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A B S T R A C T

Background: The recent NIH mandate to consider sex as a biological variable in preclinical research has focused
attention on delineation of sex differences in behavior. To investigate mechanisms underlying sex differences in
Δ9-tetrahydrocannabinol (THC) effects, we examined the effects of sex and gonadal hormones on CB1 receptors
in cerebellum, hippocampus, prefrontal cortex, and striatum.
Methods: Adult Sprague-Dawley rats underwent gonadectomy (GDX) or sham-GDX. Half of the GDX females and
males received estradiol or testosterone replacement (GDX+H), respectively. All rats were injected with vehicle
or 30mg/kg THC twice daily for 1 week before brain collection. CP55,940-stimulated [35S]GTPγS and [3H]
SR141716A saturation binding assays were performed.
Results: With exception of enhanced receptor activation in the hippocampi of female rats compared to males,
vehicle-treated rats exhibited minimal sex differences in CB1 receptor densities or G-protein coupling. Repeated
treatment with THC resulted in pronounced CB1 receptor desensitization and downregulation in both sexes in all
brain regions with a greater magnitude of change in females.
Conclusions: These results suggest that sex differences in the density and G-protein coupling of brain CB1 re-
ceptors may play a limited role in sex differences in acute THC effects not mediated by the hippocampus. In
contrast, sex differences after repeated THC were common, with females (intact, GDX, and GDX+H) showing
greater downregulation or desensitization in all four brain regions compared to the respective male groups. This
result is consistent with a finding that women tend to progress to tolerance and dependence quicker than men
after initiation of cannabis use.

1. Introduction

Historically, most preclinical pharmacological research has been
conducted in male animals without regard for potential sex-based
variance in drug effects (Beery and Zucker, 2011). To address this sex
imbalance in basic research, in 2016 the National Institutes of Health
mandated consideration of sex as a biological variable in the review of
grant proposals using animal models (Clayton and Collins, 2014).
Consequently, research including animals of both sexes is increasing
rapidly, highlighting the need to establish sex differences or the lack
thereof between male and female rats in their basal, untreated state. To
this end, the primary goal of this study was to investigate sex differ-
ences in brain cannabinoid type-1 receptors (CB1) receptors in drug
naïve male and female rats.

CB1 receptors are part of the body’s endocannabinoid system, which
is comprised of two identified receptors (CB1 and CB2) and two pre-
dominant endogenous ligands (anandamide and 2-arachidonoylgly-
cerol) along with synthetic and metabolic enzymes that catalyze their
synthesis and degradation. Whereas CB2 receptors are located primarily
in the periphery, CB1 receptors are the most abundant type of G protein-
coupled receptor in mammalian brain and primarily couple to Gαi/o

proteins to promote inhibitory signaling (Childers and Breivogel, 1998;
Herkenham et al., 1991). Δ9-Tetrahydrocannabinol (THC), the main
psychoactive constituent of cannabis, produces its characteristic “high”
through activation of CB1 receptors in the brain, and CB1 receptors
mediate a wide variety of other emotional and physical effects of can-
nabinoids. CB1 receptor density varies throughout the brain, and this
variation is furthered by region-specific receptor downregulation and

https://doi.org/10.1016/j.drugalcdep.2018.09.018
Received 22 June 2018; Received in revised form 21 September 2018; Accepted 23 September 2018

⁎ Corresponding author.
E-mail address: jwiley@rti.org (J.L. Wiley).

Drug and Alcohol Dependence 194 (2019) 20–27

Available online 25 October 2018
0376-8716/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03768716
https://www.elsevier.com/locate/drugalcdep
https://doi.org/10.1016/j.drugalcdep.2018.09.018
https://doi.org/10.1016/j.drugalcdep.2018.09.018
mailto:jwiley@rti.org
https://doi.org/10.1016/j.drugalcdep.2018.09.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.drugalcdep.2018.09.018&domain=pdf


desensitization following repeated cannabinoid exposure (Breivogel
et al., 2003; Sim et al., 1996). Desensitization in specific brain regions
also can be sex-dependent: for example, adult male rats show greater
desensitization than females in periaqueductal gray (Burston et al.,
2010).

