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Abstract

The purpose of this study was to determine whether sex differences in the development of
antinociceptive tolerance to delta-9-tetrahydrocannabinol (THC) are due to activational effects of
gonadal hormones. Rats were sham-gonadectomized (sham-GDX) or gonadectomized (GDX).
GDX females received no hormone replacement (GDX+0), estradiol (GDX+E2), progesterone
(GDX+P4), or both (GDX+E2/P4). GDX male rats received no hormone (GDX+0) or testosterone
(GDX+T). Two weeks later, antinociceptive potency of THC was determined (pre-chronic test) on
the warm water tail withdrawal and paw pressure assays. Vehicle or a sex-specific THC dose
(females, 5.7 mg/kg, males, 9.9 mg/kg) was administered twice-daily for 9 days, then the THC
dose-effect curves were re-determined (post-chronic test). On the pre-chronic test (both assays),
THC was more potent in sham-GDX females than males, and gonadectomy did not alter this sex
difference. In GDX females, P4 significantly decreased THC’s antinociceptive potency, whereas
E2 had no effect. In GDX males, T did not alter THC’s antinociceptive potency. After chronic
THC treatment, THC’s antinociceptive potency was decreased more in sham-GDX females than
males, on the tail withdrawal test; this sex difference in tolerance was not altered in GDX or
hormone-treated groups. These results suggest that greater antinociceptive tolerance in females,
which occurred despite females receiving 40% less THC than males, is not due to activational
effects of gonadal hormones.
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1. Introduction

Sex differences in the behavioral effects of cannabinoid agonists have been reported by
several laboratories. For example, drugs such as A%-tetrahydrocannabinol (THC),
WIN55,212-2 and CP55,940 are more potent or effective in female than male rats on
measures of analgesia, anxiolysis, sedation and reward (Tseng and Craft, 2001; Romero et
al., 2002; Fattore et al., 2007; Wakley and Craft, 2011; Harte-Hargrove et al., 2012; Craft et
al., 2012; 2013). Moreover, a recent study in chronic cannabis users demonstrated greater
abuse-related subjective effects in women than in men (Cooper and Haney, 2014). In
contrast, male rats and guinea pigs are more sensitive than females to the hyperphagic
effects of cannabinoid agonists (Miller et al., 2004; Diaz et al., 2009). Male-female
differences in acute behavioral effects of cannabinoids may result from sex differences in
pharmacokinetic (Narimatsu et al., 1991; Tseng et al., 2004; Wiley and Burston, 2014),
pharmacodynamic (Rodriguez de Fonseca et al., 1994), and hormonal factors (Craft and
Leitl, 2008; Wakley and Craft, 2011).

Tolerance to various effects of cannabinoid agonists develops readily upon repeated drug
administration, and tolerance development may vary by sex. For example, Wiley (2003)
demonstrated that 3 days of twice-daily injection with 10 mg/kg THC led to tolerance
development in a locomotor activity test in female but not male mice. In rats, 9 days of
twice-daily THC administration led to greater antinociceptive tolerance in females than in
males (Wakley et al., 2014b), as well as greater dependence in females, albeit on only one of
multiple measures of precipitated withdrawal (Marusich et al., 2014). Furthermore, in the
first study the tolerance-inducing dose was adjusted for sex differences in acute potency of
THC, such that females received approximately 30% less THC than males did during the
chronic treatment period, yet THC potency still decreased more in females than males.
Epidemiological evidence indicates that women are more susceptible than men to rapid
development of abuse and dependence on a variety of addictive substances, including
marijuana (Khan et al., 2013; Lewis et al., 2014), and women are more likely than men to
report physical withdrawal symptoms upon cessation of chronic cannabis use (Copersino et
al., 2010). Given the significant role of drug tolerance in the development of substance
abuse and dependence, females’ greater potential for developing cannabinoid tolerance may
contribute to female cannabinoid users’ more rapid trajectory to abuse and dependence.

The purpose of the present study was to determine whether sex differences in the
development of antinociceptive tolerance can be attributed to activational effects of gonadal
hormones. Gonadal hormones in adult animals have been shown to modulate acute effects of
cannabinoid drugs. Female rats in late proestrus showed enhanced THC-induced
antinociception compared to females in other estrous stages and compared to males (Wakley
and Craft, 2011), suggesting that fluctuating gonadal hormones influence THC sensitivity.
In gonadectomized (GDX) rats, estradiol (E2) enhanced THC-induced antinociception in
females (Craft and Leitl, 2008; Wakley et al., 2014a), while testosterone (T) decreased the
sedative effects of THC in males (Craft and Leitl, 2008). Kellert and colleagues (2009)
found that E2 blunted cannabinoid-induced hyperphagia in ovariectomized (OVX) female
guinea pigs, possibly explaining the lesser cannabinoid-induced hyperphagia seen in
gonadally intact females compared to males. Given E2’s role in sex differences in
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behavioral effects of acutely administered cannabinoids, it was hypothesized that sex
differences in tolerance to THC would also be E2-dependent. Very little is known about T or
progesterone (P4) modulation of even acute cannabinoid effects, so it is possible that these
gonadal hormones also influence the development of tolerance to THC.

To determine whether sex differences in the development of antinociceptive tolerance to
THC are due to activational effects of gonadal steroid hormones, rats were GDX and Silastic
capsules containing E2 or nothing (blanks) were implanted in females, and blank or T-
containing capsules were implanted in males. P4 (or oil vehicle) was administered by
injection every 5 days. Rats were tested for THC-induced antinociception, then given
vehicle or THC (using sex-specific EDgq doses) twice-daily for 9 days to induce tolerance,
and then THC effects were reexamined to determine the extent of tolerance development in
each hormone group.

