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Abstract

Cannabinoids are increasingly used to alleviate pain; however, tolerance to their antinociceptive effects, including those
of delta-9-tetrahydrocannabinol (A°-THC), may limit their therapeutic utility. With more women than men using medical
cannabis for pain relief, it is crucial to understand how sex influences cannabinoid-mediated antinociception and tolerance.
Though studies in rats consistently find females are more sensitive to the acute antinociceptive effects of cannabinoids, our
work with mice consistently finds the converse. The present study examined whether our observed sex differences in A°-
THC-induced antinociception and tolerance are consistent across multiple mouse strains or are strain-dependent. Male and
female C57BL/6J (B6), DBA/2, AKR, and CBA/J mice were assessed for differences in acute A°-THC-induced antinocicep-
tion and hypothermia prior to and following seven days of once-daily A’ THC administration. Consistent with our previous
findings, male B6 mice were more sensitive to the acute antinociceptive effects of A°-THC than female littermates, an effect
which dissipated with age. B6 males had decreased cannabinoid expression in the PAG compared to females. While DBA
and CBA female mice showed increased A°-THC-antinociception compared to male littermates at 30 and 10 mg/kg A°-THC,
respectively, these differences were less pronounced at higher doses, revealing that dose of A°THC may also be important.
Overall, CBA mice were more sensitive to A>-THC-induced antinociception while AKR mice were less responsive. These
studies highlight the therapeutic potential of A°-THC in pain management and underscore the importance of considering not
only A°-THC dose as a function of sex, but potentially genetic differences when evaluating their clinical utility.
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Introduction

Chronic pain, defined as prolonged pain lasting 3 months
or longer, currently affects over 20% of adults in the
United States (Yong et al. 2022). While opioids remain the
standard treatment for managing chronic non-cancer pain
(Boudreau et al. 2009; Campbell et al. 2010), prolonged
use of opioids can result in tolerance, opioid use disorder,
overdose, and/or death (Kolodny et al. 2015; Vowles et al.
2015). Increasingly, cannabinoid-based therapies, includ-
ing the use of delta-9-tetrahydrocannabinol (A°-THC), a
primary cannabinoid component of marijuana, have been
investigated as viable alternatives for the management of
long-term pain (for a review, see Miicke et al. 2018). The
antinociceptive effects of A>-THC are primarily mediated
centrally by cannabinoid type-1 (CB;R; Matsuda et al.
1990) and peripherally by cannabinoid type-2 (CB,R;
Munro et al. 1993) receptors. As with other G protein-
coupled receptors (GPCRs), p-arrestin-2 (BArr2)-induced
desensitization of CB R represents a primary mechanism
through which cannabinoid tolerance occurs (Nguyen
et al. 2012; Sim et al. 1996). The resulting tolerance to
the antinociceptive effects of cannabinoids represents a
significantly limitation to their clinical utility.

Clinically, women report a greater incidence and sever-
ity of chronic pain compared to men (Dahlhamer et al.
2018; Nahin 2015). Evidence suggests that sex influ-
ences multiple cannabinoid-related outcomes, includ-
ing the prevalence of cannabinoid use disorders (CUDs;
Hernandez-Avila et al. 2004; Khan et al. 2013), abuse
liability (Cooper and Haney 2014), withdrawal severity
(Copersino et al. 2006), and neuronal activity in those
with CUDs (Wetherill et al. 2015). Therefore, it is essen-
tial that research investigating the impact of cannabinoids
in chronic pain include female subjects. Likewise, with
more women than men now using medical cannabis for
pain relief (Cuttler et al. 2016), it is imperative to gain a
better understanding of how sex influences cannabinoid-
mediated antinociception and tolerance.

Findings on cannabinoid sex differences from clinical
studies are mixed. For example, some studies find that
females are more sensitive (Cooper and Haney 2014;
Roser et al. 2009; Wardle et al. 2015) while others found
females to be less sensitive (Haney 2007; Penetar et al.
2005) than males to the subjective (“high”) effects of can-
nabinoids, and some reported no differences (Anderson
et al. 2010; Cooper and Haney 2016). Other studies have
found that females are less sensitive than males to the
objective effects of cannabinoids, including tachycardia
(Cooper and Haney 2016; Penetar et al. 2005) and anal-
gesia (Cooper and Haney 2016). One way to assess sex
differences in cannabinoid-mediated effects is to utilize
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rodent models. Data utilizing C57BL6/J (B6) mice consist-
ently finds female wild-type mice to be less sensitive to
the antinociceptive effects of A°-THC and CP55,940 than
their male littermates (Henderson-Redmond et al. 2022;
Lafleur et al. 2018; Piscura et al. 2023b). However, these
findings contrast with work in rats that find the converse
(Craft et al. 2012; Moore and Weerts 2021; Romero et al.
2002; Tseng and Craft 2001; Wakley et al. 2014b). Of
note, both female mice and rats show accelerated tolerance
development to the antinociceptive effects of cannabinoids
compared to their male littermates (Henderson-Redmond
et al. 2021, 2022; Nguyen et al. 2018, 2020; Parks et al.
2020; Wakley et al. 2014b), suggesting that the observed
sex differences in antinociception are due to initial can-
nabinoid exposure and sensitivity.

As our studies have consistently utilized mice on a B6
background, it remains unknown whether the sex differences
we observe are consistent across different mouse lines or
whether these differences are strain-specific. Therefore, the
main purpose of the present study is to assess sex differ-
ences in A°-THC-induced antinociception in other mouse
strains. Likewise, we also attempted to identify whether the
sex differences we observe in B6 mice persist at an older
age and whether they might be due to basal differences in
CB|R and/or CB,R gene expression in regions mediating
antinociception, including the periaqueductal grey (PAG)
and spinal cord.

Methods
Subjects

Subjects included 281 experimentally naive (age-matched
8—16 or 78 weeks) adult male and female mice from the
following strains: AKR/J (AKR; N=52; 26/sex), DBA/2
(DBA; N=49; 25 male and 24 female), CBA/J] mice (CBA;
N=86; 43/sex), and C57BL/6J (B6; N=94; 47/sex). Mouse
strains were chosen based on previous work by Kest et al.
(1999) examining sex differences in morphine-induced
antinociception dose-response curves across these mouse
strains. All mice were obtained from Jackson Laboratories:
[C57BL/6J (#000664); DBA/2 (#000671); AKR (#000648);
CBA/J (#000656)]. B6 and AKR mouse strains were cho-
sen because morphine produced increased antinociception
in males compared to females while CBA females showed
the opposite. In contrast, there were no sex differences in
morphine-induced antinociception in DBA mice as a func-
tion of sex. Mice were group housed (3—5/cage) on a 12:12
hour light/dark cycle (lights out at 18:00) with ad libitum
access to food and water. Female mice were not monitored
for estrus cycle. Mice were weighed daily prior to any
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administration of drug to ensure proper dosing. Animal care
procedures were conducted in accordance with NIH guide-
lines for the Care and Use of Laboratory Animals ( 2011)
and with approval from Marshall University’s Institutional
Animal Care and Use Committee (IACUC).

Drugs/materials

Delta-9-tetrahydrocannabinol (A°-THC) was obtained from
the National Institute on Drug Abuse Drug Supply (Bethesda,
MD). For all experiments, A’>~THC was dissolved in 0.9%
saline, 5% Cremaphor EL, and 5% ethanol (18:1:1 v/v/v) and
administered intraperitoneally (IP) in an injection volume
of 10 ml/kg, 60 minutes prior to testing. Doses of A’-THC
were selected based on previous data obtained in our lab that
resulted in a 70% maximum possible effect (%MPE) in the
tail-flick assay in male mice (Henderson-Redmond et al. 2020,
2021). An additional group of mice was treated with vehi-
cle (VEH) alone to serve as a control group. VEH was pre-
pared using 0.9% saline, 5% Cremaphor EL, and 5% ethanol
(18:1:1 v/v/v) and given by IP injection of 10 ml/kg 60 min-
utes prior to testing. RNAse Zap, Buffer RW1, Buffer RPE,
diethyl pyrocarbonate water (DEPC H,0), Wipeout Buffer,
Quantiscript® Reverse Transcriptase (RT), Quantiscript RT
Buffer, RT Primer Mix, and Rnase-free water were obtained
from Qiagen, Trizol from Thermo Fisher Scientific, and chlo-
roform from Lab Alley. The Primetime Gene Expression Mas-
ter Mix, rox reference dye, and Tagman primers (CB,, CB,,
and fB-actin) are from IdT Technologies.