In the present study, we compared CB1 receptor density and func-
tional sensitivity between sexes in specific brain regions that are in-
volved in some of THC’s psychoactive effects: cerebellum, striatum,
hippocampus, and prefrontal cortex (PFC). In addition, to determine the
extent to which gonadal hormones might be responsible for any ob-
served sex differences, we evaluated CB1 receptor density and function
in gonadectomized male and female rats (with and without testosterone
or estradiol replacement, respectively) and compared results to those
obtained in gonadally intact rats of both sexes. Finally, we investigated
changes in CB1 receptors induced by repeated dosing with THC in male
and female rats with and without gonadectomy and hormone replace-
ment. The effects of sex, gonadal hormones, and THC on tolerance and
withdrawal behaviors of these rats has been reported previously
(Marusich et al., 2015).

2. Materials and methods

2.1. Subjects

Twenty-four male and twenty-four female Sprague-Dawley rats
(Harlan, Dublin, VA), aged 57–63 days on arrival, were pair-housed
with a rat of the same sex in polycarbonate cages at 20–22 °C under a
12–12 h light/dark cycle (lights on at 6 a.m.). The surgical, behavioral,
and pharmacological procedures performed on these rats have been
previously reported (Marusich et al., 2015). In brief, all rats underwent
either gonadectomy or sham-gonadectomy 6–10 days after arrival.
Immediately after surgery, hormone-replacement Silastic® capsules
were implanted s.c. between the shoulder blades. These capsules were
either blank or contained a 1mm length of estradiol for females or a
10mm length of testosterone/100 g body weight for males. This hor-
mone replacement regimen has been shown previously to maintain
stable testosterone and estradiol levels for up to 10 weeks and 6 weeks,
respectively, after surgery/capsule implantation (Wakley et al., 2015).

Ten days after surgery a repeated dosing procedure was initiated.
Rats were injected with vehicle (7.8% Polysorbate 80 NF and 92.2%
sterile saline USP) or 30mg/kg THC twice daily (at approximately
7 a.m. and 3 p.m.) for 6 days. In the morning of the 7th day, rats were
again injected with vehicle or 30mg/kg THC and were evaluated be-
haviorally. Previously, we showed that this dosing regimen produced
marked tolerance and dependence in intact rats of both sexes (Marusich
et al., 2014, 2015). Four h after the last THC or vehicle injection, rats
were euthanized and their brains were collected, dissected on ice, and
frozen at −80 °C until use. All experiments were carried out in ac-
cordance with guidelines published in the Guide for the Care and Use of
Laboratory Animals (National Research Council, 2011) and were ap-
proved by the Institutional Animal Care and Use Committee at RTI
International.

2.2. Brain membrane preparation

Cerebellum, prefrontal cortex, hippocampus, and striatum were
homogenized by Polytron at 23,000 rpm for 10–15 s in cold membrane
buffer (50mM Tris–HCl pH 7.4, 3 mM MgCl2, 0.2mM EGTA and
100mM NaCl) and then centrifuged at 40,000× g for 10min at 4 °C. To
wash away any residual THC that may have remained when tissues
were collected (i.e., 4 h after the final THC injection), pellets were re-
suspended in membrane buffer, re-homogenized, and centrifuged
again. The resulting pellets were homogenized in membrane buffer,
protein was quantified by Bradford method, and membranes were
preincubated for 10min at 37 °C in 0.003 U/mL adenosine deaminase
to remove endogenous adenosine.

2.3. CP55,940-stimulated [35S]GTPγS and [3H]SR141716A saturation
binding assays

Membranes were incubated at 30 °C for 1 h at 0.5mL final volume in
membrane buffer with 1mg/mL BSA. For [35S]GTPγS binding,
0.1–10,000 nM CP55,940, 30 μM GDP, 0.1 nM [35S]GTPγS, and 10 μg
membrane protein were added. For saturation binding, 0.06–3.0 nM
[3H]SR141716A and 15 μg protein were added. Non-specific binding
was determined using either 30 μM unlabeled GTPγS or 5 μM unlabeled
SR141716A, respectively. Reactions were terminated by rapid filtration
under vacuum through GF/C filter plates followed by 2–3 washes with
2mL cold rinse buffer (50mM Tris-HCl, 0.5mg/mL BSA, pH 7.4). Filter
plates were oven-dried for 50min. Thirty-five μL of Microscint 20
scintillation fluid was added to each well, and bound radioactivity was
determined by liquid scintillation spectrophotometry using a Packard
Topcount NXT.

