line of additivity, indicating that D9-
THC+CBD combinations produced sub-additive effects compared to THC alone (Figure 5).

Further dose addition analysis was performed to compare the observed combination ED50

16



(zmix) With the predicted combination ED50 (z,,,4) using tested dose combinations with fixed
proportions. For these data, z,,;,, was determined to be 2.15 mg/kg and z,,;,; was determined to

be 1.353 mg/kg. Since z,,;x > Z444, cOMbined D9-THC+CBD was determined to sub-additive.

Discussion

The key findings of this study are summarized in Table 1. Oral D9-THC dose-dependently
decreased hyperalgesia and allodynia associated with acute inflammatory pain, and effects
were greater in females. Decreased hyperalgesia was accompanied by modest (non-significant)
decreases in edema in females. The 1 mg/kg D9-THC dose was subeffective for pain but pro-
inflammatory in males. CBD alone did not affect pain measures at any dose tested, although 10
mg/kg CBD decreased inflammation in males. Co-administration of 10 mg/kg CBD reduced the
antiallodynic effects of 3 mg/kg D9-THC in both sexes. In females only, CBD co-administered
with 3 mg/kg D9-THC increased edema relative to D9-THC alone. Notably, drug combination
analyses showed that D9-THC+CBD combinations were sub-additive. Ketoprofen produced
similar antinociceptive effects to oral D9-THC in this study, but also reduced edema, with greater

effects in females.

The current study extends past preclinical research showing single doses of oral D9-THC or
nabilone decreased acute carrageenan-induced thermal hyperalgesia in male rats (Conti et al.,
2002; Rock et al., 2018). In the current study, D9-THC decreased thermal hyperalgesia in both
sexes, but was only statistically significant in females. Greater variability in our male responses
likely contributed to these differences between studies. Differences in test parameters (e.g.,
thermal intensity and time of testing) with Rock et al. or drug (e.g., nabilone vs. THC) and
species (Wistar vs. Sprague Dawley rats, see our previous work (Moore et al., 2021)) with Conti
et al. may have also contributed to small differences in effect magnitudes. Importantly, our

findings are consistent with recent human laboratory studies. In studies of experimentally-
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induced acute inflammatory pain, smoked cannabis dose-dependently decreased capsaicin-
evoked pain sensitivity (Wallace et al., 2007) although administration of a single oral dose of
cannabis extract did not (Kraft et al., 2008). In other acute pain studies, smoked cannabis
(controlled for D9-THC dose) and oral dronabinol decreased experimentally-induced pain
sensitivity in the cold-pressor test in healthy participants (Cooper et al., 2013), whereas oral
CBD did not (Arout et al., 2022). Additional multi-dose laboratory and placebo controlled clinical
trials are needed to determine the effects of oral cannabinoids on acute inflammatory pain in

humans.

Similar doses of oral D9-THC and nabilone previously decreased carrageenan-induced
inflammation in male rats (Sofia et al., 1973; Conti et al., 2002; Rock et al., 2018). In the current
study, D9-THC produced sex- and dose-specific effects on inflammation (edema): D9-THC was
pro-inflammatory at the low dose in males, while higher doses produced modest (non-
significant) anti-inflammatory effects in females. While pain alleviation involves both pro- and
anti-inflammatory signaling (Linher-Melville et al., 2020), our data show that decreased
inflammation after D9-THC was associated with decreased pain only in females. In males, the
lowest D9-THC dose was pro-inflammatory but did not affect pain measures and higher D9-THC
doses decreased pain without affecting inflammation. These data suggest the inflammatory

effects are dose-related and dissociable from the antinociceptive effects of D9-THC.

The radar plots, showing cannabinoid effects on inflammatory pain relative to their respective
comparison group (vehicle controls or THC alone), further inform our results beyond statistical
analysis. For example, relative to vehicle, 1 mg/kg D9-THC increased inflammation in males at
the 5 hr timepoint, whereas 3 and 10 mg/kg D9-THC decreased inflammation, possibly
revealing biphasic dose effects of D9-THC on inflammation. Biphasic effects of cannabinoids

were observed for pain-related outcomes in human and rodent behavioral studies (Casey et al.,
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2017; Shustorovich et al., 2024) and for pro-inflammatory cytokine activity in cultured cells
(Berdyshev et al., 1997; Verhoeckx et al., 2006). Biphasic effects of cannabinoids are observed
across a variety of measures, including anxiety, motor behavior, food-maintained behavior, and
emesis (Katsidoni et al., 2013; Bruijnzeel et al., 2016; DeVuono and Parker, 2020; Salviato et
al., 2021; Moore and Weerts, 2022). Additional studies with full dose-response curves are
needed to evaluate potential biphasic effects of D9-THC on inflammation and determine

whether similar effects are observed for CBD or other cannabinoids.