2. Methods

2.1 Subjects

Adult female and male Sprague-Dawley rats were used (60-90 days old, bred in-house from
rats purchased from Harlan Laboratories, Livermore, CA). Ad libitum access to food and
water was provided except during testing. The vivarium was maintained at 21+1°C on a
12:12 h light:dark cycle with lights on at 0700 h. After surgery, each rat was housed with
another rat of the same sex, in the same hormone condition. Rats used in this study were
treated in accordance with the Guide for the Care and Use of Laboratory Animals (National
Research Council, 2011).

2.2 Surgery and Hormone Administration

Chlordiazepoxide (3 mg/kg; Sigma Aldrich, St. Louis, MO) and pre-operative morphine (0.5
mg/kg; Sigma Aldrich, St. Louis, MO) were injected s.c.; 15 min later, rats were
anesthetized with ketamine plus xylazine i.p. (90 mg/kg ketamine + 10 mg/kg xylazine in
females, 100 mg/kg ketamine + 10 mg/kg xylazine in males; Patterson Veterinary Supply
Inc., Kansas City, MQ). All rats were either sham-GDX or GDX as described previously
(Stoffel et al., 2003; Craft and Leitl, 2008). Following gonadectomy or sham-gonadectomy,
constant-release Silastic® capsules were implanted s.c. between the shoulder blades (for
females, one 1-mm blank or E2-filled capsule; for males, two 10-mm blank capsules or one
10-mm T-filled capsule/100 g body weight); we have shown previously that these E2 and T
treatment regimens produce reproductive behavior and physiology that are similar to that
seen in gonadally intact females (in proestrus to estrus) and gonadally intact males,
respectively (Stoffel et al., 2003). Post-operative morphine (2.0 mg/kg) was administered
before rats awoke from anesthesia. Behavioral testing began 14 days after surgery.

P4 (Steraloids, Newport, RI) was dissolved in safflower oil, which served as the vehicle.
Vehicle and P4 were administered in a 0.1-mL volume. Starting on the 4t day after surgery,
at 0700 h, either safflower oil or P4 (500 pg) was administered s.c. to each rat every 5 days.
Females received either oil or P4 and males received only oil. The various hormone
treatment groups are shown in Table 1.
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2.3 Apparatus

2.4 Drug

Tail withdrawal antinociception was assessed using a 2.5-L water bath (Precision Scientifics
Inc., Winchester, VA) maintained at 50+0.5°C. Paw pressure antinociception was assessed
using an analgesy-meter (Ugo-Basile, Varese, Italy). The pressure on the paw began at 30 g
and increased at a constant rate of 48 g/s to a maximum of 606 g. Catalepsy was measured
using a bar test: a 1.5-cm diameter horizontal bar for females was set at 12 cm above the
table surface, and for males, the bar was set at 15 cm above the table surface.

THC (National Institute on Drug Abuse, Bethesda, MD) was dissolved in 1:1:18
ethanol:cremophor:saline solution, which served as the vehicle. Vehicle or THC was
administered i.p. in a volume of 1 mL/kg, except doses >10 mg/kg. Due to solubility
limitations, these larger doses were administered in larger volumes of a 10 mg/mL THC
solution. Previous work from our lab has shown that these larger volumes of vehicle (with
ethanol doses up to approximately 0.35 g/kg) do not alter nociception on the tail withdrawal
or paw pressure tests (Wakley et al., 2014b).

2.5 Determination of estrous stage

Beginning on post-surgery day 7, a daily vaginal cell sample was obtained from sham-GDX
females via lavage between 0700-0730 h; GDX females and males were handled daily to
ensure similar amounts of handling among rats in the various groups. Vaginal cell samples
were collected from all female rats immediately after behavioral testing on the pre-chronic
and post-chronic test days. Classification of vaginal cytology for each stage has been
described previously (see Bradshaw et al., 2006; Freeman, 1988; Wakley and Craft, 2011).

2.6 Behavioral procedure

The timeline for the experiment is illustrated in Figure 1. On post-surgery day 14, pre-
chronic testing began at 1100 h (4 h after 0il/P4 injection). The testing procedure used was
identical to that previously described for gonadally intact rats (Wakley et al., 2014b). First,
baselines were obtained consecutively on the warm water tail withdrawal and paw pressure
tests 3 times, approximately 5 min apart. For the tail withdrawal assay, the distal 5 cm of the
tail was submerged in the warm water bath and latency to withdraw the tail was measured to
the nearest 0.01 s with a cutoff of 12 s. For the paw pressure test, latency to withdraw or
attempt to withdraw the hindpaw was measured to the nearest 0.1 s and a cutoff of 12 s (606
g) was used. After baseline measures were obtained, THC dose-effect curves were obtained
via cumulative dosing, using ¥-log-unit dose intervals and starting with a dose of 1.0 mg/kg
(i.e., doses of 1.0, 0.8, 1.4, 2.4, 4.4, 8.0 mg/kg were given, resulting in total cumulative
doses of 1.0, 1.8, 3.2, 5.6, 10, 18 mg/kg). Fifteen min after the first injection, rats were
tested on tail withdrawal then paw pressure tests; immediately thereafter the next highest
dose of THC was injected, and 15 min later rats were tested on both nociceptive assays
again, and so on. Once a rat reached cutoff on both nociceptive tests, catalepsy was assessed
and no more THC was given. For the catalepsy test, the rat’s forepaws were placed on the
bar and latency to remove both paws from the bar or jump onto the bar was recorded to the
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nearest 0.01 s (cutoff 12 s). Rats were placed on a chronic injection regimen the next
morning (post-surgery day 15).