2.4. Chemicals

SR141716A, [3H]SR141716A, and CP55,940 were provided by the
Drug Supply Program of the National Institute on Drug Abuse
(Rockville, MD, USA). Guanosine 5’-3-O-(thio)triphosphate (GTPγS),
guanosine 5’-diphosphate (GDP), bovine serum albumin (BSA), ade-
nosine deaminase, Tris base, HCl, MgCl2, EGTA, and NaCl were pur-
chased from Sigma Aldrich (St. Louis, MO). [35S]GTPγS, Unifilter GF/C
glass fiber filters, and Microscint 20 scintillation cocktail were pur-
chased from PerkinElmer (Waltham, MA).

2.5. Data analysis

Data are presented as mean ± S.E.M. obtained from brain tissue
from 4 rats/group. After subtraction of non-specific binding, the
[35S]GTPγS net-stimulated binding was calculated as agonist-stimu-
lated minus basal binding. The data were expressed as percent stimu-
lation (%Stim) defined as net-stimulated binding as a percentage of
basal binding. Specific [3H]SR141716A binding was calculated by
subtracting non-specific binding from total binding values for each
concentration and expressed as pmol of bound radioligand per mg of
brain membrane protein (pmol/mg). Analyses of saturation binding
curves and agonist concentration–effect curves were conducted by
iterative non-linear regression using the “One Site – Specific binding”
and “log(agonist) vs. response (three parameters)” with Bottom con-
strained to 0.0, respectively, using Prism 4 (GraphPad Software, San
Diego, CA) to obtain Kd, Bmax, logEC50 and Emax values for each sample.

Data for all rats were analyzed by separate three-way ANOVAs
(sex× hormonal status× THC/vehicle treatment) for each brain re-
gion and for each dependent measure. As expected, THC significantly
decreased Bmax and Emax in all brain regions. Subsequently, data for
vehicle-treated rats and for THC-treated rats were analyzed by separate
two-way ANOVAs (sex× hormone treatment) for each brain region and
for each dependent measure. Follow-up analysis of significant
(p < 0.05) main effects and interactions was accomplished through use
of Tukey’s post hoc tests (α=0.05).

3. Results

Figs. 1–4 show the results of [3H]SR141761A saturation binding
and [35S]GTPγS experiments in brain areas from vehicle- and THC-
treated adult male and female rats that were intact, gonadectomized
without hormone replacement, or gonadectomized and treated with
hormone. In vehicle-treated rats of both sexes, regional differences in
Bmax and Emax were evident: Emax showed greater divergence across
regions. For both sexes, maximal binding of [3H]SR141716A was ob-
served in the hippocampus (Fig. 1, panel A) and least was seen in the
PFC (Fig. 2, panel A) with a range from 8.8 pmol/mg in gonadecto-
mized (GDX) male and female rats to 3.5 pmol/mg in intact male rats.
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Whereas maximal CP55,940-induced [35S]GTPγS binding (Emax) was
also least in the PFC of both male and female rats (Fig. 2, panel C), it
was greatest in the cerebellum in rats of both sexes (Fig. 3, panel C).
Emax values ranged from 64% in intact female PFC (Fig. 2, panel C) to
338% in intact female cerebellum (Fig. 3, panel C). Kd values for [3H]
SR141716A binding in vehicle-treated rat brain tissues were between
0.16 and 0.33 nM in all samples (Figs. 1–4, panel B), and EC50 values for
CP55,940 stimulation of [35S]GTPγS binding were between -8.5 and
-7.9 log M (Figs. 1–4, panel D) with little variation across regions.