Our observation that 10 mg/kg CBD had only a modest anti-inflammatory effect in males without
affecting pain differs from some studies showing oral CBD dose-dependently (5—40 mg/kg)
decreased carrageenan-induced edema and thermal hyperalgesia in male rats (Costa et al.,
2004a; Costa et al., 2004b). Costa et al. used a curative/corrective model (CBD post-
inflammatory pain induction), vs the prophylactic/preventative model (CBD pre-inflammatory
pain induction) used in our study, which may explain the discrepant findings. Prophylactic
models have been reported to produce greater cannabinoid antinociception than curative
models (Guindon et al., 2007). Evaluating prophylactic use of cannabinoids for pain
management has translational value for clinical contexts in which cannabinoids are being
considered for prevention of inflammatory pain (e.g., peri-operative pain, chronic pain flare-ups,
etc.). Using methods like those in the present study, prophylactic oral CBD (10 mg/kg) did not
affect edema in male rats (Rock et al., 2018). Rat studies using Complete Freund’s Adjuvant
(CFA) to induce paw inflammation suggest that repeat dosing may improve the therapeutic
efficacy of CBD for inflammatory pain (Britch et al., 2020; Britch and Craft, 2023; Craft et al.,

2023). Altogether, effects of oral CBD on acute inflammatory pain remain equivocal.

Evidence from our study indicates that CBD alone was largely ineffective, but combining CBD

with D9-THC had sub-additive effects on acute inflammatory pain responses. This result is
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consistent with past literature (Greene et al., 2018; Benredjem and Pineyro, 2023), including a
prior study using the CFA model of persistent inflammatory pain in rats (Britch and Craft, 2023).
Sub-chronic exposure to intraperitoneal D9-THC or CBD alone decreased hyperalgesia and
allodynia in CFA rats; however, D9-THC+CBD dose ratio combinations (3:1, 1:1, 1:3 D9-
THC:CBD) increased pain compared to D9-THC alone (Britch and Craft, 2023). While a few
studies report D9-THC+CBD synergy on pain sensitivity (Casey et al., 2017; Casey et al.,
2022), most report no interactions or antagonistic (i.e., sub-additive) effects in acute and chronic
pain models (Welburn et al., 1976; Sanders et al., 1979; Varvel et al., 2006; Booker et al., 2009;

Abraham et al., 2020; Mitchell et al., 2021; Sepulveda et al., 2022).

The alteration of D9-THC antinociception by CBD may involve pharmacokinetic interactions, as
CBD can alter D9-THC hepatic metabolism (Qian et al., 2019; Bansal et al., 2020; Bansal et al.,
2022; Bansal et al., 2023; Zamarripa et al., 2023). It is possible that CBD shifted the D9-THC
parent-metabolite ratio to favor the lesser potent parent molecule (as previously reported in rats
(Greene et al., 2018)), resulting in decreased antinociception relative to D9-THC alone;
however, pharmacokinetics of THC or CBD were not evaluated in this study. Changes in the
time course of D9-THC antinociception could also suggest altered D9-THC metabolism. The
radar plots show that the decreased antinociception produced by the 3 mg/kg D9-THC+CBD
combinations relative to D9-THC alone at 1 and 3 hr was followed by increased antinociception
by these combinations at 5 hr. This mirrors past reports that showed CBD increased D9-THC
antinociception starting 4-6 hr after administration (Britch et al., 2017). Notably, the oral doses in
the present study produced cannabinoid plasma levels comparable to other rodent studies
(Baglot et al., 2021; Moore et al., 2021) and to human levels after oral dosing (Grotenhermen,
2003; Newmeyer et al., 2017; Moore et al., 2023). Continued investigation is required to further

define the temporality of D9-THC+CBD sub-additivity reported in the current study.
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Sex differences were apparent throughout our study where females were more sensitive than
males to the effects of D9-THC. In several past studies, female rats had greater improvements
in CFA-induced hyperalgesia and allodynia than males after acute intraperitoneal D9-THC (Craft
et al., 2013; Britch et al., 2020; Britch and Craft, 2021), whereas male rats had greater
improvements in edema compared to females (Craft et al., 2013). Male rats also required more
D9-THC than female rats to have an effect (Britch and Craft, 2021). Repeated sub-chronic
dosing and increased tolerance to D9-THC resolved differences (Britch et al., 2020). These sex
differences may be attributed to greater levels of D9-THC active metabolites produced in female
vs male rats (Tseng et al., 2004; Britch et al., 2017; Greene et al., 2018). Understanding these
sex differences is essential to inform clinical pain management in patients using cannabinoid-
based medications. Current expert consensus dosing guidelines for pain management with
cannabis so far do not consider potential sex differences in cannabinoid effects on pain
outcomes (Allan et al., 2018; Hauser et al., 2018; Banerjee and McCormack, 2019; Bhaskar et
al., 2021; Bell et al., 2024). We also observed that ketoprofen produced greater antinociceptive
and anti-inflammatory effects in females compared to males. Ketoprofen was previously shown
at lesser doses to have greater antinociceptive effects in females compared to males, whereas
edema was decreased more in males than females (Craft et al., 2021). Together, these data

further demonstrate pain and inflammation outcomes are sex- and dose-dependent.

While the current study had many strengths, some caveats are noteworthy. Mainly, the present
study did not evaluate effects of cannabinoids on motor behavior (e.g., sedation), which may
have affected the evoked pain responses. However, there were minimal effects on motor
behavior at these oral doses of D9-THC and CBD alone, as well as some of the combinations
tested (3 mg/kg D9-THC + 10 mg/kg CBD), in our prior studies (Moore et al., 2021; Moore and
Weerts, 2022; Moore et al., 2023). Also, if sedative effects were affecting our pain responses,

then withdrawal latencies and thresholds with our D9-THC+CBD combination doses should
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increase; we observed the opposite, confirming sedative motoric effects were not affecting our
pain responses. Future examinations of pain-suppressed behaviors (e.g., decreases in wheel
running, feeding, etc.) may provide a more complete picture of the potential therapeutic effects

of cannabinoids on acute inflammatory pain.