To induce tolerance, vehicle or the sex-specific EDgy for THC was administered i.p. twice
daily (at approximately 0700 h and 1600 h) for 9 days. EDgg values were estimated from the
THC dose-effect curves obtained from the first 6 sham-GDX rats/sex tested: 5.7 mg/kg in
females and 9.9 mg/kg in males. At 0700 h on post-surgery day 24 (post-chronic test day),
an oil or P4 injection was given and the THC dose-effect curve was re-determined starting 4
h later (same as on the pre-chronic test day). The THC cumulative dosing range on the post-
chronic test day was 1.8-32.0 mg/kg in the chronic vehicle-treated groups and 18-180
mg/kg in the chronic THC-treated groups; behavioral testing was conducted as described for
the pre-chronic test day. Following the catalepsy test, rats were euthanized and the uterus
(from GDX females) and seminal vesicles (from GDX males) were harvested, fixed in 10%
formalin, and later trimmed and weighed. These organs are highly sensitive to circulating E2
(uterus) and T (seminal vesicles), so that organ weight can be used to confirm that
gonadectomies were complete (in GDX+0 and GDX+P4 groups) and that E2- and T-filled
Silastic capsules were releasing hormone as expected (Stoffel et al., 2003).

2.7 Serum Hormone Levels and Hormone-Sensitive Organs

To confirm that E2 and T administration by Silastic capsule implantation provided relatively
stable exposure to these hormones during the weeks-long experiment, a separate group of
rats underwent gonadectomy and capsule implantation. Rats were euthanized 2, 6, 8 or 10
weeks after gonadectomy + capsule implantation; trunk blood was harvested for later
analysis of E2 (females) or T (males) in serum, and the uterus (females) or seminal vesicles
(males) were harvested, fixed in 10% formalin, and later trimmed and weighed.

2.8 Radioimmunoassay for E2and T

Trunk blood samples were centrifuged for 20 min at 2000 rpm at 4°C; serum was removed
and stored at —80°C until analysis. Hormone levels were determined via double antibody
radioimmunoassay Kits (estradiol (Cat # KE2D1) and testosterone (Cat # TKTT1): Siemens
Healthcare Diagnostics, Los Angeles, CA, USA). Manufacturer’s instructions were followed
except in the E2 assay, samples and standards were extracted twice using methyl tert butyl
ether (done in duplicate); after the ether evaporated, the antibody was added to the extraction
tubes, which were incubated for 24 h at 4°C, followed by addition of the tracer and then
overnight incubation.

2.9 Data analysis

Baseline nociceptive latencies for each rat on the tail withdrawal and paw pressure tests
were calculated as the mean of the three pre-injection trials. Because baseline responding
changed from pre- to post-chronic testing and differed among groups in some cases,
individual response latencies following drug were converted to % Maximum Possible Effect
(% MPE) on each day: (drug latency — baseline latency)/(cutoff latency — baseline latency) x
100, using the baseline latency on the same day on which drug was tested. Negative % MPE
values were set to 0. On the pre-chronic test day, THC potency (EDsg value) was estimated
for each treatment group by log-linear regression and dose-effect curves were compared

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wakley et al.

3. Results

Page 6

between groups by ANOVA, using PharmToolsPro (version 1.27); these values and
statistical comparisons are shown in Table 2. On the post-chronic test day, THC-induced
antinociception did not reach 50% MPE in most rats that had been treated with THC
chronically, and in most cases the slope of the post-chronic dose-effect curve was shallower
than the slope of the pre-chronic dose-effect curve; thus, potency could not be estimated
accurately or compared between pre- and post-chronic tests. Therefore, pre- vs. post-chronic
dose-effect curves (% MPE values) were compared by ANOVA using 5 doses of the dose-
effect curve: 1.8-18 mg/kg for all rats at the pre-chronic test and for vehicle-treated rats at
the post-chronic test, and 18-180 mg/kg for all THC-treated rats at the post-chronic test.
Baseline latencies to respond and catalepsy at pre- to post-chronic tests were also compared
among treatment groups using ANOVA.

For each dependent variable, first it was determined whether there were sex differences, by
comparing sham-GDX females to sham-GDX males, with factors of Sex (female or male),
Chronic Treatment (vehicle or THC) and Time (pre-chronic or post-chronic, repeated); for
comparison of dose-effect curves, the additional variable of Dose (5 levels, repeated) was
included in the ANOVA. Second, to determine whether ovarian hormones influenced
dependent measures in females, variables were compared among GDX female groups, with
factors of E2 (2 levels), P4 (2 levels), Chronic Treatment (vehicle, THC), and Time (pre-
chronic, post-chronic, repeated); for comparison of dose-effect curves, the additional
variable of Dose (5 levels, repeated) was included. Third, to determine whether testosterone
influenced dependent measures in males, variables were compared between GDX male
groups, with factors of Testosterone (2 levels), Chronic Treatment (vehicle, THC), and Time
(pre-chronic, post-chronic, repeated); the additional variable of Dose (5 levels, repeated)
was included when comparing dose-effect curves. Group differences were considered
significant at p<0.05.

To control for differences in organ weight that were due to differences in body weight,
organ weights (g) were divided by the rat’s body weight in kg, before analysis. Organ
weights and serum hormone levels were compared over time by ANOVA, with the factor of
Week (2, 6, 8, 10).