In contrast to the substantial regional differences, effects of gona-
dectomy/hormone treatment and sex within each region were modest.
Fig. 1 shows the results of analysis of the hippocampus. Hippocampi
taken from vehicle-treated GDX rats without hormone replacement
showed significantly greater CB1 receptor density and lower affinity
compared to gonadally intact vehicle-treated rats [Fig. 1; main effects
of hormone status for Bmax (panel A): F(2,18)= 4.6, p < 0.05 and Kd

(panel B): F(2,18)= 3.9, p < 0.05]. These differences in receptor
binding were accompanied by a significant sex difference in CB1 re-
ceptor efficacy (but not in potency, EC50; Fig. 1, panels C and D) in the
hippocampus of vehicle-treated rats, and greater maximal stimulation
(Emax) was seen in the hippocampi of females than males [Fig. 1, panel
C; main effect of sex: F(1,18)= 28.5, p < 0.05]. Repeated treatment
with THC induced significant downregulation (Bmax) and desensitiza-
tion (Emax) in the hippocampus [Fig. 1, panels A and C; 3-way ANOVA
main effect of THC: F(1,36)= 793.0, p < 0.05 and F(1,36)= 134.3,
p < 0.05 for Bmax and Emax, respectively]. A significant sex difference
also emerged for Bmax, with female THC-treated rats showing

significantly lower CB1 receptor number (more downregulation) than
males [Fig. 1, panel A; 2-way ANOVA results, main effect of sex: F
(1,18)= 17.2, p < 0.05] and no change in affinity (Fig. 1, panel B).
Compared to intact rats, THC-treated GDX rats of both sexes (with
hormone replacement) had greater Bmax values [Fig. 1, panel A; main
effect of hormonal status: F(2,18)= 10.4, p < 0.05]. While a sex dif-
ference was not observed for Emax, THC treatment eliminated the higher
Emax values seen in vehicle-treated female rats (Fig. 1, panel C), sug-
gesting that the greater downregulation in the hippocampi of female
rats may have been accompanied by greater desensitization (as per-
centage of vehicle as compared to males). CP55,940 also was slightly,
but significantly, more potent in stimulating the receptor in female
rather than male rats [Fig. 1, panel D; 2-way ANOVA results, main ef-
fect of sex for EC50: F(1,18)= 6.6, p < 0.05]. THC treatment did not
differentially alter CB1 activation of G-proteins across gonadectomy/
hormone status in the hippocampus.

Fig. 2 shows analysis of the PFC. Here, significant group differences
in maximal CB1 receptor binding (Bmax) or affinity (Kd) were not ob-
served for vehicle-treated rats of either sex regardless of hormonal
status (Fig. 2, panels A and B, respectively). In contrast, greater max-
imal stimulation (Emax) was seen in the PFC of vehicle-treated GDX rats
(with and without hormone replacement) than of intact rats of both
sexes [Fig. 2, panel C; main effect of hormone status: F(2,18)= 18.9,
p < 0.05] without accompanying difference in potency (EC50; Fig. 2,
panel D). Repeated treatment with THC induced significant down-
regulation (Bmax) and desensitization (Emax) in the PFC [Fig. 2, panels A
and C, respectively; 3-way ANOVA main effect of THC: F

Fig. 1. Effects of sex and hormonal status on [3H]SR141761A saturation binding (Bmax and Kd) and CP55,940-stimulated [35S]GTPγS binding (Emax and EC50) in the
hippocampus of vehicle- (Veh) or THC-treated adult rats of both sexes. Rats were gonadally intact (i.e., sham gonadectomy) (filled black bars) or had undergone
gonadectomy (GDX) with or without hormone replacement (filled grey bars and unfilled bars, respectively). Each point represents the mean (± SEM) of data for 4
rats in each condition. Based upon curves fitted to the binding values, four dependent measures were calculated: Bmax (panel A), Kd (panel B), Emax (panel C), and
EC50 (panel D). Three-way ANOVA showed significant THC-induced decreases in Bmax and Emax for hippocampus (vs. Veh). For 2-way (sex X hormonal status)
ANOVAs: $ p < 0.05, main effect of sex for designated measure (i.e., different between sexes when collapsed across hormonal condition). # p < 0.05, main effect of
hormonal condition compared to intact (i.e., hormonal condition produced different results vs intact when collapsed across sex).
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(1,36)= 117.0, p < 0.05 and F(1,36)= 411.8, p < 0.05 for Bmax and
Emax, respectively]. Further, significant sex differences also emerged for
both measures. Despite similar CB1 receptor densities and functioning
in vehicle-treated rats of both sexes, female THC-treated rats showed
lower CB1 receptor number (more downregulation) and less stimulation
(more desensitization) than males in the PFC [Fig. 2, panels A and C,
respectively; 2-way ANOVA results, main effect of sex: F(1,18)= 5.0,
p < 0.05 and F(1,18)= 6.3, p < 0.05 for Bmax and Emax, respec-
tively]. Compared to intact rats, THC-treated GDX rats (without hor-
mone replacement) also exhibited greater Bmax values in the PFC re-
gardless of sex [Fig. 2, panel A; main effect of hormonal status: F
(2,18)= 5.7, p < 0.05], an effect that was reversed by hormone
treatment. THC treatment did not differentially alter CB1 activation of
G-proteins across gonadectomy/hormone status in the PFC.