In summary, the current study demonstrates that oral D9-THC, but not oral CBD, is efficacious
for ameliorating acute inflammatory pain symptoms. Our data suggest that the antinociceptive
effects of D9-THC-containing cannabis products on acute inflammatory pain are mainly due to
D9-THC content (in alignment with conclusions from Harris et al. (2019)). Additionally, we show
that combining CBD with D9-THC worsens D9-THC antinociception. Taken together, our data
and existing preclinical studies do not support the use of CBD alone, CBD-dominant, or
balanced D9-THC:CBD formulations to prevent inflammation and inflammatory pain. Moreover,
evidence increasingly refutes the notion that combining CBD with D9-THC affords an added
therapeutic benefit for inflammatory pain and/or mitigates the side effects of D9-THC (Britch and
Craft, 2023; Englund et al., 2023; Zamarripa et al., 2023; Gorbenko et al., 2024). Given the sex
differences we observed, future investigations should prioritize including both sexes to explore
differences in pain symptom expression, pro-inflammatory signaling, and potential underlying

mechanisms.

22



Acknowledgements

The authors thank the NIDA Drug Supply Program for providing the D9-THC, Blanca Bravo and
Alma Hausker for contributing to data collection, and Dr. Austin Zamarripa for assistance with
the drug combinations analyses. Financial support for this work was provided by the

Department of Psychiatry and Behavioral Sciences at Johns Hopkins University School of

Medicine.

23



Data Availability Statement
The data that support the findings of this study will be kept for at least 6 years post-publication

and are available on request from the corresponding author.

24



Authorship Contributions

Participated in research design: Jenkins, Moore, Weerts
Conducted experiments: Jenkins, Moore

Performed data analysis: Jenkins, Moore

Wrote or contributed to the writing of the manuscript: Jenkins, Moore, Weerts

25



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.

Aguilar-Carrasco JC, Rodriguez-Silverio J, Jiménez-Andrade JM, Carrasco-Portugal Mdel C
and Flores-Murrieta FJ (2014) Relationship between blood levels and the anti-
hyperalgesic effect of ketoprofen in the rat. Drug Dev Res 75:189-194.

Allan GM, Ramiji J, Perry D, Ton J, Beahm NP, Crisp N, Dockrill B, Dubin RE, Findlay T,
Kirkwood J, Fleming M, Makus K, Zhu X, Korownyk C, Kolber MR, McCormack J, Nickel
S, Noel G and Lindblad AJ (2018) Simplified guideline for prescribing medical
cannabinoids in primary care. Can Fam Physician 64:111-120.

Arout CA, Haney M, Herrmann ES, Bedi G and Cooper ZD (2022) A placebo-controlled
investigation of the analgesic effects, abuse liability, safety and tolerability of a range of
oral cannabidiol doses in healthy humans. Br J Clin Pharmacol 88:347-355.

Baglot SL, Hume C, Petrie GN, Aukema RJ, Lightfoot SHM, Grace LM, Zhou R, Parker L, Rho
JM, Borgland SL, McLaughlin RJ, Brechenmacher L and Hill MN (2021)
Pharmacokinetics and central accumulation of delta-9-tetrahydrocannabinol (THC) and
its bioactive metabolites are influenced by route of administration and sex in rats. Sci
Rep 11:23990.

Banerjee S and McCormack S (2019) CADTH Rapid Response Reports, in Medical Cannabis
for the Treatment of Chronic Pain: A Review of Clinical Effectiveness and Guidelines,
Canadian Agency for Drugs and Technologies in Health

Copyright © 2019 Canadian Agency for Drugs and Technologies in Health., Ottawa (ON).

Bansal S, Maharao N, Paine MF and Unadkat JD (2020) Predicting the Potential for
Cannabinoids to Precipitate Pharmacokinetic Drug Interactions via Reversible Inhibition
or Inactivation of Major Cytochromes P450. Drug Metab Dispos 48:1008-1017.

Bansal S, Paine MF and Unadkat JD (2022) Comprehensive Predictions of Cytochrome P450
(P450)-Mediated In Vivo Cannabinoid-Drug Interactions Based on Reversible and Time-
Dependent P450 Inhibition in Human Liver Microsomes. Drug Metab Dispos 50:351-360.

Bansal S, Zamarripa CA, Spindle TR, Weerts EM, Thummel KE, Vandrey R, Paine MF and
Unadkat JD (2023) Evaluation of Cytochrome P450-Mediated Cannabinoid-Drug
Interactions in Healthy Adult Participants. Clin Pharmacol Ther 114:693-703.

Bell AD, MacCallum C, Margolese S, Walsh Z, Wright P, Daeninck PJ, Mandarino E, Lacasse G,
Kaur Deol J, de Freitas L, St Pierre M, Belle-Isle L, Gagnon M, Bevan S, Sanchez T, Arlt
S, Monahan-Ellison M, O'Hara J, Boivin M and Costiniuk C (2024) Clinical Practice
Guidelines for Cannabis and Cannabinoid-Based Medicines in the Management of
Chronic Pain and Co-Occurring Conditions. Cannabis Cannabinoid Res 9:669-687.

Benredjem B and Pineyro G (2023) A type Il cannabis extract and a 1:1 blend of A(9)-
tetrahydrocannabinol and cannabidiol display distinct antinociceptive profiles and
engage different endocannabinoid targets when administered into the subarachnoid
space. Front Pharmacol 14:1235255.