Based on hormone-sensitive organ weights and vaginal cytology, data from five rats were
dropped before analysis. Three rats in the GDX+P4 group (1 chronic vehicle-treated, 2
chronic THC-treated) had uterine weights that were similar to those of gonadally intact
females in proestrus (see Stoffel et al., 2003) and more than 2 standard deviations above the
rest of the GDX+P4 group, indicating that ovariectomy was not complete. An additional
female in the GDX+P4 group (chronic vehicle-treated) had a uterine weight that was
intermediate to those of no-hormone vs. E2-treated females; data from that rat were removed
when vaginal cytology samples revealed that the rat was in proestrus on both pre- and post-
chronic test days. One male rat in the GDX+0 group (chronic THC-treated) had seminal
vesicles that weighed the same as those of T-treated males (more than 2 standard deviations
above the rest of the group), indicating that castration was incomplete. Data from that rat
were also dropped before analysis.
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3.1 Nociceptive Baselines

On both nociceptive tests, latency to respond was significantly shorter in sham-GDX
females than sham-GDX males (Tail Withdrawal Test: F(1,44)=5.27, p=0.026; Paw Pressure
Test: F(1,44)=18.02, p<0.001) (data not shown). Sex differences in baseline latencies
averaged less than 0.5 sec. For example, tail withdrawal latency to respond on the pre-
chronic test day was 5.59 + 0.13 vs. 6.04 + 0.15 sec in females vs. males, respectively; paw
pressure latency to respond on the pre-chronic test day was 4.99 + 0.15 vs. 5.42 + 0.13 sec
in females vs. males, respectively. Baseline tail withdrawal latencies were longer on the
post-chronic test day than on the pre-chronic test day, but only in chronic vehicle-treated
males (Sex x Chronic Treatment x Time: F(1,44)=4.28, p=0.044) (data not shown). On the
paw pressure test as well, baseline latencies were longer on the post- than on the pre-chronic
test day, only in males (Sex x Time: F(1,44)=5.73, p=0.021) (data not shown). These
changes in baseline latency from pre- to post-chronic test days averaged no more than 0.5
sec.

Among female GDX groups, baseline tail withdrawal latencies did not differ, and no
significant change in latencies occurred pre- to post-chronic (data not shown). On the paw
pressure test, E2-treated females’ latencies averaged 0.35 sec shorter than females without
E2 (F(1,83)=10.58, p=0.002) (data not shown). Baseline paw pressure latencies did not
change significantly from pre- to post-chronic test days in any GDX female group. Baseline
latencies in GDX females were very similar to those in sham-GDX females. For example,
GDX+0 females had pre-chronic latencies of 5.69 + 0.15 and 5.08 + 0.14 sec on the tail
withdrawal and paw pressure tests, respectively.

Between male GDX groups, baseline tail withdrawal latencies averaged 0.4 sec longer in
chronic vehicle-treated rats than in chronic THC-treated rats (F(1,43)=8.49, p=0.006), but
there was no significant effect of T, and no significant change from pre- to post-chronic test
days (data not shown). Baseline paw pressure response latencies did not differ between male
GDX groups, and there was no significant change from pre- to post-chronic tests. Baseline
latencies in GDX males were very similar to those in sham-GDX males. For example, GDX
+0 males had pre-chronic latencies of 5.91 + 0.15 and 5.57 + 0.13 sec on the tail withdrawal
and paw pressure tests, respectively.

3.2 Sex Differences in and Hormone Modulation of Acute THC Potency (Pre-Chronic Test

Day)

Figures 2 and 3 show THC dose-effect curves on the pre-chronic test day, the first time that
THC was administered, on the tail withdrawal and paw pressure tests. EDsq values derived
from these dose-effect curves are shown in Table 2.

Figure 2 shows that on the pre-chronic test day, THC was more potent in females than males
on both the tail withdrawal and paw pressure tests; EDgq values were significantly higher in
sham-GDX males than sham-GDX females (Table 2). Gonadectomy did not affect THC
potency in either sex: there was no significant difference in EDsg values between sham-
GDX vs. GDX+0 females, or between sham-GDX and GDX+0 males, on either test (Fig. 2,
Table 2).
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To illustrate the influence of gonadal hormones on acute THC potency, Figure 3 shows
THC’s antinociceptive effects on the pre-chronic test day in GDX groups only. On the tail
withdrawal test, THC was significantly less potent in P4-treated females than in GDX+0
females; however, neither E2 nor E2+P4 combined significantly altered THC potency (Fig.
3, top left panel; Table 2). On the paw pressure test, P4 also significantly reduced THC
potency: EDsgq values were higher in both GDX+P4 and GDX+E2/P4 females than in GDX
+0 females, whereas females treated with E2 alone did not differ from no-hormone controls
(Fig. 3, bottom left panel; Table 2). THC potency did not differ significantly between GDX
+0 and GDX+T males on either test (Fig. 3, right panels; Table 2).

3.3 Sex Differences in and Hormone Modulation of Antinociceptive Tolerance to THC

Figures 4-6 show THC dose-effect curves on the pre- vs. post-chronic test days, for the tail
withdrawal and paw pressure tests. As expected, THC dose-effect curves shifted farther to
the right (and slopes became shallower) from pre- to post-chronic tests in rats that had
received twice-daily THC injections (right panels) compared to those that had received
twice-daily vehicle injections (left panels).

Figure 4 shows the THC dose-effect curves in sham-GDX females vs. males only. On the
tail withdrawal test (top panels), change in THC effect was significantly greater in sham-
GDX females than sham-GDX males (Sex x Chronic Treatment x Dose: F(4,176)=2.56,
p=0.04; Sex x Dose x Time: F(4,176)=3.38, p=0.011); subsequent analysis revealed a sex
difference in tolerance development only in the chronic THC-treated groups (Sex x Dose x
Time: F(4,88)=4.94, p=0.001). On the paw pressure test (Fig. 4, bottom panels), change in
THC effect after chronic THC treatment did not vary significantly between females and
males.