Fig. 3 shows the results of analysis of the cerebellum. CB1 receptor
binding (panels A and B) and functioning (panels C and D) were similar
in the cerebelli of vehicle-treated rats of both sexes regardless of hor-
monal status. As observed with other brain areas, however, repeated
THC treatment produced significant downregulation (Bmax) and de-
sensitization (Emax) in the cerebellum [Fig. 3, panels A and C, respec-
tively; 3-way ANOVA main effect of THC: F(1,36)= 309.9, p < 0.05
and F(1,36)= 403.2, p < 0.05 for Bmax and Emax, respectively]. Si-
milar to findings in the PFC, the cerebelli of female THC-treated rats
showed lower CB1 receptor number (more downregulation) and less
agonist-induced stimulation (more desensitization) than males [Fig. 3,
panels A and C, respectively; 2-way ANOVA results, main effect of sex: F

(1,18)= 11.4, p < 0.05 and F(1,18)= 6.4, p < 0.05 for Bmax and
Emax, respectively]. THC treatment did not differentially alter CB1 re-
ceptor density or activation across gonadectomy/hormone status in the
cerebellum.

Fig. 4 shows results of analysis of the striatum. In vehicle-treated
rats, differences across sex and hormonal condition in receptor number
or efficacy were not seen in the striatum (Fig. 4, panels A and C, re-
spectively). With repeated THC treatment, significant downregulation
(Bmax) and desensitization (Emax) emerged in the striatum as for the
three other brain areas [Fig. 4, panels A and C, respectively; 3-way
ANOVA main effect of THC: F(1,36)= 121.8, p < 0.05 and F
(1,36)= 140.6, p < 0.05 for Bmax and Emax, respectively]. While THC
treatment did not differentially affect downregulation for female and
male rats as it did in the other three brain areas, a significant sex dif-
ference was detected for desensitization in which more desensitization
was seen in the striatum of female rats than males [Fig. 4, panel C; 2-
way ANOVA results, main effect of sex: F(1,18)= 11.1, p < 0.05].
THC treatment also slightly (but significantly) decreased potency in the
striatum for GDX rats of both sexes (with hormone replacement) com-
pared to intact rats (Fig. 4, panel D).

4. Discussion

Consistent with the results of previous research (Burston et al.,
2010; Sim et al., 1996), regional differences in receptor density and
efficacy for G-protein activation were observed in the brains of both

Fig. 2. Effects of sex and hormonal status on [3H]SR141761A saturation binding (Bmax and Kd) and CP55,940-stimulated [35S]GTPγS binding (Emax and EC50) in the
prefrontal cortex of vehicle- (Veh) or THC-treated adult rats of both sexes. Rats were gonadally intact (i.e., sham gonadectomy) (filled black bars) or had undergone
gonadectomy (GDX) with or without hormone replacement (filled grey bars and unfilled bars, respectively). Each point represents the mean (± SEM) of data for 4
rats in each condition. Based upon curves fitted to the binding values, four dependent measures were calculated: Bmax (panel A), Kd (panel B), Emax (panel C), and
EC50 (panel D). Three-way ANOVA showed significant THC-induced decreases in Bmax and Emax for prefrontal cortex (vs. Veh). For 2-way (sex X hormonal status)
ANOVAs: $ p < 0.05, main effect of sex for designated measure (i.e., different between sexes when collapsed across hormonal condition). # p < 0.05, main effect of
hormonal condition compared to intact (i.e., hormonal condition produced different results vs intact when collapsed across sex).
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male and female rats in the present study. Relative differences in Emax