Berdyshev EV, Boichot E, Germain N, Allain N, Anger JP and Lagente V (1997) Influence of
fatty acid ethanolamides and delta9-tetrahydrocannabinol on cytokine and arachidonate
release by mononuclear cells. Eur J Pharmacol 330:231-240.

Bhaskar A, Bell A, Boivin M, Briques W, Brown M, Clarke H, Cyr C, Eisenberg E, de Oliveira
Silva RF, Frohlich E, Georgius P, Hogg M, Horsted TI, MacCallum CA, Muller-Vahl KR,
O'Connell C, Sealey R, Seibolt M, Sihota A, Smith BK, Sulak D, Vigano A and Moulin DE
(2021) Consensus recommendations on dosing and administration of medical cannabis
to treat chronic pain: results of a modified Delphi process. J Cannabis Res 3:22.

26



Boggs DL, Nguyen JD, Morgenson D, Taffe MA and Ranganathan M (2018) Clinical and
Preclinical Evidence for Functional Interactions of Cannabidiol and Delta(9)-
Tetrahydrocannabinol. Neuropsychopharmacology 43:142-154.

Booker L, Naidu PS, Razdan RK, Mahadevan A and Lichtman AH (2009) Evaluation of
prevalent phytocannabinoids in the acetic acid model of visceral nociception. Drug
Alcohol Depend 105:42-47.

Britch SC and Craft RM (2021) No antinociceptive synergy between morphine and delta-9-
tetrahydrocannabinol in male and female rats with persistent inflammatory pain. Behav
Pharmacol 32:630-639.

Britch SC and Craft RM (2023) Cannabidiol and Delta-9-Tetrahydrocannabinol Interactions in
Male and Female Rats With Persistent Inflammatory Pain. J Pain 24:98-111.

Britch SC, Goodman AG, Wiley JL, Pondelick AM and Craft RM (2020) Antinociceptive and
Immune Effects of Delta-9-Tetrahydrocannabinol or Cannabidiol in Male Versus Female
Rats with Persistent Inflammatory Pain. J Pharmacol Exp Ther 373:416-428.

Britch SC, Wiley JL, Yu Z, Clowers BH and Craft RM (2017) Cannabidiol-Delta(9)-
tetrahydrocannabinol interactions on acute pain and locomotor activity. Drug Alcohol
Depend 175:187-197.

Bruijnzeel AW, Qi X, Guzhva LV, Wall S, Deng JV, Gold MS, Febo M and Setlow B (2016)
Behavioral Characterization of the Effects of Cannabis Smoke and Anandamide in Rats.
PLoS One 11:€0153327.

Casey SL, Atwal N and Vaughan CW (2017) Cannabis constituent synergy in a mouse
neuropathic pain model. PAIN 158:2452-2460.

Casey SL, Mitchell VA, Sokolaj EE, Winters BL and Vaughan CW (2022) Intrathecal Actions of
the Cannabis Constituents A(9)-Tetrahydrocannabinol and Cannabidiol in a Mouse
Neuropathic Pain Model. Int J Mol Sci 23.

Chaplan SR, Bach FW, Pogrel JW, Chung JM and Yaksh TL (1994) Quantitative assessment of
tactile allodynia in the rat paw. J Neurosci Methods 53:55-63.

Conti S, Costa B, Colleoni M, Parolaro D and Giagnoni G (2002) Antiinflammatory action of
endocannabinoid palmitoylethanolamide and the synthetic cannabinoid nabilone in a
model of acute inflammation in the rat. Br J Pharmacol 135:181-187.

Cooper ZD, Comer SD and Haney M (2013) Comparison of the analgesic effects of dronabinol
and smoked marijuana in daily marijuana smokers. Neuropsychopharmacology 38:1984-
1992.

Costa B, Colleoni M, Conti S, Parolaro D, Franke C, Trovato AE and Giagnoni G (2004a) Oral
anti-inflammatory activity of cannabidiol, a non-psychoactive constituent of cannabis, in
acute carrageenan-induced inflammation in the rat paw. Naunyn Schmiedebergs Arch
Pharmacol 369:294-299.

Costa B, Giagnoni G, Franke C, Trovato AE and Colleoni M (2004b) 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.

Cox ML and Welch SP (2004) The antinociceptive effect of Delta9-tetrahydrocannabinol in the
arthritic rat. Eur J Pharmacol 493:65-74.

Craft RM, Gogulski HY, Freels TG, Glodosky NC and McLaughlin RJ (2023) Vaporized cannabis
extract-induced antinociception in male vs female rats with persistent inflammatory pain.
Pain 164:2036-2047.

Craft RM, Hewitt KA and Britch SC (2021) Antinociception produced by nonsteroidal anti-
inflammatory drugs in female vs male rats. Behav Pharmacol 32:153-169.

Craft RM, Kandasamy R and Davis SM (2013) Sex differences in anti-allodynic, anti-
hyperalgesic and anti-edema effects of Delta(9)-tetrahydrocannabinol in the rat. Pain
154:1709-1717.

27



DeVuono MV and Parker LA (2020) Cannabinoid Hyperemesis Syndrome: A Review of Potential
Mechanisms. Cannabis Cannabinoid Res 5:132-144.

Dixon WJ (1991) Staircase bioassay: the up-and-down method. Neurosci Biobehav Rev 15:47-
50.