Figure 5 shows pre- and post-chronic THC dose-effect curves on the tail withdrawal test, in
GDX females (top panels) and GDX males (bottom panels) that received no hormone vs.
those that received hormones. Among GDX females, E2 increased THC-induced
antinociception (that is, including all E2-treated females at both time points: F(1,83)=12.80,
p=0.001), and P4 moderated the E2 effect (Estradiol x Progesterone: F(1,83)=4.23,
p=0.043). This hormone interaction also depended on chronic treatment group and time
(Estradiol x Progesterone X Chronic Treatment x Time: F(1,83)=5.24, p=0.025); subsequent
analysis revealed that the E2/P4 interaction was only significant in chronic THC-treated
females (Estradiol x Progesterone x Time: F(1,42)=6.68, p=0.013). Further analyses within
the pre- or post-chronic time points revealed non-significant E2/P4 interactions (p=0.07-
0.14). As shown in Fig. 5 (top right panel), at both pre- and post-chronic tests, females
treated with both E2 and P4 tended to be more sensitive to THC than females receiving
either hormone alone. Because this same pattern was observed at both pre- and post-chronic
tests, it cannot be concluded that E2 or P4 altered the development of tolerance to THC.

Figure 5 (bottom panels) shows that in GDX male rats, T did not affect tolerance
development on the tail withdrawal test.

Figure 6 shows pre- and post-chronic THC dose-effect curves on the paw pressure test, in
GDX females (top panels) and GDX males (bottom panels) that received no hormone vs.
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those that received hormones. In GDX females, E2 and P4 again interacted to affect THC-
induced antinociception (Estradiol x Progesterone x Time: F(1,83)=5.36, p=0.023; Fig. 6 top
panels); however, as opposed to the tail withdrawal test on which E2/P4-treated females
showed the greatest THC effect, on the paw pressure test P4 tended to decrease THC effect
in E2-treated females (as well as in females that did not receive E2). Subsequent analyses
within pre- and post-chronic tests revealed that the E2/P4 interaction was significant at the
pre-chronic test only (E2 x P4 x Dose: F(4,348)=3.12, p=0.015). Neither E2 nor P4 appeared
to alter tolerance development in GDX females, although the post-chronic curves were
relatively flat so differential tolerance among groups could not be accurately quantified.

Figure 6 (bottom panels) shows that in GDX males, T did not affect tolerance development
on the paw pressure test.

3.4 Sex Differences in and Hormone Modulation of THC-Induced Catalepsy

Immediately following antinociceptive testing on the pre- and post-chronic test days,
catalepsy was assessed in each rat. Because catalepsy was examined after rats reached cutoff
on the nociceptive tests, most but not all rats were tested after the same THC dose. Table 3
shows that catalepsy was typically tested after 18 mg/kg on the pre-chronic test day (91% of
rats), and after 32 mg/kg (88% of chronic vehicle-treated rats) or 180 mg/kg (100% of
chronic THC-treated rats) on the post-chronic test day. Figure 7 shows that on the pre-
chronic test day (first bar in each sex/hormone group), THC produced greater catalepsy in
sham-GDX females than sham-GDX males (Sex: F(1,46)=14.64, p<0.001). Gonadectomy
increased THC-induced catalepsy in males but slightly decreased it in females (Sex x GDX:
F(1,91)=7.13, p=0.009). In GDX females, neither E2 nor P4 significantly altered THC-
induced catalepsy. In GDX males, T decreased THC-induced catalepsy non-significantly
(F(1,45)=3.40, p=0.07).

Tolerance developed to THC-induced catalepsy from pre- to post-chronic test days in some
groups but not others (Fig. 7, compare first and second bar within each group). As expected,
THC-induced catalepsy did not change significantly in chronic vehicle-treated, sham-GDX
females or males (Fig. 7, top panel). In contrast, THC-induced catalepsy significantly
decreased from pre- to post-chronic tests in chronic THC-treated, sham-GDX females, but
not in sham-GDX males (Sex x Time: F(1,44)=3.94, p=0.05) (Fig. 7, bottom panel). In GDX
female groups, chronic THC treatment but not chronic vehicle treatment decreased THC-
induced catalepsy (Chronic Treatment x Time: F(1,83)=15.21, p<0.001), with no significant
influence of E2 or P4 on tolerance development (E2 x P4 x Chronic Treatment x Time:
F(1,83)=0.94, NS). In GDX males, decreases in THC-induced catalepsy were significant
overall (Time: F(1,43)=5.35, p=0.026); tolerance appeared to occur primarily in chronic
THC-treated, GDX+0 males, yet this group difference was not significant (T x Chronic
Treatment X Time: F(1,43)=0.25, NS) (Fig. 7, bottom panel).

3.5 Estrous stage in females

Table 4 shows the percent of females in each group that were in each estrous stage on the
pre- and post-chronic test days. As expected, sham-GDX females were distributed among all
stages, whereas GDX rats that did not receive E2 were nearly all in diestrus, and E2-treated
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rats were all in proestrus to estrus. There was little difference in estrous stage distribution in
any treatment group on the pre- vs. post-chronic test days. However, chronic THC-treated,
sham-GDX females spent somewhat less time in proestrus to estrus than chronic vehicle-
treated, sham-GDX females, when the entire period of chronic treatment was examined:
during the 8-day period before chronic injections began, percent of days in proestrus to
estrus averaged 29 * 7 vs. 29 £ 5% in chronic vehicle- vs. chronic THC-assigned rats,
whereas during the 10-day period of chronic injection, percent of days in proestrus to estrus
averaged 40 + 8% in rats that were treated with vehicle daily, vs. 23 + 5% in rats that were
treated with THC daily (Chronic Treatment x Time: F(1,22)=1.42, NS).

3.6 Serum hormone levels

Figure 8 shows that T and E2 replacement by Silastic capsule yielded relatively stable serum
hormone levels and hormone-sensitive reproductive organ weights for up to 10 weeks after
capsule implantation in GDX rats. From 2 to 10 weeks after capsule implantation, T levels
changed slightly but not significantly (Week: F(3,16)=2.51, p=0.096), and seminal vesicle
weights remained stable (Week: F(3,17)=0.23, NS) (Fig. 8, top panel). E2 levels declined
slightly but not significantly over time (Week: F(3,17)=1.52, NS), and uterine weights
remained stable (Week: F(3,18)=0.91, NS) (Fig. 8, bottom panel).