Antinociception and hypothermia assessment

To measure antinociception, a Columbus Instruments TF-1
tail-flick analgesia meter (Columbus, OH) was calibrated
to an intensity of 5. To avoid potential tissue damage to
the tail, the instrument was programmed to a 10 s cut-off
time. The latency of the tail-flick withdrawal was measured
prior to and 60 minutes after administration of A°>-THC or
VEH. Tail-flick measurements were recorded between 2 and
5 times for each time point and/or dose. The recorded meas-
urements were used to calculate the antinociceptive response
as a percent of the maximum possible effect (%MPE) using
the following equation: %MPE = [(post-drug latency)—(pre-
drug latency)]/[pre-determined cut-off time (10 s)—(pre-drug
latency)]x100. Hypothermia was assessed by taking each
subject’s body temperature using a mouse rectal thermom-
eter (Physiotemp Instruments, Clifton, NJ) prior to and 60
minutes following injection. Recorded values, in °C, were
used to calculate the percent change in body temperature
(%A) = [(post-body temperature)—(pre-body temperature)/
(pre-body temperature)]x100.

Cumulative dose-response tolerance testing

Male and female AKR, DBA, CBA, and B6 mice were tested
using a range of escalating cumulative doses of A°-THC.
Mice were given cumulative doses to generate dose-response
curves of 0 (VEH only), 1, 3, 10, 30, and 100 mg/kg A°-
THC (prior to tolerance development) and O (VEH only), 3,
10, 30, 100, and 130 mg/kg A°-THC (after tolerance devel-
opment) to assess A’-THC-mediated antinociception and
hypothermia. As previously described, tail-flick and body
temperature measurements were taken prior to and 60 min-
utes after administration of VEH or each cumulative dose
of A°-THC. To achieve cumulative dosing, one hour after
injection with 1 mg/kg A°-THC, mice were dosed with 2
mg/kg A°-THC to generate a cumulative dose of 3 mg/kg
and so on for subsequent cumulative doses. Tail-flick antino-
ciception was calculated as %#MPE, and body temperature
was calculated as %ABT. To determine whether repeated
administration of once-daily A°THC or VEH shifted the
initial (pre chronic dosing) dose-response curve, mice were
injected with either 30 mg/kg of A°-THC or an equal amount
of VEH (18:1:1) once-daily for seven consecutive days. On
the day immediately following the last day of once-daily
injections (day 8), full (post chronic dosing) dose-response
curves were generated to assess tolerance to the antinocicep-
tive and hypothermic effects of A°>-THC.

Cannabinoid receptor gene expression
Total RNA extraction and cDNA synthesis

To determine whether there were sex differences in CB|R
or CB,R gene expression, 20 naive B6 mice (10/sex) and
14 naive CBA mice (7/sex) were sacrificed and the whole
brains and spinal cords were dissected. Following dissec-
tion, the PAG, hippocampus, and cerebellum of each brain
were punched out using the Kent Scientific Adult Mouse
Brain Matrix. The isolated brain regions were stored in a
—80°C freezer until further use. Total RNA from brain tis-
sue homogenates was extracted using Phenol Chloroform
isolation and purified using RNeasy Mini Kit (Qiagen, Ger-
mantown, MD). Extracted RNA samples were measured for
total RNA concentration and purity using a NanoDrop™
2000/2000c Spectrophotometer. Subsequently, 100-500
ng of the total RNA (depending on the RNA concentra-
tion of the brain region) was converted to complementary
DNA (cDNA) using a QuantiTect Reverse Transcription Kit
(Qiagen). Each cDNA template reaction was diluted 10-fold
using RNase-free water and stored at —20° C until use. Each
gPCR assay was performed using 50 ng of cDNA template
using Primetime Gene Expression QPCR Master Mix (IDT
Technologies, Coralville, IA) with ROX reference dye on
Applied Biosystems Step One plus PCR Machine. The
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primer probe sets used were predesigned PrimeTime qPCR
Assays (IDT), as given below:

1. Cnrl (GenBank® Accession No. NM_007726; 25 bp):
GCAAATTTCCTTGTAGCAGAGAG (forward) and
TGAGAAAGAGGTGCCAGGA (reverse) and /S6FAM/
ACAGGTGCC/ZEN/GAGGGAGCTTC/3IABKFQ/
(probe)

2. Cnr2 (GenBank® Accession No XX): GCTTTGGCT
TCTTCTACTGGAG (forward) and GCTCTTGGGACC
TACGTG (reverse) and /56-FAM/CCCCAGGGT/ZEN/
CTTGTGGAGCC/3IABKFQ/ (probe)

3. p-Actin housekeeping gene (GenBank Accession No.
NM_007393; 25 bp): GATTACTGCTCTGGCTCC
TAG (forward) and GACTCATCGTACTCCTGCTTG
(reverse) and /56-FAM/CTGGCCTCA/ZEN/CTGTCC
ACCTTCC/ 31ABkFQ/(probe)

Real-time quantitative PCR (qPCR)

The thermal cycling conditions for qPCR analysis were
activated at 95° C for 3 minutes followed by 40 cycles of
denaturation at 95°C for 15 seconds and annealing/elonga-
tion at 60°C for 1 minute. The data collected from qPCR was
analyzed via the AACt method. This method was derived
from the steps described in an article by Livak and Schmitt-
gen (2001). B-Actin was used as an internal control to nor-
malize gene expression. Two-tailed #-tests were conducted
to determine significant sex-differences in gene expression.
Relative mRNA expression of the Cnrl and Cnr2 genes was
determined and normalized to the f-actin reference gene.
The fold change expression of the genes was plotted using
male wild-type as the calibrator control for further statisti-
cal analysis.

Data analyses

Sample sizes appropriate for each type of experiment
were estimated based on power analysis and/or previ-
ously published experiments (Morgan et al. 2014). Male
and female mice of each strain were randomly assigned
to receive vehicle or A°-THC. Data for the dose-response
shifts were analyzed using SPSS version 25.0 (IBM SPSS
Statistics, Armonk, New York) to enable 3-way analyses
of variance (ANOVAs) while all other data were analyzed
using Prism GraphPad (7.05; GraphPad, La Jolla, CA).
The median effective dose (EDs,) for antinociception
and hypothermia as well as the 95% confidence intervals
(CIs) was determined from initial and post-dose-response
curves using nonlinear regression analyses. Differences
between EDs, values were determined to be significant if
the confidence intervals did not overlap. Two- and three-
way ANOVAs were run where appropriate with day/dose,
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sex, and/or time point as the main factors. Because dif-
ferent doses of A°-THC were used for the pre- (0-100)
and post (0-130) dose-response curves, initial two-way
ANOVAs assessing mice for sex differences in A°-THC-
mediated sensitivity were done using all doses between 0
and 100 mg/kg while three-way ANVOAs only assessed
the common doses used (0, 3, 10, 30, and 100 mg/kg) in
the pre- and post-dose-response curves. All doses were
used for each curve in calculating EDsy,s. When compar-
ing across lines, only the pre-dose-response curves were
used and all doses were included. For all repeated meas-
ure analyses done with SPSS, Mauchly’s test of sphericity
was calculated to assess equal variances. Where sphericity
was violated, the Greenhouse-Geisser correction was used
to reduce the probability of making a type I error. When
the Greenhouse-Geisser correction is used in reporting
degrees of freedom, it has been rounded off to the nearest
whole number. Bonferroni post-hoc analyses were per-
formed when significant interaction effects were detected.
All data described above are expressed as the mean + the
standard error of the mean (SEM). For all analyses, sig-
nificance was set at p<0.05.