Englund A, Oliver D, Chesney E, Chester L, Wilson J, Sovi S, De Micheli A, Hodsoll J, Fusar-
Poli P, Strang J, Murray RM, Freeman TP and McGuire P (2023) Does cannabidiol make
cannabis safer? A randomised, double-blind, cross-over trial of cannabis with four
different CBD:THC ratios. Neuropsychopharmacology 48:869-876.

Feliu A, Moreno-Martet M, Mecha M, Carrillo-Salinas FJ, de Lago E, Fernandez-Ruiz J and
Guaza C (2015) A Sativex((R)) -like combination of phytocannabinoids as a disease-
modifying therapy in a viral model of multiple sclerosis. Br J Pharmacol 172:3579-3595.

Finn DP, Haroutounian S, Hohmann AG, Krane E, Soliman N and Rice ASC (2021)
Cannabinoids, the endocannabinoid system, and pain: a review of preclinical studies.
Pain 162:S5-S25.

Gorbenko AA, Heuberger JAAC, Klumpers LE, De Kam ML, Strugala PK, De Visser SJ and
Groeneveld GJ (2024) Cannabidiol Increases Psychotropic Effects and Plasma
Concentrations of A <sup>9</sup> - Tetrahydrocannabinol Without Improving Its
Analgesic Properties. Clinical Pharmacology &amp; Therapeutics 116:1289-1303.

Greene NZ, Wiley JL, Yu Z, Clowers BH and Craft RM (2018) Cannabidiol modulation of
antinociceptive tolerance to A(9)-tetrahydrocannabinol. Psychopharmacology (Berl)
235:3289-3302.

Grotenhermen F (2003) Pharmacokinetics and pharmacodynamics of cannabinoids. Clin
Pharmacokinet 42:327-360.

Guindon J, Desroches J, Dani M and Beaulieu P (2007) Pre-emptive antinociceptive effects of a
synthetic cannabinoid in a model of neuropathic pain. European Journal of
Pharmacology 568:173-176.

Haleem R and Wright R (2020) A Scoping Review on Clinical Trials of Pain Reduction With
Cannabis Administration in Adults. J Clin Med Res 12:344-351.

Hargreaves K, Dubner R, Brown F, Flores C and Joris J (1988) A new and sensitive method for
measuring thermal nociception in cutaneous hyperalgesia. Pain 32:77-88.

Harris HM, Rousseau MA, Wanas AS, Radwan MM, Caldwell S, Sufka KJ and EISohly MA
(2019) Role of Cannabinoids and Terpenes in Cannabis-Mediated Analgesia in Rats.
Cannabis Cannabinoid Res 4:177-182.

Hauser W, Finn DP, Kalso E, Krcevski-Skvarc N, Kress HG, Morlion B, Perrot S, Schafer M,
Wells C and Brill S (2018) European Pain Federation (EFIC) position paper on
appropriate use of cannabis-based medicines and medical cannabis for chronic pain
management. Eur J Pain 22:1547-1564.

Hayduk SA, Hughes AC, Winter RL, Milton MD and Ward SJ (2024) Single and Combined
Effects of Cannabigerol (CBG) and Cannabidiol (CBD) in Mouse Models of Oxaliplatin-
Associated Mechanical Sensitivity, Opioid Antinociception, and Naloxone-Precipitated
Opioid Withdrawal. Biomedicines 12.

Herrero JF, Parrado A and Cervero F (1997) Central and peripheral actions of the NSAID
ketoprofen on spinal cord nociceptive reflexes. Neuropharmacology 36:1425-1431.

Jensen TS and Finnerup NB (2014) Allodynia and hyperalgesia in neuropathic pain: clinical
manifestations and mechanisms. Lancet Neurol 13:924-935.

Katsidoni V, Kastellakis A and Panagis G (2013) Biphasic effects of Delta9-tetrahydrocannabinol
on brain stimulation reward and motor activity. Int J Neuropsychopharmacol 16:2273-
2284.

Kraft B, Frickey NA, Kaufmann RM, Reif M, Frey R, Gustorff B and Kress HG (2008) Lack of
analgesia by oral standardized cannabis extract on acute inflammatory pain and
hyperalgesia in volunteers. Anesthesiology 109:101-110.

28



Linher-Melville K, Zhu YF, Sidhu J, Parzei N, Shahid A, Seesankar G, Ma D, Wang Z, Zacal N,
Sharma M, Parihar V, Zacharias R and Singh G (2020) Evaluation of the preclinical
analgesic efficacy of naturally derived, orally administered oil forms of Delta9-
tetrahydrocannabinol (THC), cannabidiol (CBD), and their 1:1 combination. PLoS One
15:e0234176.

Lotsch J, Weyer-Menkhoff | and Tegeder | (2018) Current evidence of cannabinoid-based
analgesia obtained in preclinical and human experimental settings. Eur J Pain 22:471-
484.

Malfait AM, Gallily R, Sumariwalla PF, Malik AS, Andreakos E, Mechoulam R and Feldmann M
(2000) The nonpsychoactive cannabis constituent cannabidiol is an oral anti-arthritic
therapeutic in murine collagen-induced arthritis. Proc Natl/ Acad Sci U S A 97:9561-9566.

Mecha M, Feliu A, Inigo PM, Mestre L, Carrillo-Salinas FJ and Guaza C (2013) Cannabidiol
provides long-lasting protection against the deleterious effects of inflammation in a viral
model of multiple sclerosis: a role for A2A receptors. Neurobiol Dis 59:141-150.