4. Discussion

The present study replicated two previously published findings: (1) greater acute
antinociceptive potency of THC in female compared to male rats; (2) greater development of
antinociceptive tolerance to THC in females compared to males. The primary novel finding
of the present study is that sex differences in the development of antinociceptive tolerance to
THC are not explained by activational effects of gonadal hormones. After 9 days of twice-
daily THC treatment, despite receiving approximately 40% less THC than sham-GDX
males, sham-GDX females were more tolerant than males to THC’s antinociceptive effect
on the tail withdrawal test. Gonadectomy did not eliminate this sex difference: GDX females
without hormone replacement showed as much tolerance development as sham-GDX
females, and GDX males without hormone replacement showed antinociceptive tolerance
development very similar to that observed in sham-GDX males. Neither E2 nor P4
significantly affected tolerance development in GDX females, and T did not significantly
affect tolerance development in GDX males.

In the present study rats developed more tolerance overall than those in our previous study
(Wakley et al., 2014b). THC efficacy, as indicated by shallower slopes on the post-chronic
compared to the pre-chronic dose-effect curves, as well as THC potency decreased after
chronic THC treatment. This dramatic decrease in THC effect is similar to what was
observed in the first study of antinociceptive tolerance to THC that included both female and
male rats, in which Harlan Long-Evans were used, albeit with higher dose-THC
administration given during the chronic treatment period (Wiley et al., 2007). The sex-
specific tolerance induction protocols used in the present study and the Wakley et al.
(2014b) study were nearly identical, and data were collected by the same experimenter
(A.A.W.). The primary differences between the two studies were rat vendor (Taconic vs.
Harlan), laboratory location (the Craft laboratory moved to a different building with a
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different vivarium just before the present study began), and the fact that rats in the present
study underwent anesthesia plus at least a small incision (sham-GDX) two weeks prior to
the start of THC testing. Each of these variables could contribute to discrepant tolerance
across studies. For example, it has been shown that drug effects can vary between Sprague-
Dawley rats from different vendors (e.g. Oliff et al., 1996).

Regardless of the source of the between-study variability in tolerance development, sex
differences in antinociceptive potency of acute THC were still observed in the present study,
and these could be accurately quantified. At the pre-chronic test, THC was approximately
twice as potent in sham-GDX females than in sham-GDX males on both nociceptive tests.
These sex differences were not eliminated by gonadectomy: THC potency did not differ
between GDX+0 and sham-GDX females, or between GDX+0 and sham-GDX males, on
either test. Gonadectomy effects in females may depend on the estrous stage of sham-GDX
rats (Becker et al., 2005; Greenspan et al., 2007). Proestrus-to-estrus is the period during
which Taconic Sprague-Dawley female rats were most sensitive to THC and most different
from males (Craft and Leitl, 2008; Wakley and Craft, 2011), so assuming that Harlan
Sprague-Dawley females show similar estrous cycle variability in THC sensitivity, the
likelihood of observing an effect of gonadectomy would be greatest if all sham-GDX
females were in proestrus-to-estrus on the pre-chronic test day, instead of only 21% (see
Table 4). Given the estrous stage-specific enhancement of THC-induced antinociception that
we have previously observed, E2 or E2+P4 was expected to alter acute THC potency;
however, this was not observed (see Table 2). T also did not significantly alter THC’s acute
antinociceptive potency in GDX males. The lack of T effect agrees with a previous study
(Craft and Leitl, 2008), but the lack of E2 effect does not: E2 increased the antinociceptive
effects of a single dose of THC on the tail withdrawal and paw pressure tests, when THC
was administered systemically (Craft and Leitl, 2008) or i.c.v. (Wakley et al., 2014a). If the
peak increase in response to THC in females occurs at a different point in the estrous cycle
in Harlan vs. Taconic females, the use of a constant-release E2 replacement approach
instead of a cyclic E2 injection regimen in GDX females may have resulted in the lack of E2
enhancement of THC effect in the present study. It should be noted that when all dose-effect
curves were included in the analysis (pre- and post-chronic), E2 did significantly increase
THC effect on the tail withdrawal test, which may suggest that the E2 effect is small in this
population and may only be evident when sample size is very large. The only other study of
ovarian hormone modulation of cannabinoid antinociception, conducted in female mice,
showed that gonadectomy increased antinociception produced by WIN55,212-2, and this
increase was reversed by E2 given in a single large dose approximately 4 h before testing
(Kalbasi Anaraki et al., 2008). Thus, E2 modulation of cannabinoid antinociception may
depend on species, strain, and other variables, and should be investigated further.

In contrast to the lack of consistent E2 effect in the present study, acute THC potency (but
not tolerance development) was significantly decreased by P4 on both nociceptive tests. A
previous study also reported that P4 decreased antinociception produced by a moderate (but
not low) dose of WIN55,212-2 in GDX female mice (Kalbasi Anaraki et al., 2008). In rats,
P4 decreased i.c.v. THC-induced antinociception slightly but not significantly (Wakley et
al., 2014a). In the latter study, P4 was given 4 h before THC, and P4-induced blunting of
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THC’s effect was primarily observed 15-30 min rather than 120-180 min post-THC
injection (unpublished data, A. Wakley), such that overall the P4 effect was not significant.
In the present study, cumulative THC dose-effect curves were obtained in 60-90 min, which
may be why the P4 effect was significant. One additional finding that suggests a P4-
cannabinoid interaction is that progesterone receptor blockade has been reported to enhance
THC’s effects: mifepristone, a progesterone receptor antagonist, increased THC-induced
hypothermia and catalepsy (Pryce et al., 2003). The mechanism underlying P4-cannabinoid
interactions is not known. Interestingly, the steroid hormone precursor pregnenolone has
been shown to reduce many effects of THC, including antinociception (Vallée et al., 2014),
and pregnenolone can be metabolized to P4 (Robel et al., 1995), so perhaps pregnenolone’s
effects are actually mediated by P4.