Results
Tolerance to A9-THC in B6 mice
Antinociception

Sex differences and tolerance to the antinociceptive effects
of A°-THC were assessed in male and female B6 mice.
Results from two-way ANOVAs assessing the initial (pre)
dose-response curves revealed main effects of both sex
(F'1 23=5.052, p=0.034) and dose (F, 55=40.226, p<0.001)
though only a trend towards a dose-by-sex interaction
(F,55=2.706, p=0.066). Post-hoc analyses revealed that
A°-THC dose-dependently increased tail-flick antinoci-
ception and that males were, overall, more sensitive to
the initial antinociceptive effects of A°>-THC (23.373 +
3.270) than female (13.180 + 3.142) B6 mice (Fig. 1a).
Results from a three-way ANOVA assessing the develop-
ment of tolerance following once-daily administration of
30 mg/kg A°-THC for 7 days followed by the generation
of a post-dose-response curve again revealed main effects
of dose (F; 9=37.563, p<0.001) and time (F, 3,=21.011,
p<0.001) and dose-by-sex (F;9,=7.708, p<0.001) and
dose-by-time (F;9s=5.131, p=0.004) but not a sex-by-
time (p=0.157) or a dose-by-time-by-sex (p=0.208)
interaction. Post-hoc analyses revealed that, collectively,
tolerance developed to the antinociceptive effects of A°-
THC in both male (F, ;;=17.884, p<0.001) and female
(F137=5.009, p=0.031) B6 mice. While there was a
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Fig.1 Tolerance development to the antinociceptive effects of A°-
THC assessed via shifts in dose-response curves. Tolerance develop-
ment to the antinociceptive effects (%MPE) of A°-THC in both male
(blue squares) and female (red circles) a B6, b DBA, ¢ AKR, and d
CBA mice prior to- (solid lines) and following 7 days (dashed lines)
of once-daily treatment with 30 mg/kg A°-THC. Error bars represent
the mean + SEM; data were analyzed using a three-way ANOVA

with Bonferroni post-hoc tests (*p<0.05 comparing male to females
within dose in the pre-dose-response; *p<0.05 comparing males to
females within dose following tolerance development). Sample sizes
for each group are in parentheses

difference in antinociceptive response between male and
female B6 mice prior to tolerance development (p=0.016),
driven primarily by the effects of A°-THC at 10, 30, and
100 mg/kg, following tolerance, there was no difference
in their overall antinociceptive response (p=0.860) bar-
ring the increased response males showed at 100 mg/kg
(Fig. 1a). Male and female B6 mice administered VEH at
all doses tested did not show a significant difference in
antinociception either as a function of dose or sex but did
differ from mice getting increasing doses of A°-THC both
simultaneously during the pre-dose-response and from
mice that received A°-THC during the post-dose-response
following once-daily administration of VEH for 7 days
(see Supplemental Table 1A).
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Fig.2 Tolerance development to the hypothermic effects of A*THC
assessed via shifts in dose-response curves. Tolerance develop-
ment to the hypothermic effects (%ABT) of A°THC in both male
(blue squares) and female (red circles) a B6, b DBA, ¢ AKR, and d
CBA mice prior to- (solid lines) and following 7 days (dashed lines)
of once-daily treatment with 30 mg/kg A°THC. Error bars represent
the mean + SEM; data were analyzed using a three-way ANOVA

with Bonferroni post-hoc tests (*p<0.05, **p<0.01; ***p<0.001
comparing males to females within dose in the pre-dose-response;
#p<0.05; #p<0.01 comparing males to females within dose following
tolerance development). Sample sizes for each group are in parenthe-
ses

Hypothermia

Sex differences and tolerance to the hypothermic effects
of A°-THC were assessed in male and female B6 mice.
Results from two-way ANOVAs assessing the initial
(pre) dose-response curves revealed main effects of dose
(F,45=175.101, p<0.001) but not of sex (p=0.446) or
a dose-by-sex interaction (p=0.678). Post-hoc analyses
revealed that A°>-THC dose-dependently increased hypo-
thermia and the degree of hypothermia induced was nearly
identical in male and female B6 mice (Fig. 2a). Results from
a three-way ANOVA assessing the development of tolerance
following once-daily administration of 30 mg/kg A°-THC for
7 days followed by the generation of a post-dose-response
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curve revealed main effects of dose (F,g9=135.992,
p<0.001) and time (F 3,=106.774, p<0.001) and a dose-
by-time (F go=48.467, p<0.001) interaction. However, there
was neither a main effect of sex (p=0.206) nor a dose-by-
sex (p=0.771), sex-by-time (p=0.779), or a dose-by-sex-
by-time (p=0.333) interaction. Post-hoc analyses revealed
that, collectively, tolerance developed to the hypothermic
effects of A’THC in both male (F 137=49.726, p<0.001) and
female (Fl)37=57.246, p<0.001) B6 mice and that overall,
daily administration of 30 mg/kg decreased the magnitude
of hypothermia evoked at all doses tested and that A°-THC-
evoked hypothermia did not differ across dose as a function
of sex (Fig. 2a). As with antinociception, male and female
B6 mice administered VEH at all doses tested did not show
a significant difference in hypothermia either as a function
of dose or sex but did differ from mice getting increasing
doses of A°>-THC both simultaneously during the pre-dose-
response and from mice that received A°-THC during the
post-dose-response following once-daily administration of
VEH for 7 days (see Supplemental Table 1b).

Tolerance to A°-THC in DBA mice
Antinociception

Sex differences and tolerance to the antinociceptive effects
of A°-THC were also assessed in male and female DBA
mice. Results from two-way ANOVAs assessing the ini-
tial (pre) dose-response curves revealed a main effect of
dose (F, 4,=94.622, p<0.001) but not of sex (p=0.094)
or a dose-by-sex interaction (p=0.209). Post-hoc analyses
revealed that A>-THC dose-dependently increased tail-flick
antinociception and that females trended towards being
more sensitive to the initial antinociceptive effects of A°-
THC (50.813 £ 2.707) than male (15.818 + 2.707) DBA
mice (Fig. 1b). Results from a three-way ANOVA assess-
ing the development of tolerance following once-daily
administration of 30 mg/kg A°-THC for 7 days followed
by the generation of a post-dose-response curve again
revealed main effects of dose (F, ;,,=38.001, p<0.001)
and time (F ;;=20.654, p<0.001) and a dose-by-time
(Fy4,124=25.495, p<0.001), time-by-sex (F3;=6.999,
p=0.013), and a dose-by-sex-by-time (F, ,4=3.241,
p=0.014) interaction. In contrast, there was neither a
main effect of sex (p=0.200) nor a dose-by-sex (p=0.882)
interaction. Post-hoc analyses revealed that female DBA
mice were more sensitive to the antinociceptive effects of
30 mg/kg A°-THC than male DBA mice in the pre-dose-
response curve (p=0.047). Interestingly, following 7 days
of once-daily treatment with 30 mg/kg A°-THC, female
DBA mice showed evidence of tolerance development to
doses of 10, 30, and 100 mg/kg of A°-THC (all p<0.001)
while male DBA mice only showed evidence of tolerance
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following the highest dose of A°-THC tested (100 mg/kg,
p<0.001). Likewise, female DBA mice showed evidence
of more rapid tolerance development to the antinociceptive
effects of A°-THC as they showed a significantly decreased
response compared to male DBA mice following adminis-
tration of 10 (p=0.017), 30 (p=0.013), and 100 (p=0.035)
mg/kg A°-THC (Fig. 1b). Male and female DBA mice
administered VEH at all doses tested did not show a sig-
nificant difference in antinociception either as a function
of dose or sex but did differ from mice getting increasing
doses of A°-THC both simultaneously during the pre-dose-
response and from mice that received A°-THC during the
post-dose-response following once-daily administration of
VEH for 7 days (see Supplemental Table 2A).