between brain regions were large and agreed with those previously
reported with maximal receptor function in the cerebellum being
higher than that of other brain regions (Breivogel et al., 2003; Burston
et al., 2010). By contrast, receptor densities, measured by maximal [3H]
SR141716A binding, exhibited less regional variation. These results
agree with previous results showing that the ratio of CB1 receptors to
CB1 receptor-activated G-proteins varies widely across brain regions
(Breivogel et al., 1997).

Despite the cross-regional differences in receptor function noted
above, intact vehicle-treated rats showed few sex differences in basal
receptor expression or function within each of the four selected brain
regions. A notable exception was enhanced CB1 receptor stimulation in
the hippocampi of female rats compared to males. Given the absence of
a concomitant sex difference in CB1 receptor numbers (as measured by
Bmax), these results suggest increased efficacy of G-protein coupling of
hippocampal CB1 receptors in females. Comparison of the present re-
sults with those of previous studies is complicated by differences in rat
strain (e.g., Long-Evans, Lister, Wistar, and Sprague-Dawley), in pro-
cedure used to measure receptor number and function (e.g., auto-
radiographic analysis in brain sections vs. radioligand binding and
agonist-stimulated [35S]GTPγS binding in membrane homogenates, or
use of radiolabeled agonist vs. antagonist), and in specific brain regions
examined. A few studies reported sex differences in CB1 receptor den-
sities in isolated regions: (a) autoradiographic analysis using labeled
agonist revealed lower densities in the amygdala and cingulate areas 1

and 3 of vehicle-treated female compared to male Lister hooded rats
(Castelli et al., 2014); (b) lower densities in the mesencephalon of ve-
hicle-treated female compared to male Wistar rats were demonstrated
through membrane homogenate binding (Rodriguez de Fonseca et al.,
1994); (c) agonist radioligand binding to membranes showed lower CB1

receptor densities in the hypothalamus and higher densities in the
amygdala of vehicle-treated female compared to male Sprague-Dawley
rats (Riebe et al., 2010). Other studies have failed to find sex differences
in CB1 receptor number and/or function in a variety of brain regions in
vehicle-treated, intact adult Sprague-Dawley or Long Evans rats
(Burston et al., 2010; Silva et al., 2016). The paucity of examination of
sex differences in CB1 receptor number and function, as well as the
disparate cross-study results described above, highlight the need for
additional research in this area using standardized procedures. Never-
theless, review of the extant research suggests that sex differences in
brain CB1 receptor number and function in vehicle-treated intact adult
rats are not widespread or pronounced, and this conclusion is supported
by the present results.

While several studies have examined the effects of gonadectomy on
CB1 receptor number and/or function in female rodents, this study re-
presents the first to examine its effects in males. Gonadectomy (with or
without hormone replacement) did not alter the overall pattern of
minimal sex differences in CB1 receptor density and activation in ve-
hicle-treated rats of either sex. As with intact rats, the most prominent
effects of GDX were observed in the hippocampus and PFC. In PFC, GDX
rats of both sexes demonstrated increased G-protein activation (Emax)