One mechanism that likely contributes to sex differences in both acute THC-induced
antinociception as well as THC tolerance development is females’ greater production of the
major active metabolite, 11-OH-THC. For example, two hours after THC injection, brain
11-OH-THC levels were significantly higher in female than male rats, and blocking the
metabolism of THC eliminated sex differences in THC’s acute antinociceptive effect (Tseng
et al., 2004). Furthermore, Wiley and Burston (2014) reported that after chronic THC
administration, 11-OH-THC levels in blood increased in female rats but dropped in males;
greater production of 11-OH-THC with repeated THC administration would be expected to
cause greater down-regulation and/or greater desensitization of CB1 receptors, thereby
resulting in greater tolerance. However, adult females do not show necessarily greater
decreases than males in CB1 receptor density or desensitization after chronic THC
treatment, in the brain regions examined thus far, including the periaqueductal gray (Burston
et al., 2010).

In the present study, sex differences in THC-induced catalepsy were also observed. At the
pre-chronic test, catalepsy was greater in sham-GDX females than males; additionally,
tolerance developed in sham-GDX females but not in sham-GDX males (see Fig. 7).
Because catalepsy was tested only after the dose-effect curves for antinociception were
obtained, the catalepsy score represents drug effect after a single dose, the highest one tested
in each rat. A majority of rats were tested after 18 mg/kg THC at the pre-chronic test, and
after 32 mg/kg (chronic vehicle-treated rats) or 180 mg/kg (chronic THC-treated rats) at the
post-chronic test; those rats that were tested at lower doses than these were nearly all
females, yet females still showed greater catalepsy than males. Mean catalepsy scores for
males were only in the 3—4 sec range, so it is possible that a floor effect made tolerance
difficult to observe; however, we have shown previously that baseline catalepsy scores are
in the 1-2 sec range in vehicle-injected males and females (Tseng and Craft, 2001; Craft and
Leitl, 2008; Wakley et al., 2014b), suggesting that decreases in THC effect still could have
been observed from pre- to post-chronic tests. Sex differences in acute THC-induced
catalepsy similar to those observed in the present study have been reported previously
(Tseng and Craft, 2001; Craft et al., 2012). Furthermore, greater tolerance development to
THC-induced catalepsy in females than males was also apparent in a previous
developmental study, although sex differences in tolerance development were not explicitly
tested for (Wiley et al., 2007).
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In the present study, gonadectomy tended to decrease THC-induced catalepsy in females and
increase it in males; furthermore, ovarian hormones slightly increased catalepsy in females
and T tended to decrease catalepsy in males, yet none of these hormone effects were
statistically significant. Similar hormone modulation of THC’s motoric effects was reported
in a previous study (Craft and Leitl, 2008), suggesting that activational effects of gonadal
steroid hormones do account for sex differences in THC’s acute motoric effects (and
possibly sex differences in the development of tolerance to THC’s motoric effects). A more
highly powered study, for example, one that includes multiple doses of THC instead of just
one, will be necessary to confirm gonadal hormone modulation of THC’s motoric effects.

The estrous cycle in most female rats is 4-5 days long, with females in proestrus to estrus
approximately 40-45% of each 4-5 day cycle (Feder, 1981; Freeman, 1988; Haim et al.,
2003). In the present study, during the week before chronic injections began, the average
percent time in proestrus to estrus averaged only 29% in sham-GDX females, which is
approximately 10-15% lower than expected. This result suggests that rats were somewhat
stressed from handling/lavage alone (they were not handled or habituated to daily vaginal
lavage until these samples were taken). In support of this hypothesis, during the subsequent
chronic treatment phase, average time spent in proestrus to estrus (40%) reached the normal
range in chronic vehicle-treated females. In contrast, average time spent in proestrus to
estrus remained below normal (23%) in chronic THC-treated females during the chronic
treatment phase. Although these group differences were not statistically significant, the
differential trajectories in the two groups suggest that THC suppressed estrous cycling.
Chronic THC administration at relatively high doses has been shown to significantly disrupt
estrous cycling in female rats (Marusich et al., 2014), as well as menstrual cycling in female
monkeys (Smith et al., 1983) and humans (Mendelson et al., 1986). The lesser effect in the
present study likely reflects the lower chronic THC dose used (5.7 mg/kg THC twice-daily)
relative to doses used in previous studies (25-30 mg/kg THC once- or twice-daily: Marusich
etal., 2014; O’Connell et al., 1987).

5. Conclusion

The present study suggests that greater antinociceptive tolerance development in females
compared to males, which occurred despite the fact that females were given approximately
40% less THC than males were during the tolerance induction phase, is not due to
activational effects of gonadal hormones. Thus, sex differences may be due to organizational
effects of gonadal steroid hormones, or to direct effects of the sex chromosomes themselves
(Becker et al., 2005). Given the role that drug tolerance plays in the development of
substance abuse and dependence, greater THC tolerance development in females may
explain the more rapid transition from first use to problematic use of marijuana observed in
women compared to men (Khan et al., 2013; Hernandez-Avila et al., 2004; Lewis et al.,
2014).
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Figure 1.