Hypothermia

Sex differences and tolerance to the hypothermic effects
of A°-THC were assessed in male and female DBA
mice. Results from two-way ANOVAs assessing the ini-
tial (pre) dose-response curves revealed a main effect of
dose (F34,=101.663, p<0.001) but not of sex (p=0.559)
or a dose-by-sex interaction (p=0.469). Post-hoc analy-
ses revealed A°-THC dose-dependently increased hypo-
thermia equally across both male (—4.025 + 0.629) and
female (—4.683 + 0.629) DBA mice (Fig. 2b). Results from
a three-way ANOVA assessing the development of toler-
ance following once-daily administration of 30 mg/kg A°-
THC for 7 days followed by the generation of a post-dose-
response curve revealed main effects of dose (F; 45=70.549,
p<0.001) and time (F; ;,=62.665, p<0.001) and a dose-
by-time (F;g5=53.574, p<0.001) interaction. There was
neither a main effect of sex (p=0.641) or a dose-by-sex
(p=0.532), sex-by-time (p=0.433), or a sex-by-time-by-
dose (p=0.672) interaction. Post-hoc analyses revealed
that, collectively, tolerance developed to the hypothermic
effects of A’ THC in both male (F, 5,=26.362, p<0.001)
and female (F ;,=36.546, p<0.001) DBA mice. Post-hoc
results also revealed that following once-daily admin-
istration of 30 mg/kg A°-THC, the severity of hypother-
mia evoked following administration of 10 (p=0.003), 30
(p<0.001), and 100 (p<0.001) mg/kg A°-THC was signifi-
cantly decreased in the post-dose-response curve compared
to the pre-dose-response curve for both male and female
DBA mice (Fig. 2b). As with antinociception, male and
female DBA mice administered VEH at all doses tested
did not show a significant difference in hypothermia either
as a function of dose or sex but did differ from mice getting
increasing doses of A°-THC both simultaneously during
the pre-doseresponse and from mice that received A°*-THC
during the post-dose-response following once-daily admin-
istration of VEH for 7 days (see Supplemental Table 2B).
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Tolerance to A°-THC in AKR mice
Antinociception

Sex differences and tolerance to the antinociceptive effects
of A°-THC were assessed in male and female AKR mice.
Results from two-way ANOVAs assessing the initial
(pre) dose-response curves revealed a main effect of dose
(F,35=14.435, p<0.001) but neither a main effect of sex
(p=0.070) nor a dose-by-sex interaction (p=0.310). Post-
hoc analyses revealed that A°THC at higher doses (10-100
mg/kg) marginally increased tail-flick antinociception com-
pared to lower doses. While there was no significant sex
difference in A°-THC induced antinociception, male AKR
mice trended towards an overall increase in A°-THC-induced
antinociception (14.515 + 2.163) compared to female
(11.320 £+ 2.163) AKR littermates (Fig. 1c). Results from a
three-way ANOVA assessing the development of tolerance
following once-daily administration of 30 mg/kg A°-THC for
7 days followed by the generation of a post-dose-response
curve revealed main effects of dose (F, ¢;=12.004, p<0.001)
and time (F, 3,=18.517, p<0.001) and a dose-by-time
(F2’67=4.378, p=0.013), but not a dose-by-sex (p=0.146),
sex-by-time (p=0.167), or a dose-by-time-by-sex (p=0.209)
interaction. Post-hoc analyses revealed that tolerance devel-
oped to the antinociceptive effects of A>-THC in both male
(F 30=16.357, p<0.001) and female (¥ 3y=4.167, p=0.050)
AKR mice. While there were no differences in any doses as
a function of sex, the development of tolerance was driven
by A°-THC-induced antinociception at 10, 30, and 100
mg/kg in the pre-dose-response curve (14.819 + 2.140) as
A°-THC failed to induce an antinociceptive response that
differed from 0 (0.469 + 2.558) in the post-dose-response
curve following tolerance development (Fig. 1¢). Male and
female AKR mice administered VEH at all doses tested did
not show a significant difference in antinociception either
a function of dose or sex from each other. Given the low
antinociceptive response, female mice getting VEH differed
only from female mice getting increasing doses of A°-THC
simultaneously during the pre-dose response. Interestingly,
VEH-treated mice did not differ from mice that received
A°-THC during the post-dose response following once-daily
administration of VEH for 7 days, likely due to the lack of
a robust antinociceptive response in AKR mice to A>-THC
(see Supplemental Table 3A).

Hypothermia

Sex differences and tolerance to the hypothermic effects
of A°THC were assessed in male and female AKR mice.
Results from two-way ANOVAs assessing the initial
(pre) dose-response curves revealed a main effect of dose
(F33=162.580, p<0.001) but only trends for a main effect

of sex (p=0.055) and a dose-by-sex interaction (p=0.053).
Post-hoc analyses revealed that A°-THC dose-depend-
ently increased hypothermia and the degree of hypother-
mia induced trended towards being more severe in male
(—=5.562 + 0.490) versus female (—4.142 + 0.490) AKR
mice (Fig. 2c). Results from a three-way ANOVA assessing
the development of tolerance following once-daily adminis-
tration of 30 mg/kg A°-THC for 7 days followed by the gen-
eration of a post-dose-response curve again revealed a main
effects of dose (F, 4=106.802, p<0.001), sex (F; 35=9.557,
p=0.004), and time (F; 3y=52.250, p<0.001) as well as a
dose-by-time (F, ¢=94.358, p<0.001) and a dose-by-sex-
by-time (F, 46=3.396, p=0.035) interaction. In contrast,
there was neither a dose-by-sex (p=0.201) or a sex-by-time
(p=0.956) interaction. Post-hoc analyses revealed that, col-
lectively, tolerance developed to the hypothermic effects of
A°-THC in both male (F 130=25.729, p<0.001) and female
(F130=26.524, p<0.001) AKR mice. Post-hoc results also
revealed that overall, daily administration of 30 mg/kg A°-
THC decreased the post-dose-response effects of 10, 30,
and 100 (all p<0.001) mg/kg A’ THC with male AKR mice
being more sensitive to the hypothermic effects of A°-THC
both prior to (p=0.025) and following (p=0.049) A°-THC
tolerance compared to female AKR mice (Fig. 2¢). As with
antinociception, male and female AKR mice administered
VEH at all doses tested did not show a significant difference
in hypothermia either a function of dose or sex but did differ
from mice getting increasing doses of A°-THC simultane-
ously during the pre-dose-response. Female (but not male)
AKR mice receiving VEH in the pre-dose-response curve
differed from female mice that received A°-THC during the
post-dose-response following once-daily administration of
VEH for 7 days (see Supplemental Table 3B).

Tolerance to A°-THC in CBA mice
Antinociception

Sex differences and tolerance to the antinociceptive effects
of A°THC were assessed in male and female CBA mice.
Results from two-way ANOVAs assessing the initial
(pre) dose-response curves revealed a main effect of dose
(F'5.100=82.700, p<0.001) but neither a main effect of sex
(p=0.365) or a dose-by-sex interaction (p=0.158). Post-hoc
analyses revealed that A>-THC dose-dependently increased
tail-flick antinociception. There was no significant sex dif-
ference in A’-THC induced antinociception since male CBA
mice (34.977 + 3.680) and female CBA (39.806 + 3.680)
littermates displayed equivalent antinociception (Fig. 1d).
Results from a three-way ANOVA assessing the develop-
ment of tolerance following once-daily administration of
30 mg/kg A°-THC for 7 days followed by the generation
of a post-dose-response curve revealed main effects of
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dose (Fy,00=115.488, p<0.001) and time (F; 5=60.439,
p<0.001) and a dose-by-time (£ ,4,=29.704, p<0.001) and
a trend towards a dose-by-sex-by-time (p=0.054) interaction.
In contrast, there was not a main effect of sex (p=0.926), a
dose-by-sex (p=0.218), or a sex-by-time (p=0.232) inter-
action. Post-hoc analyses revealed that tolerance devel-
oped to the antinociceptive effects of A>-THC in both
male (F| 550=21.538, p<0.001) and female (F; 5,=40.368,
p<0.001) CBA mice. While there were no overall sex dif-
ferences in A°-THC-induced antinociception between
male (27.224 4+ 2.867) and female (27.604 + 2.867) CBA
mice, female mice showed a much greater antinociceptive
response following administration of 10 mg/kg A°-THC in
the pre-dose-response (45.771 + 5.742) than male CBA
mice (21.408 £ 5.742). In contrast, following tolerance,
there were no sex differences between males and females in
antinociceptive response (Fig. 1d). Male and female CBA
mice administered VEH at all doses tested did not show a
significant difference in antinociception either as a function
of dose or sex but did differ from mice getting increasing
doses of A’-THC both simultaneously during the pre-dose-
response and from mice that received A°-THC during the
post-dose-response following once-daily administration of
VEH for 7 days (see Supplemental Table 4A).