Fig. 3. Effects of sex and hormonal status on [3H]SR141761A saturation binding (Bmax and Kd) and CP55,940-stimulated [35S]GTPγS binding (Emax and EC50) in the
cerebellum of vehicle- (Veh) or THC-treated adult rats of both sexes. Rats were gonadally intact (i.e., sham gonadectomy) (filled black bars) or had undergone
gonadectomy (GDX) with or without hormone replacement (filled grey bars and unfilled bars, respectively). Each point represents the mean (± SEM) of data for 4
rats in each condition. Based upon curves fitted to the binding values, four dependent measures were calculated: Bmax (panel A), Kd (panel B), Emax (panel C), and
EC50 (panel D). Three-way ANOVA showed significant THC-induced decreases in Bmax and Emax for cerebellum (vs. Veh). For 2-way (sex X hormonal status) ANOVAs:
$ p < 0.05, main effect of sex for designated measure (i.e., different between sexes when collapsed across hormonal condition). Note: y-axis scale for Emax (panel C)
is different for cerebellum than for other 3 brain areas (Figs. 1 2 and 4).
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compared to intact rats. While GDX rats also appeared to have a higher
receptor density in the PFC compared to intact rats, the effect was not
significant (p=0.075), perhaps because of the relatively small number
of rats included in this study or the choice to use the whole PFC rather
than specific sub-regions (which may have obscured the ability to de-
tect differences specific to a sub-region). To the latter point, in un-
treated rats, GDX females had higher CB1 receptor density and efficacy
in cingulate areas 1 and 3 of the PFC than intact females using auto-
radiographic analysis of [3H]CP55,940 receptor binding and CP55,940
stimulated [35S]GTPγS binding, respectively (Castelli et al., 2014).
Whereas recovery of sensitivity in the PFC was observed in GDX females
pre-treated with a single injection of estradiol in the previous study, a
similar recovery was not seen in this study for either female or male
GDX rats treated chronically with estradiol or testosterone, respec-
tively. In the present study, GDX also significantly increased CB1 re-
ceptor density (Bmax) in the hippocampi and PFC of males and females
relative to intact rats of each sex, as has been reported previously for
female rats (Riebe et al., 2010). Again, however, the “chronic” hormone
replacement used in the present study did not result in recovery for
either sex, although recovery was observed following a single injection
of estradiol in the previous study. The hormone replacement regimen
we used here has been shown previously to maintain normal re-
productive organ (e.g., seminal vesicle or uterine) weight as well as
normal levels of sexual behavior (copulatory rate and efficiency for
males or lordosis quotient for females) in gonadectomized rats tested
1–1.5 months after surgery+hormone replacement (Stoffel et al.,

2003). In ovariectomized females, this estradiol replacement regimen
maintains a proestrous- to estrous-like state (Stoffel et al., 2003).
Moreover, we have measured serum hormone levels in gonadectomized
rats using the same regimen of hormone replacement and found that
testosterone and estradiol levels were stable for up to 10 weeks and 6
weeks, respectively, after surgery/capsule implantation (Wakley et al.,
2015). Given the disparate findings regarding the effects of hormone
replacement between the present and previous studies, further research
is needed to determine whether method and/or chronicity of hormone
replacement affects various aspects of CB1 receptors.

The relative paucity of sex differences in the number and function of
CB1 receptors in vehicle-treated rats belies the frequently observed
behavioral differences between responses in males and females induced
by acute administration of cannabinoid agonists (Craft et al., 2013;
Fattore and Fratta, 2010), some of which have been shown to be
modulated by sex hormones (Winsauer et al., 2011). For example,
previous studies show that administration of estradiol to GDX female
rats increased acute THC-induced antinociception and locomotor ac-
tivity, and testosterone lessened acute THC effects on motor activity in
GDX males (Craft and Leitl, 2008; Wakley et al., 2014a). Pharmacoki-
netic differences may also play a role in mediation of the greater sen-
sitivity of female rats to THC’s behavioral effects, as females exhibited
preferential metabolism of THC to its psychoactive metabolite 11-hy-
droxy-tetrahydrocannabinol (11-OH-THC), whereas a larger variety of
metabolites was observed in males (Tseng et al., 2004; Wiley and
Burston, 2014).