Mitchell VA, Harley J, Casey SL, Vaughan AC, Winters BL and Vaughan CW (2021) Oral
efficacy of A(9)-tetrahydrocannabinol and cannabidiol in a mouse neuropathic pain
model. Neuropharmacology 189:108529.

Mogil JS (2020) Qualitative sex differences in pain processing: emerging evidence of a biased
literature. Nature Reviews Neuroscience 21:353-365.

Moore CF, Davis CM, Harvey EL, Taffe MA and Weerts EM (2021) Appetitive, antinociceptive,
and hypothermic effects of vaped and injected Delta-9-tetrahydrocannabinol (THC) in
rats: exposure and dose-effect comparisons by strain and sex. Pharmacol Biochem
Behav 202:173116.

Moore CF, Davis CM, Sempio C, Klawitter J, Christians U and Weerts EM (2023) Effects of oral
Delta9-tetrahydrocannabinol and cannabidiol combinations on a sustained attention task
in rats. Exp Clin Psychopharmacol 31:881-887.

Moore CF and Weerts EM (2022) Cannabinoid tetrad effects of oral Delta9-
tetrahydrocannabinol (THC) and cannabidiol (CBD) in male and female rats: sex, dose-
effects and time course evaluations. Psychopharmacology (Berl) 239:1397-1408.

National Research Council Committee for the Update of the Guide for the C and Use of
Laboratory A (2011) The National Academies Collection: Reports funded by National
Institutes of Health, in Guide for the Care and Use of Laboratory Animals, National
Academies Press (US)

Copyright © 2011, National Academy of Sciences., Washington (DC).

Neuman MD, Bateman BT and Wunsch H (2019) Inappropriate opioid prescription after surgery.
Lancet 393:1547-1557.

Newmeyer MN, Swortwood MJ, Andersson M, Abulseoud OA, Scheidweiler KB and Huestis MA
(2017) Cannabis Edibles: Blood and Oral Fluid Cannabinoid Pharmacokinetics and
Evaluation of Oral Fluid Screening Devices for Predicting Delta(9)-Tetrahydrocannabinol
in Blood and Oral Fluid following Cannabis Brownie Administration. Clin Chem 63:647-
662.

Ogborne AC, Smart RG and Adlaf EM (2000) Self-reported medical use of marijuana: a survey
of the general population. CMAJ 162:1685-1686.

Osborne NR and Davis KD (2022) Chapter Eight - Sex and gender differences in pain, in
International Review of Neurobiology (Moro E, Arabia G, Tartaglia MC and Ferretti MT
eds) pp 277-307, Academic Press.

Park HJ and Moon DE (2010) Pharmacologic management of chronic pain. Korean J Pain
23:99-108.

Porreca F, Jiang Q and Tallarida RJ (1990) Modulation of morphine antinociception by
peripheral [Leu5]enkephalin: a synergistic interaction. Eur J Pharmacol 179:463-468.

29



Pritchard KT, Baillargeon J, Lee WC, Raji MA and Kuo YF (2022) Trends in the Use of Opioids
vs Nonpharmacologic Treatments in Adults With Pain, 2011-2019. JAMA Netw Open
5:€2240612.

Qian Y, Gurley BJ and Markowitz JS (2019) The Potential for Pharmacokinetic Interactions
Between Cannabis Products and Conventional Medications. J Clin Psychopharmacol
39:462-471.

Reiman A, Welty M and Solomon P (2017) Cannabis as a Substitute for Opioid-Based Pain
Medication: Patient Self-Report. Cannabis Cannabinoid Res 2:160-166.

Rock EM, Limebeer CL and Parker LA (2018) Effect of cannabidiolic acid and A(9)-
tetrahydrocannabinol on carrageenan-induced hyperalgesia and edema in a rodent
model of inflammatory pain. Psychopharmacology (Berl) 235:3259-3271.

Salis F, Sardo S, Finco G, Gessa GL, Franconi F and Agabio R (2024) Sex-Gender Differences
Are Completely Neglected in Treatments for Neuropathic Pain. Pharmaceuticals (Basel)
17:838.

Salviato BZ, Raymundi AM, Rodrigues da Silva T, Salemme BW, Batista Sohn JM, Araujo FS,
Guimaraes FS, Bertoglio LJ and Stern CA (2021) Female but not male rats show
biphasic effects of low doses of Delta(9)-tetrahydrocannabinol on anxiety: can
cannabidiol interfere with these effects? Neuropharmacology 196:108684.

Sanders J, Jackson DM and Starmer GA (1979) Interactions among the cannabinoids in the
antagonism of the abdominal constriction response in the mouse. Psychopharmacology
(Berl) 61:281-285.

Sepulveda DE, Vrana KE, Graziane NM and Raup-Konsavage WM (2022) Combinations of
Cannabidiol and A(9)-Tetrahydrocannabinol in Reducing Chemotherapeutic Induced
Neuropathic Pain. Biomedicines 10.

Sexton M, Culttler C, Finnell JS and Mischley LK (2016) A Cross-Sectional Survey of Medical
Cannabis Users: Patterns of Use and Perceived Efficacy. Cannabis Cannabinoid Res
1:131-138.

Shustorovich A, Corroon J, Wallace MS and Sexton M (2024) Biphasic effects of cannabis and
cannabinoid therapy on pain severity, anxiety, and sleep disturbance: a scoping review.
Pain Med 25:387-399.