Hypothermia

Sex differences and tolerance to the hypothermic effects
of A°THC were assessed in male and female CBA mice.
Results from two-way ANOVAs assessing the initial
(pre) dose-response curves revealed a main effect of dose
(F3,56=84.095, p<0.001) but neither a main effect of sex
(p=0.107) or a dose-by-sex interaction (p=0.120). Post-hoc
analyses revealed that A°>-THC dose-dependently increased
hypothermia to a similar degree in male and female CBA
mice (Fig. 2d). Results from a three-way ANOVA assessing
the development of tolerance following once-daily adminis-
tration of 30 mg/kg A°-THC for 7 days followed by the gen-
eration of a post-dose-response curve again revealed main
effects of dose (F3 14,=115.338, p<0.001), sex (F 5=4.287,
p=0.044), and time (F| 50=150.434, p<0.001) as well as a
dose-by-time (Fj 14;=63.740, p<0.001) and a dose-by-sex
(F3,141=3.271, p=0.026) interaction. There was not a dose-
by-time (p=0.786) or a sex-by-time-by-dose (p=0.119)
interaction. Post-hoc analyses revealed that tolerance
developed to the hypothermic effects of A°THC in both
male (F; 5,=78.606, p<0.001) and female (¥ 5=71.903,
p<0.001) CBA mice with female CBA mice showing a
greater degree of overall A°>-THC-induced hypothermia
(—2.423 4+ 0.242) compared to male (—1.713 £+ 0.242)
CBA mice. Post-hoc results also revealed that overall,
daily administration of 30 mg/kg A°-THC decreased hypo-
thermia evoked in the post-dose-response curve following
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administration of all doses (0-100 mg/kg) in male CBA mice
and following administration of 10, 30, and 100 mg/kg of
A°-THC in female CBA mice (Fig. 2d). As with antinocicep-
tion, male and female CBA mice administered VEH at all
doses tested did not show a significant difference in hypo-
thermia either as a function of dose or sex but did differ
from mice getting increasing doses of A°-THC both simul-
taneously during the pre-dose-response and from mice that
received A°-THC during the post-dose-response following
once-daily administration of VEH for 7 days (see Supple-
mental Table 4B).

Strain differences in ED, shifts following A*-THC
tolerance

To assess the development of tolerance to A’>-THC-induced
antinociception and hypothermia, the EDs, values for the
initial (pre) dose-response and following once-daily A°>-THC
administration (post-dose-response) curves were calculated
for both sexes and for each mouse strain assessed (B6, DBA,
AKR, and CBA). While the generation of pre-dose-response
curves assessing A’-THC-induced antinociception (Table 1)
and hypothermia (Table 2) enabled the calculation of EDj,
values, the near complete development of tolerance to
A°-THC-induced antinociception and hypothermia made it
difficult to determine ED5, values for the post-dose-response
curves often resulting in undefined values and/or confidence
intervals. However, the pre-dose-response values reveal a
much greater variation in A°>-THC-induced antinociception
across strain than for A>THC-induced hypothermia.

Differences in A°-THC sensitivity across mouse line
Antinociception

To better understand the role that strain plays in mediating
differences in A°-THC-induced antinociception, male and
female B6, DBA, AKR, and CBA mice were assessed across
their initial (pre) dose-response curves for differences in sen-
sitivity to the antinociceptive effects of A>THC. The (pre)
dose-response curves used for this analysis were the same
ones used in Fig. 1, but included all doses tested. Results of a
three-way ANOVA (comparing sex, mouse strain, and dose)
revealed main effects of dose (Fj,45=207.897, p<0.001)
and mouse strain (F;;9=24.332, p<0.001) and mouse
strain-by-sex (F3 7o0=2.981, p=0.036), dose-by-mouse strain
(F10265=11.706, p<0.001), and a dose-by-sex-by-mouse
strain (Fpg5=2.321, p=0.012) interactions. In contrast,
there was neither a main effect of sex (p=0.684) nor a sex-
by-dose (p=0.105) interaction. Post-hoc analyses revealed
that A>THC dose-dependently increased antinociception.
Post-hoc analyses also revealed that the main effect of mouse
strain is driven by the CBA mice whom, overall, showed
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Table 1 Calculated EDs,

. Drug Genotype Sex Pre-drug EDs, (CI) Post-drug EDs, (CI)
values (mg/kg) assessing the
antinociceptive effects of A%- A°-THC B6 mouse Male 59.37 (36.74-118.9) 187.1 (132.4-458.9)*
THC across mouse strain Tail-flick Female 298.4 (160-934.3)" 6168 (160.9-ND)
DBA mouse Male 62.01 (49.14-80.65) 4077 (253-ND)*
Female 36.8 (27.82-49.92) ND
AKR mouse Male 342.1 (132.9-4639) 373 (ND-ND)
Female 778.5 (251.8-13204) 104762 (290.2-ND)
CBA mouse Male 18.22 (13.69-23.80) 81.3 (54.47-137.5)*
Female 12.42 (8.446-18.21) 271.9 (135-1725)*

EDs values were calculated from initial dose-response curves generated using non-linear regression analy-
sis. Values shown are mean EDs, dose and 95% confidence intervals (CI) for A>THC in male and female
B6, DBA, AKR, and CBA mice. Significance was determined if the confidence intervals did not overlap. In
cases where confidence intervals were undefined, we could not determine if the confidence intervals over-
lapped, and shifts were unable to be deemed significant

ND unable to define the curve or 95% confidence interval
*A significant difference in ED5, between pre- and post-dose-response curves

#A significant difference between male and females

Table 2 Calculated EDy,

values (mg/kg) assessing the Drug Genotype Sex Pre-drug EDs, (CI) Post-drug EDs, (CI)
hypothermic effects of A°-THC A>-THC B6 mouse Male 10.80 (8.191-19.01) 29.68 (8.274-ND)
across mouse strain Hypothermia Female 12.49 (9.552-16.33) 34.04 (20.03-ND)*
DBA mouse Male 12.33 (9.128-ND) ND
Female 10.13 (ND-ND) 58.91 (18.67-ND)
AKR mouse Male 18.18 (13.16-25.47) 95.43 (ND-ND)
Female 39.31 (10.84-ND) ND
CBA mouse Male 12.98 (ND-20.04) 11.04 (ND-ND)
Female 14.43 (10.84-ND) 20.06 (ND-53.2)

EDjy, values were calculated from initial dose-response curves generated using non-linear regression analy-
sis. Values shown are mean EDs, dose and 95% confidence intervals (CIs) for A>-THC in male and female
B6, DBA, AKR, and CBA mice. Significance was determined if the confidence intervals did not overlap. In
cases where confidence intervals were undefined, we could not determine if the confidence intervals over-

lapped, and shifts were unable to be deemed significant

ND unable to define the curve or 95% confidence interval

*A significant difference in ED5;, between pre- and post-dose-response curves

greater A°>-THC-induced antinociception (37.391 + 2.158)
compared to B6 (18.277 + 2.026; p<0.001), DBA (18.316
+ 2.263; p<0.001), and AKR (12.917 + 2.263; p<0.001)
mice (Fig. 3a, b). Likewise, the sex-by-mouse strain inter-
action is due to the sex difference between male (23.373
+ 2.922) and female (13.180 + 2.807; p=0.014) B6 mice
in overall A>THC-induced antinociception (no other strain
differed as a function of sex). Among CBA mice, both males
and females showed greater A°-THC-induced antinocicep-
tion compared to all other strains assessed. Further, female
DBA mice also showed greater A’ THC-induced antinocic-
eption (20.813 + 3.201) than AKR females (11.320 + 3.201,
p=0.039; Fig. 3a) while among male mice, B6 male mice
showed greater A’-THC-induced antinociception (23.373 +
2.922) compared to AKR males (14.515 £ 3.201, p=0.044;
Fig. 3b).