Experimental timeline.
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Sex differences in acute THC-induced antinociception on the 50°C warm water tail
withdrawal test (top panel) and the paw pressure test (bottom panel). Rats were either sham-
gonadectomized (sham-GDX) or gonadectomized (GDX+0) two weeks before testing. Each
point is the mean + 1 SEM percent maximum possible effect (%MPE) of 23-24 rats. For
clarity of data presentation, the 1.0 mg/kg dose is not shown for male groups (all points

<20% MPE).
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Figure 3.
Gonadal hormone modulation of acute THC-induced antinociception on the 50°C warm

water tail withdrawal test (top panel) and the paw pressure test (bottom panel).
Gonadectomized females (left panels) were treated with no hormone (GDX+0), estradiol
(GDX+E2), progesterone (GDX+P4), or both ovarian hormones (GDX+E2/P4).
Gonadectomized males (right panels) were treated with no hormone (GDX+0) or
testosterone (GDX+T). Each point is the mean + 1 SEM percent maximum possible effect
(%MPE) of 21-24 rats. The 1.0 mg/kg dose is not shown for male groups (all points <20%
MPE).
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Figure 4.

Sex differences in development of antinociceptive tolerance to THC on the 50°C warm
water tail withdrawal test (top panels) and the paw pressure test (bottom panels). Rats were
sham-gonadectomized (sham-GDX); two weeks later, the first THC dose-effect curve was
obtained (Pre-chronic), then either vehicle (left panels) or THC (right panels) was
administered twice-daily for 9 days, and the THC dose-effect curve was re-determined
(Post-chronic). Each point is the mean £ 1 SEM percent maximum possible effect (%MPE)
of 12 rats. For clarity of data presentation, the 1.0 mg/kg dose is not shown for some groups
(all points <20% MPE).
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Figure 5.

Antinociceptive tolerance to THC on the 50°C warm water tail withdrawal test in
gonadectomized females (top panels) and males (bottom panels). Females were treated with
no hormone (GDX+0), estradiol (GDX+EZ2), progesterone (GDX+P4), or both ovarian
hormones (GDX+E2/P4). Males were treated with no hormone (GDX+0) or testosterone
(GDX+T). Two weeks later, the first THC dose-effect curve was obtained (Pre-chronic),
then either vehicle (left panels) or THC (right panels) was administered twice-daily for 9
days, and the THC dose-effect curve was re-determined (Post-chronic). Each point is the
mean + 1 SEM percent maximum possible effect (%MPE) of 10-12 rats. For clarity of data
presentation, lower doses are not plotted for some groups (all points <20% MPE).
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Figure 6.

Antinociceptive tolerance to THC on the paw pressure test in gonadectomized females (top

panels) and males (bottom panels). Details same as in Fig. 5.
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Figure 7.
Sex differences in, and gonadal hormone modulation of THC-induced catalepsy. Sham-

gonadectomized females (sham F) and males (sham M), and gonadectomized (GDX) rats
treated with no hormone (GDX+0), estradiol (+E2), progesterone (+P4), both ovarian
hormones (+E2/P4), or testosterone (+T) were tested for catalepsy after completion of
antinociceptive testing on the pre-chronic test day (pre) and the post-chronic test day (post).
Each bar is the mean = 1 SEM of 10-12 rats. *significant decrease in catalepsy from pre- to
post-chronic tests.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wakley et al.

500 -

400 -

300 -

—@— Testosterone (ng/dl)
N
o
o

100

1
ot
[6)}

- 3.0

- 2.5

- 2.0

N w B
o o o
L 1 1

—@— Estradiol (pg/ml)

T T T T T 1.0

Figure 8.

2 4 6 8 10

Time after capsule implantation (weeks)

Page 25

—>— Uterine weight (g/kg BW) —>— Seminal vesicle weight (g/kg BW)

Serum levels of testosterone and seminal vesicle weight in males (top panel) and serum
levels of estradiol and uterine weight in females (bottom panel) at various time points after
gonadectomy + hormone capsule implantation. Each point is the mean + 1 SEM of 4-6 rats.
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Treatment groups.

Table 1

Capsule Implant

Hormone Injection®

FEMALES
Sham-GDX Blank
GDX +0 Blank
GDX + E2 Estradiol
GDX + P4 Blank
GDX + E2/P4  Estradiol
MALES
Sham-GDX Blank
GDX +0 Blank
GDX+T Testosterone

Oil
Qil
QOil
Progesterone

Progesterone

QOil
Qil
QOil

Page 26

aoiI or P4 was injected s.c. once every 5 days starting on the 4th day after the surgery day; THC dose-effect curves were obtained before and after
chronic exposure to THC, starting approximately 4 hr after oil or P4 injection.
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Table 2

Sex differences in acute antinociceptive potency of THC, and gonadal hormone modulation of acute THC
potency (pre-chronic test day).

Mean EDsq (95% C.L), in mg/kg
Sex/Hormone Group (n)

1duasnuen Joyiny

Tail Withdrawal

Paw Pressure

Sham-GDX Females (24)
Sham-GDX Males (24)
GDX + 0 Females (24)
GDX + P4 Females (21)

GDX + E2 Females (23)
GDX + E2/P4 Females (24)

GDX + 0 Males (23)

GDX + T Males (24)

3.63 (3.04, 4.40)

*

8.30 (6.65, 10.97)
3.05 (2.64, 3.52)

4.43 (3.72,5.30)
3.00 (2.53, 3.53)
2.75 (2.34, 3.20)

8.88 (6.96, 12.33)
7.89 (6.73, 9.48)

3.47 (2.90, 4.18)

*

6.73 (5.30, 8.83)
3.10 (2.47,3.87)

6.99 (5.32, 9.93)1
462 (3.31,7.51)
5.37 (4.22, 7.48)"
8.22 (6.13, 12.32)
5.99 (4.90, 7.36)

1duosnue Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

*
sex difference: significantly different from sham-GDX females, p<0.05

Thormone effect: significantly different from GDX+0 females, p<0.05
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