Sofia RD, Nalepa SD, Harakal JJ and Vassar HB (1973) Anti-edema and analgesic properties of
delta9-tetrahydrocannabinol (THC). J Pharmacol Exp Ther 186:646-655.

Tallarida RJ (2016) Drug Combinations: Tests and Analysis with Isoboles. Curr Protoc
Pharmacol 72:9 19 11-19 19 19.

Tallarida RJ, Cowan A and Raffa RB (2003) Antinociceptive synergy, additivity, and subadditivity
with combinations of oral glucosamine plus nonopioid analgesics in mice. J Pharmacol
Exp Ther 307:699-704.

Tseng AH, Harding JW and Craft RM (2004) Pharmacokinetic factors in sex differences in Delta
9-tetrahydrocannabinol-induced behavioral effects in rats. Behav Brain Res 154:77-83.

Varvel SA, Wiley JL, Yang R, Bridgen DT, Long K, Lichtman AH and Martin BR (2006)
Interactions between THC and cannabidiol in mouse models of cannabinoid activity.
Psychopharmacology 186:226-234.

Verhoeckx KC, Korthout HA, van Meeteren-Kreikamp AP, Ehlert KA, Wang M, van der Greef J,
Rodenburg RJ and Witkamp RF (2006) Unheated Cannabis sativa extracts and its major
compound THC-acid have potential immuno-modulating properties not mediated by CB1
and CB2 receptor coupled pathways. Int Immunopharmacol 6:656-665.

Wallace M, Schulteis G, Atkinson JH, Wolfson T, Lazzaretto D, Bentley H, Gouaux B and
Abramson | (2007) Dose-dependent effects of smoked cannabis on capsaicin-induced
pain and hyperalgesia in healthy volunteers. Anesthesiology 107:785-796.

30



Welburn PJ, Starmer GA, Chesher GB and Jackson DM (1976) Effect of cannabinoids on the
abdominal constriction response in mice: within cannabinoid interactions.
Psychopharmacologia 46:83-85.

Wilson N, Kariisa M, Seth P, Smith Ht and Davis NL (2020) Drug and Opioid-Involved Overdose
Deaths - United States, 2017-2018. MMWR Morb Mortal Wkly Rep 69:290-297.

Winter CA, Risley EA and Nuss GW (1962) Carrageenin-induced edema in hind paw of the rat
as an assay for antiiflammatory drugs. Proc Soc Exp Biol Med 111:544-547 .

Zamarripa CA, Spindle TR, Surujunarain R, Weerts EM, Bansal S, Unadkat JD, Paine MF and
Vandrey R (2023) Assessment of Orally Administered Delta9-Tetrahydrocannabinol
When Coadministered With Cannabidiol on Delta9-Tetrahydrocannabinol
Pharmacokinetics and Pharmacodynamics in Healthy Adults: A Randomized Clinical
Trial. JAMA Netw Open 6:€2254752.

31



Footnotes

a) This work was supported by funding from the Department of Psychiatry and Behavioral
Sciences at Johns Hopkins University School of Medicine. A subset of the single-dose D9-THC
and CBD data was supported in part by funds from MyMD Pharmaceuticals, Inc. and MIRA
Pharmaceuticals, Inc.

b) BWJ has no conflicts to report. CFM and EMW received funds from MyMD Pharmaceuticals,
Inc. and MIRA Pharmaceuticals, Inc for contract preclinical research investigating a novel
cannabinoid. Neither MyMD or MIRA had any input regarding the current study. EMW received
funds from Cultivate Biologics LLC, and Canopy Growth Corp. for clinical research projects

unrelated to this paper.

32



Figures legends

Figure 1. Carrageenan induced acute inflammatory pain comprising paw edema, thermal
hyperalgesia, and mechanical allodynia in untreated and ketoprofen-treated male and
female rats. Experimental timeline for pain induction and pre- and post-treatment measures of
inflammation and pain (A.). In male and female vehicle control rats, acute inflammatory pain
was evidenced by increased paw thickness (B.) and decreased Hargreaves withdrawal latency
(C.) and von Frey threshold (D.) measures from baseline across the 1-, 3-, and 5-hour post-
carrageenan timepoints. Both ketoprofen doses decreased paw thickness (E.) in males and
females. Ketoprofen increased withdrawal latency (F.) in females. 10 mg/kg Ketoprofen
increased withdrawal threshold in females (G.). Data shown as Mean + SEM. Vertical dotted line
represents carrageenan injection timepoint. Veh = vehicle. D9-THC = delta-9-

tetrahydrocannabinol. Keto = ketoprofen. * = p < 0.05 compared to vehicle. + = p < 0.05

compared to baseline. X = p < 0.05 between sexes.