Hypothermia

To better understand the role that strain plays in mediat-
ing differences in A°>-THC-induced hypothermia, male and
female B6, DBA, AKR, and CBA mice were assessed across
their initial (pre) dose-response curves for differences in
sensitivity to the hypothermic effects of A°>-THC. The (pre)
dose-response curves used for this analysis were the same
ones used in Fig. 2, but included all doses tested. Results
of a three-way ANOVA (comparing sex, mouse strain,
and dose) revealed main effects of dose (F; 5;3=469.598,
p<0.001) and mouse strain (¥ 79=10.562, p<0.001) and a
mouse strain-by-dose (Fg ,5=12.465, p<0.001) interaction.
In contrast, there was neither a main effect of sex (p=0.130)
or a dose-by-sex (p=0.096), sex-by-mouse strain (p=0.308),
or a dose-by-sex-by-mouse strain (p=0.475) interaction.
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Fig.3 A°-THC-induced antinociception results in greater variability
across mouse strain than A°-THC-induced hypothermia. Assessment
of A’-THC-induced antinociception (%MPE; top) and hypothermia
(%ABT; bottom) in female (circles, a and ¢) and male (squares, b and
d) B6 (red), DBA (blue), AKR (black), and CBA (green) mice. Error
bars represent the mean + SEM; data were analyzed using a three-
way ANOVA with Bonferroni post-hoc tests (¥p<0.05 comparing
line to the mouse strain denoted by the same color). Sample sizes for
each group are in parentheses

Post-hoc analyses revealed that A°-THC dose-dependently
increased hypothermia across all mice (Fig. 3c, d). Post-
hoc analyses also revealed that among females, CBA mice
(=3.038 + 0.546) showed less A’>-THC-induced hypother-
mia compared to B6 (—6.064 + 0.502; p<0.001) and DBA
(—4.683 + 0.573; p=0.041) mice and that female AKR mice
were less sensitive to A>-THC-induced hypothermia (—4.142
+ 0.573; p=0.014) compared to B6 female mice (Fig. 3c).
Among male mice, B6 mice (—6.733 + 0.523) showed
increased A°-THC-induced hypothermia compared to both
male DBA (—4.025 + 0.573; p<0.001) and CBA (—3.995 +
0.546; p<0.001) mice (Fig. 3d). Taken together, these data
suggest that there is greater variability in A°-THC-induced
antinociception compared to hypothermia as a function of
strain. Likewise, where there are sex differences, they tend
to manifest more in A°>-THC-induced antinociception versus
hypothermia.
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Differences in A>-THC sensitivity as a function of age
Antinociception

To better determine whether age plays a role in mediat-
ing differences in A°>-THC-induced antinociception and/or
hypothermia, naive male and female 18-month-old B6 mice
were assessed for basal differences across a range of A°-
THC doses to generate initial (pre) dose-response curves
for both tail-flick antinociception and hypothermia (Fig. 4).
Results from a two-way ANOVA revealed a main effect
of dose (F, 4,=65.958, p<0.001) but not of sex (p=0.640)
or a dose-by-sex (p=0.431) interaction. Post-hoc analyses
revealed that increasing doses of A°>-THC dose-dependently
increased antinociception in the tail-flick test regardless of
sex (Fig. 4a). Likewise, results from a three-way ANOVA
comparing older (18 months) to younger (3 months) B6 mice
across a range of A’>-THC (pre) doses revealed main effects
of dose (F; 1,0=114.886, p<0.001) and age (F 40=8.334,
p=0.006) but not of sex (p=0.088). Likewise, there was a
dose-by-age (F31p=16.489, p<0.001) but no dose-by-sex
(p=0.099), sex-by-age (p=0.346), or a sex-by-dose-by-age
(p=0.346) interaction. Post-hoc analyses revealed that A°-
THC dose-dependently increased antinociception in all
mice. While there was not a main effect of sex, younger
female mice (13.180 + 3.435) were, overall, less sensitive
to the antinociceptive effects of A°-THC than younger male
mice (23.373 + 3.575; p=0.046) while there was no differ-
ence in A°-THC-induced antinociception between older male
(30.669 + 3.916) and female (27.671 + 4.128; p=0.601)
mice. Compared to younger B6 mice, older B6 (29.170 +
2.845) mice were more sensitive to the effects of A°>-THC
than younger (18.277 £ 2.479) mice, particularly at doses
of 30 and 100 mg/kg A°-THC (Fig. 4a).

Hypothermia

Male and female 18-month-old B6 mice were assessed
for basal differences in A°-THC-induced hypothermia
across a range of doses (Fig. 4b). Results from a two-way
ANOVA revealed a main effect of dose (F, 53=128.030,
p<0.001) but not of sex (p=0.707) or a dose-by-sex
(p=0.629) interaction. Post-hoc analyses revealed that A°-
THC dose-dependently increased antinociception in the
tail-flick test regardless of sex (Fig. 4b). Likewise, results
from a three-way ANOVA comparing older (18 month)
and younger (3 month) B6 mice across a range of A°-THC
(pre) doses, revealed a main effect of dose (£, gy=301.133,
p<0.001) and a dose-by-age (F, gy=4.648, p=0.012) inter-
action. There was not a main effect of sex (p=0.440) or
age (p=0.921) or any dose-by-sex (p=0.531), sex-by-age
(p=0.904), or dose-by-sex-by-age (p=0.782) interactions.
Post-hoc analyses revealed that A>-THC dose-dependently
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Fig.4 Older B6 mice are more sensitive to the antinociceptive (but
not hypothermic) effects of A>-THC than their younger counterparts.
The antinociceptive (%MPE; a) and hypothermic (%ABT; b) effects
of A’THC were assessed in both younger (~8-16 week old; filled
symbols) and older (~78-80 week old; unfilled symbols) male (blue
squares) and female (red circles) B6 mice. Error bars represent the

induced hypothermia in all mice (females: -6.146 £ 0.520;
males: -6.725 + 0.528). Neither older female (p=0.876)
nor male (p=0.988) B6 mice differed from their younger
counterparts as a function of age. Likewise younger
mice did not differ from older mice in A°-THC-induced
hypothermia as a function of sex [older mice (p=0.668);
younger mice (p=0.490); Fig. 4b].

Differences in gene expression
B6 mice

Ten naive male and 10 naive female B6 mice were
assessed for differences in both CB R and CB,R gene
expression in the PAG, cerebellum, hippocampus, and spi-
nal cord (Fig. 5). Comparing gene expression across sex,
males had significantly greater CB R expression (0.1414
4+ 0.04594) compared to female (0.02594 4+ 0.009844) lit-
termates (¢,3=2.457, p=0.0244) in the PAG while females
displayed greater CB;R expression in the hippocampus
(0.2083 £ 0.03462) relative to their male (0.04177 &+
0.01121) B6 counterparts (t;3=4.577, p=0.0002). There
was no difference in CB;R expression as a function of
sex in either the cerebellum (p=0.3884) or spinal cord
(»p=0.9523). Results assessing CB,R expression revealed
it was not detected in any of the brain regions examined
(Table 3).
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mean + SEM; data were analyzed using a three-way ANOVA with
Bonferroni post-hoc tests (*p<0.05, ***p<0.001 comparing younger
and older females within dose; *p<0.05; #p<0.01 comparing younger
and older males within dose). Sample sizes for each group are in
parentheses

CBA mice

CB,R and CB,R gene expression in the PAG, cerebel-
lum, hippocampus, and spinal cord was assessed in seven
naive male and female CBA mice (Fig. 5). While there
were no sex differences in CB R expression in the hip-
pocampus (p=0.8313), cerebellum (p=0.1792) or spi-
nal cord (p=0.3098), females trended towards showing
greater CB R expression in the PAG (0.05805 + 0.02382)
compared to male (0.01045 + 0.002193) littermates
(p=0.0698). When using the ROUT method with the
coefficient Q set to 1% to identify outliers, there was one
female outlier which, upon removal, resulted in female
CBA mice having significantly greater CB|R expression
in the PAG compared to male littermates (#,,=3.243,
p=0.0078). Like CB,R expression in B6 mice, CB,R
expression was not detectable in any brain region in CBA
mice (Table 3).