Figure 2. Cannabinoid effects on edema. Top panels (A-C) depict absolute change from
baseline scores (A in paw thickness) across timepoints: 1 mg/kg D9-THC was pro-inflammatory
in males at the 5-hour timepoint (C). 10 mg/kg CBD was modestly anti-inflammatory in males at
the 5-hour timepoint (C). 3 mg/kg D9-THC combined with 10 and 30 mg/kg CBD was pro-
inflammatory in females compared to 3 mg/kg D9-THC alone across all timepoints (A-C). Data
shown as Mean + SEM. * = p < 0.05 compared to vehicle. # = p < 0.05 compared to matched
D9-THC alone condition. Bottom panels (D-F) depict radar plots showing differences in edema
between treatment and comparison groups after varying cannabinoid doses and ratios across
timepoints; blue shaded area represents males, orange shaded area represents females; the
unshaded right half identifies differences between D9-THC or CBD alone condition and vehicle

control data, the shaded left half identifies differences between D9-THC+CBD conditions and
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matched D9-THC alone data; the “0” axis (x = 0) represents no arithmetic difference between
treatment and comparisons groups, an increase toward the outer edge of the plot (x > 0) is an
increase in paw thickness up to +1 mm (outer edge), and a decrease toward the center of the
plot (x < 0) is a decrease in paw thickness down to -1 mm (center point). D9-THC = delta-9-

tetrahydrocannabinol. CBD = cannabidiol.

Figure 3. Cannabinoid effects on thermal hyperalgesia. Top panels (A-C) depict absolute
change from baseline scores (A latency) across timepoints: all doses of D9-THC increased
withdrawal latency in females across all timepoints (A-C). 3 and 10 mg/kg D9-THC increased
withdrawal latency in males across all timepoints (A-C). Data shown as Mean + SEM. * = p <
0.05 compared to vehicle. Bottom panels (D-F) depict radar plots showing differences in
hyperalgesia between treatment and comparison groups after varying cannabinoid doses and

ratios across timepoints; blue shaded area represents males, orange shaded area represents

females; the unshaded right half identifies differences between D9-THC or CBD alone condition

and vehicle control data, the shaded left half identifies differences between D9-THC+CBD
conditions and matched D9-THC alone data; the “0” axis (x = 0) represents no arithmetic
difference between treatment and comparisons groups, an increase toward the outer edge of
the plot (x > 0) is an increase in withdrawal latency up to +15 sec (outer edge), a decrease
toward the center of the plot (x < 0) is a decrease in withdrawal latency down to -5 sec (center

point). D9-THC = delta-9-tetrahydrocannabinol. CBD = cannabidiol.

Figure 4. Cannabinoid effects on mechanical allodynia. Top panels (A-C) depict absolute
change from baseline scores (A withdrawal threshold) across timepoints: 3 and 10 mg/kg D9-
THC increased withdrawal threshold in both males and females with effects in females being

greater than those in males (A-C). D9-THC effects resolved in males by the 5-hour timepoint
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(C). the 3 mg/kg D9-THC + 10 mg/kg CBD dose combination decreased withdrawal threshold in

males and females compared to D9-THC alone (A-C). Data shown as Mean + SEM. * =p <
0.05 compared to vehicle. # = p < 0.05 compared to matched D9-THC alone condition. X =p <

0.05 between sexes. Bottom panels (D-F) depict radar plots showing differences in allodynia
between treatment and comparison groups after varying cannabinoid doses and ratios across
timepoints; blue shaded area represents males, orange shaded area represents females; the
unshaded right half identifies differences between D9-THC or CBD alone condition and vehicle
control data, the shaded left half identifies differences between D9-THC+CBD conditions and
matched D9-THC alone data; the “0” axis (x = 0) represents no arithmetic difference between
treatment and comparisons groups, an increase toward the outer edge of the plot (x > 0) is an
increase in withdrawal threshold up to +10 g (outer edge), a decrease toward the center of the
plot (x < 0) is a decrease in withdrawal threshold down to -5 g (center point). D9-THC = delta-9-

tetrahydrocannabinol. CBD = cannabidiol.

Figure 5. Drug combination analysis. Isobologram depicting ED50s (plus symbols) of D9-
THC combined with 10 mg/kg or 30 mg/kg CBD relative to the ED50 of D9-THC alone, defined
as the line of additivity. ED50s were computed from Von Frey data at time of peak effects (1 hr
timepoint) transformed to percent change from vehicle (% vehicle). An ED50 could not be
computed for CBD alone data because this condition had no effect on pain measures. The
ED50 values were determined to be 1.23 mg/kg for oral D9-THC alone, 1.74 mg/kg for D9-THC
combined with 10 mg/kg CBD, and 1.37 mg/kg for D9-THC combined with 30 mg/kg CBD. The
combined EDS0s thus fell to the right of the line of additivity, indicating that they produced sub-

additive effects on antinociception.
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Table 1. Summary of results across sex, drug condition, and outcome measures. Edema
was measured as paw thickness (mm). Hyperalgesia was measured as change in withdrawal
latency (sec). Allodynia was measured as change in withdrawal threshold (g). Down arrow =
decreased inflammation/pain. Up arrow = increased inflammation/pain. Dash = no effect of
treatment. D9-THC or CBD alone conditions were compared to the vehicle control condition.
D9-THC+CBD combined conditions were compared to the D9-THC alone conditions. D9-THC =

delta-9-tetrahydrocannabinol. CBD = cannabidiol.

Table 1. Summary of results across sex, drug condition, and outcome measures.

Groups Dose (mg/kg) Edema Hyperalgesia Allodynia
Males Females | Males Females . Males Females
Vehicle(s) 0 — o - - - —
B
Ketoprofen
T B T B
| 1 T - - l - -
THC alone 3 L= - - l l l
I R S A N A
: 10 l - - - - »
CBD alone 30 - - - - - -
: 100 - - - - - E
1+10 - - - - - -
THC+CBD ;
1+30 - - - - - -
3 - P = -
THC+CBD *10 T T T
3+30 - T @ - - - -
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Figure 5.
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