Discussion

The primary aim of this paper was to determine whether
sex differences in A°-THC-induced antinociception and
tolerance in B6 mice are consistent across multiple mouse
strains. We also sought to determine whether sex differ-
ences in the antinociceptive responses to A>-THC in the
B6 strain persist with age and/or may be contingent upon
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Table 3 Absolute values of Region Expression B6 mouse CBA mouse
calculated CB|R and CB,R
mRNA expression in male and PAG CB,R male 0.1414 (0.04594)* 0.01045 (0.002193)
female B6 and CBA mice CBR female 0.02594 (0.009844) 0.05805 (0.02382)
CB,R male Not detected Not detected
CB,R female Not detected Not detected
Hippocampus CBR male 0.04177 (0.01121)*** 0.01309 (0.004749)
CB,R female 0.2083 (0.03462) 0.01476 (0.006017)
CB,R male Not detected Not detected
CB,R female Not detected Not detected
Cerebellum CB|R male 0.1501 (0.0586) 0.03471 (0.003525)
CB R female 0.08873 (0.03723) 0.02839 (0.002685)
CB,R male Not detected Not detected
CB,R female Not detected Not detected
Spinal Cord CB|R male 0.05607 (0.02142) 0.006439 (0.000724)
CB|R female 0.05764 (0.01456) 0.005561 (0.00004016)
CB,R male Not detected Not detected
CB,R female Not detected Not detected

Values shown are mean CB R and CB,R gene expression and (standard error) in male and female B6 and
CBA mice in the periaqueductal grey (PAG), hippocampus, cerebellum, and spinal cord

Not Detected indicated instances where expression was not detectable
*p<0.05; ***¥p<0.001 in absolute gene expression between males and females within the same mouse line

differences in CB|R and/or CB,R mRNA expression in
regions associated with acute pain, including PAG and spi-
nal cord. Consistent with our previous findings, we found
that B6 males were more sensitive to the antinociceptive
effects of A°>-THC than their female counterparts. Inter-
estingly, we found that our sex differences in A°-THC-
induced antinociception are strain specific and that there

@ Springer

was considerable variability in A°-THC response across
the strains assessed. However, one consistency across
strains was that female mice of all strains developed tol-
erance to the antinociceptive effects of A°-THC faster
than male littermates. Finally, we determined that CB|R
mRNA expression in the PAG (but not the spinal cord) is
decreased in female B6 mice relative to males and may
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partially explain the observed B6 sex differences in A°-
THC-induced antinociception.

Our findings that male B6 mice are more sensitive to the
antinociceptive (but not hypothermic) effects of A°>-THC
are consistent with previous findings in our lab (Henderson-
Redmond et al. 2021, 2022; Lafleur et al. 2018). In con-
trast, most preclinical rat studies have shown female rats to
be more sensitive to cannabinoid-induced antinociception
(Craft et al. 2012; Romero et al. 2002; Tseng and Craft 2001;
Wakley et al. 2014b; Wakley and Craft 2011; Wiley et al.
2021) and the cannabimimetic effects of synthetic cannabi-
noids (Wiley et al. 2017) than their male counterparts. While
most of these studies were performed using Sprague-Dawley
rats (Craft et al. 2012; Tseng and Craft 2001; Wakley and
Craft 2011; Wakley et al. 2014b; Wiley et al. 2017, 2021),
this increased cannabinoid response in females was also
observed in Wistar rats (Romero et al. 2002). In contrast,
considerably less is known about whether sex differences in
A°-THC-induced antinociception in B6 mice are observed
in other mouse strains.

One prior study examining sex- and/or strain-specific
effects of A°-THC found that male B6 and DBA mice were
more sensitive to the ataxic effects of 10 mg/kg A°-THC
than female mice and that, overall, B6 mice were more sensi-
tive to the ataxic effects of 10 mg/kg THC than DBA mice
(Parks et al. 2020). While no sex differences were observed
in acute A°-THC-induced antinociception in B6 or DBA
mice (Parks et al. 2020), there was a significant strain dif-
ference with DBA mice showing increased A’-THC-induced
antinociception compared to B6 mice following 10 mg/
kg A°-THC. Interestingly, comparison of the EDs, values
for A>-THC-induced antinociception in male and female
B6 and DBA mice tested as part of our study determined
that while male B6 and DBA mice did not differ from each
other (B6 ED5(,=59.37 versus DBA ED;,=62.01), female
DBA mice were much more sensitive to the antinocicep-
tive effects of A>-THC (EDs;=36.8) compared to B6 female
mice (ED5,=298.4; Table 1). Likewise, Parks et al. (2020)
found that females of both species were faster to develop
tolerance to the antinociceptive effects of A’>-THC than their
male counterparts, consistent with our results for both B6
and DBA mice in this study.

The strains of mice chosen for this study were based off
a prior study examining sex differences in acute morphine
antinociception across 11 inbred mouse strains (Kest et al.
1999). Of the 11 strains of mice tested, males were more
sensitive to morphine than females for 3 strains (AKR,
C57BL/6, and SWR) while female mice from one strain
(CBA) were more sensitive than males for morphine-
induced antinociception. In contrast, there were no sex dif-
ferences among the remaining 7 mouse strains, including
DBA/J mice (Kest et al. 1999). Morphine exerts most of its
antinociceptive effects through mu-opioid receptors (Rossi

et al. 1994) which, like CB|Rs, are G;/G, coupled GPCRs
that inhibit adenylyl cyclase activity (Howlett 1985), activate
mitogen-activated protein kinases (MAPK; Bouaboula et al.
1995) and inwardly rectifying K* channels (Mackie et al.
1995), and inhibit voltage gated Ca** channels (Law et al.
2000; Mackie et al. 1993). As such, we hypothesized similar
sex differences might exist for A°>THC-induced antinocicep-
tion amongst these same lines. And while we did find similar
results for B6 and DBA mice, and to some extent CBA mice,
we did not find sex differences in A°>-THC-induced antinoci-
ception among AKR mice.

Unlike morphine, where AKR mice showed clear dose-
dependent increases in morphine-induced antinociception,
male and female AKR mice failed to show much A°-THC-
induced antinociception at all (Fig. 1c). It is possible that
higher doses of A°THC might be required in AKR mice to
elicit antinociceptive responses; however, these same doses
of A°-THC elicited pronounced hypothermic responses
(Fig. 2c), suggesting that our lack of an antinociceptive
response is not due to altered A>-THC pharmacokinetics
in these mice. Other methodological differences between
our work and Kest’s that could result in different findings
in AKR mice can include differences in route of adminis-
tration and antinociceptive assay utilized: centrally (ICV)
administered morphine versus peripherally (IP) admin-
istered A°-THC and the tail-withdrawal test (supraspinal)
versus tail-flick (spinally mediated) assays. The consistency
between our findings on A°-THC-induced antinociception
and previous studies investigating sex differences in mor-
phine response indicates that robust strain and sex differ-
ences exist for drug-induced antinociception, and these
should be carefully considered when assessing drug-induced
antinociception.

Sex differences in A’ THC-induced antinociception could
be attributable to differences in sex hormone signaling, or
interactions between sex hormones and the endocannabinoid
system. For example, estrogen can interfere with A°-THC’s
ability to bind to CB R (Wakley et al. 2014a) while testoster-
one may have protective effects on inflammation (Jayaraman
et al. 2014; Klein and Flanagan 2016; Roglio et al. 2007).
Previous work in rats determined that endocannabinoid lev-
els fluctuate across the estrous cycle in several brain regions
(Bradshaw et al. 2006; de Fonseca et al. 1994a; Gonzalez
et al. 2000) and that hormone fluctuations across the estrus
cycle can alter the efficacy of G protein coupling to CB|R
(Riebe et al. 2010) without altering CB R density (Farquhar
et al. 2019). Although our studies did not track mice across
estrus cycle, we did assess differences in A°-THC-induced
antinociception in younger (3 month) and older (18 month)
B6 mice to determine if the sex differences observed in
younger, cycling mice persist in older, non-cycling female
mice. According to the Jackson Laboratory, mice that are 3
months of age correspond to humans that are ~20-30 years
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while 18-month-old mice corresponds to humans in old age
(56-69 years old). Notably, the sex differences observed in
younger B6 mice were absent in older B6 mice. However,
older B6 mice were more sensitive across the same range
of A°-THC doses than their younger counterparts, suggest-
ing that age and sex hormones may affect A°>-THC-induced
antinociception and tolerance in mice (for a review see Pis-
cura et al. 2023a).

Differences in CBR density, downregulation, and/or
desensitization are all mechanisms that have been proposed
as potential reasons for observed sex differences in can-
nabinoid sensitivity and/or tolerance. Previous work has
also found differences in CB,R density and desensitization
between male and female rodents (Castelli et al. 2014; de
Fonseca et al. 1994b; Farquhar et al. 2019; Gonzalez et al.
2005 but see Wiley et al. 2021). It is possible that sex dif-
ferences in cannabinoid response are also response specific.
For example, the observation of sex differences in A%-THC-
induced antinociception, these sex differences did not extend
to the hypothermic response to cannabinoids. This raises
the possibility that response- and sex-specific differences in
acute cannabinoid response might be due to underlying dif-
ferences in cannabinoid signaling within the specific brain
regions such as the PAG, spinal cord, and hypothalamus that
mediate these responses. Although there are no described
sex differences in CBR densities and coupling in many
regions of the mouse brain, including the cerebellum (Far-
quhar et al. 2019; Wiley et al. 2021), very little is known
about possible sex differences in CB ;R (or CB,R) levels in
areas that control antinociception.

There is evidence suggesting that sex differences in A°-
THC-induced antinociception may be attributed to differ-
ences in the relative expression of CB R and CB,R between
male and female rats (Craft et al. 2012). Previously, we
determined that A°-THC-induced hypothermia in both
sexes and that A°-THC-induced antinociception in males
was exclusively mediated via CBRs. However, the role of
CB,R versus CB,R in mediating A°-THC-induced antinoci-
ception in females was less clear, in part due to the modest
antinociceptive response to A’-THC in females (Henderson-
Redmond et al. 2022). Since A°-THC acts as a mixed CB R/
CB,R agonist, we examined whether differences in CB|R
and CB,R gene expression may explain observed sex differ-
ences in antinociception. Because B6 and CBA mice showed
evidence of opposing sex differences in A°-THC-induced
antinociception, we examined naive male and female B6
and CBA mice for differences in CB|R and CB,R gene
expression in brain regions responsible for A>-THC-induced
antinociception, such as the PAG and spinal cord. We found
that in naive mice, B6 males exhibited increased CB R gene
expression compared to females in the PAG while the oppo-
site was found in CBA mice. These differences paralleled the
sex differences in A’ THC-induced antinociception observed
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in this study. Interestingly, there were no differences in CB|R
gene expression found in the spinal cord, suggesting that
the PAG may mediate sex differences in A>-THC-induced
antinociception. While differences in CB ;R gene expres-
sion do not directly translate into increased CB R surface
expression, the presence of increased CB R gene expression
and mRNA means there is the potential for more CB;Rs
to be translated. In contrast, no CB,R gene expression was
detected (Table 3), suggesting that the strain dependent sex
differences are likely due to differences in CB,R.

While Kest’s study did not assess tolerance to morphine,
following 7 days of once-daily treatment with 30 mg/kg
of A°>-THC, we found that mice from all strains developed
tolerance to the antinociceptive and hypothermic effects
of A°-THC. In B6 and DBA mice, female mice acquired
greater tolerance to the antinociceptive effects of A’ THC
than males (Table 1). This finding of faster cannabinoid tol-
erance in females is consistent with other studies in both
rats (Nguyen et al. 2018, 2020; Wakley et al. 2014b) and
mice (Henderson-Redmond et al. 2021, 2022; Parks et al.
2020) and occurred using paradigms examining the same
dose administration and the use of equally efficacious doses
(Henderson-Redmond et al. 2021; Wakley et al. 2014b).
Interestingly, female (but not male) Wistar rats developed
tolerance to A°-THC following vapor inhalation (Nguyen
et al. 2018, 2020), suggesting that this effect could be even
more pronounced in a more clinically relevant model of A°-
THC administration. Future studies examining sex differ-
ences and cannabis-related tolerance in mice should utilize
vapor or oral administration models as they are more clini-
cally relevant than the model of IP administration used in the
current study. Likewise, in addition to assessing estrus cycle,
bloods should also be taken to be able to assess differences
in A°-THC and metabolite levels.

While clinical studies examining sex differences in can-
nabis tolerance is limited, evidence seems to suggest that
women develop tolerance to cannabis faster than men. For
example, women who were regular users of cannabis were
less sensitive to the antinociceptive effects of cannabis than
men in the cold pressor test (Cooper and Haney 2016).
Similarly, men and women who were not cannabis users
both showed evidence of tachycardia following first usage
of A°-THC. Following the second usage, tachycardia was
less pronounced in women than men, suggesting that toler-
ance to the cardiovascular effects of A°>-THC occurs more
rapidly in women (Cocchetto et al. 1981). Further, despite
men having an increased lifetime use and a greater inci-
dence of developing CUDs, women display an accelerated
advancement (also called telescoping) from first usage to
CUD diagnosis (Farmer et al. 2015; Kerridge et al. 2018).
This “telescoping” effect suggests that women display more
rapid tolerance development to cannabis than men (for a
review, see Towers et al. 2022). Specifically, women seem
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to progress faster to seek treatment for CUDs than men
(Ehlers et al. 2010; Hernandez-Avila et al. 2004; Lewis
et al. 2014) and show an escalated usage from initial use of
cannabis to dependence (Ehlers et al. 2010; Kerridge et al.
2018; Khan et al. 2013) compared to men. Thus, regardless
of strain, female mice showing a propensity to faster tol-
erance development to A°-THC-mediated antinociception
are seemingly congruent with the limited clinical studies
examining sex differences in cannabis tolerance, suggesting
that sex should be an important consideration.

In this study, male and female mice of four different
inbred mouse strains were assessed for sex differences in
A°-THC-induced antinociception and hypothermia and
subsequent tolerance development. While females of all
strains were faster to develop tolerance to the antinocic-
eptive effects of A°-THC, only two strains, B6 and CBA
mice, showed any sex differences in A°-THC-induced
antinociception with B6 males and CBA females showing
increased responsiveness to A°-THC than their respective
littermates. Subsequent examination of CB;R and CB,R
mRNA expression in naive B6 and CBA mice revealed
that sex differences in CB;R mRNA expression in the PAG
may potentially explain the observed differences in acute
A°-THC-induced antinociception in these mice. Taken
together, these data suggest that not only is it important to
consider what strain to use when assessing sex differences
in cannabinoids response in mice but that similarly, when
assessing the potential efficacy of cannabinoid-based thera-
pies in clinical populations, differences in sex and genetics
should be considered.
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