Fig. 4. Effects of sex and hormonal status on [3H]SR141761A saturation binding (Bmax and Kd) and CP55,940-stimulated [35S]GTPγS binding (Emax and EC50) in the
striatum of vehicle- (Veh) or THC-treated adult rats of both sexes. Rats were gonadally intact (i.e., sham gonadectomy) (filled black bars) or had undergone
gonadectomy (GDX) with or without hormone replacement (filled grey bars and unfilled bars, respectively). Each point represents the mean (± SEM) of data for 4
rats in each condition. Based upon curves fitted to the binding values, four dependent measures were calculated: Bmax (panel A), Kd (panel B), Emax (panel C), and
EC50 (panel D). Three-way ANOVA showed significant THC-induced decreases in Bmax and Emax for striatum (vs. Veh). For 2-way (sex X hormonal status) ANOVAs: $
p < 0.05, main effect of sex for designated measure (i.e., different between sexes when collapsed across hormonal condition). # p < 0.05, main effect of hormonal
condition compared to intact (i.e., hormonal condition produced different results vs intact when collapsed across sex).
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By contrast with the relatively small effects of sex and gonadal
hormones on CB1 receptor density and function in the brains of vehicle-
treated rats, repeated administration of THC induced profound down-
regulation and desensitization of CB1 receptors in all four brain regions
and in both sexes, regardless of hormonal status. These results are
consistent with the robust tolerance to THC-induced tetrad effects (i.e.,
locomotor suppression, antinociception, hypothermia and catalepsy;
Marusich et al., 2015) that was exhibited by these rats. In addition, they
are consistent with prior investigations in intact male and female ro-
dents (Burston et al., 2010; Sim-Selley, 2003) and in male human
subjects (Hirvonen et al., 2012). The present results are novel in that
they demonstrate that these THC-induced changes in CB1 receptor
number and function occur not only in intact rats of both sexes but also
in male and female gonadectomized rats regardless of whether testos-
terone or estradiol, respectively, are replaced. Sex differences in THC-
induced decreases in receptor densities and/or function were observed
in all four brain regions with treated males having greater CB1 receptor
numbers than females in the cerebellum, hippocampus, and PFC and
greater G-protein coupling in the cerebellum, PFC, and striatum. These
results contrast with those in vehicle-treated rats (in which sex differ-
ences were not observed in any region for Bmax and only in the hip-
pocampus for Emax, with females > males) and suggest that females
exhibited greater downregulation than males in the cerebellum, hip-
pocampus, and PFC as well as greater desensitization in all four regions.
While female rats have been shown to have greater desensitization than
males in the hippocampus, along with the PFC, striatum, and peria-
queductal grey after repeated cannabinoid exposure during adolescence
(Burston et al., 2010; Rubino et al., 2008; Silva et al., 2015), few studies
have examined the effects of repeated THC treatment during adulthood
on CB1 receptor number and function in the brains of rats of both sexes
(Burston et al., 2010; Wakley et al., 2014a).

In addition to the marked effects of repeated administration of THC
on CB1 receptor number and function, repeated THC also significantly
increased affinity of [3H]SR141716A binding (Kd) and/or decreased the
potency of CP55,940 (EC50) in all brain areas regardless of sex; these
effects have not typically been reported in prior studies, perhaps due to
their exclusive focus on maximal effect measures (i.e., Bmax and Emax).
These results might be related to the decrease in the fraction of the
remaining CB1 receptors that are coupled to G-proteins. At any given
time, some fraction of G-protein coupled receptors are coupled to a G-
protein, and agonists exhibit higher affinity and potency for G-protein
coupled receptors that are coupled (Breivogel and Childers, 2000),
while inverse agonists may show increased affinity for uncoupled re-
ceptors (Bouaboula et al., 1997). Chronic treatment with THC led to
desensitization as evidenced by an overall decrease in Emax, and the
increase in the EC50 for the agonist CP55,940 most likely indicates a
shift of a greater fraction of CB1 into the G-protein uncoupled state. A
greater fraction of uncoupled receptors might also explain the slight
increase in the affinity (decrease in Kd) seen for the inverse agonist [3H]
SR141716A. Hence, enhancement of downregulation and desensitiza-
tion observed in the hippocampi of THC-treated female rats compared
to males conceivably could be related to greater shift in the hippocampi
of females towards the G-protein uncoupled state.

Consistent with these findings, sexual dimorphism has also been
demonstrated in the effects of chronic THC use in humans. Women tend
to progress from initial use to dependence more quickly than men, and
male cannabis smokers experience fewer withdrawal symptoms than
women (Copersino et al., 2010; Hernandez-Avila et al., 2004; Levin
et al., 2010). Development of tolerance to THC’s antinociceptive and
locomotor effects may also be greater in female rats compared to male
rats (Wakley et al., 2014b; Wiley, 2003), and greater tolerance to THC’s
hypothermic effects was observed in the female rats used in the present
study (Marusich et al., 2015). Furthermore, intact adult female rats
exhibited more signs of THC dependence (Marusich et al., 2014).
Subsequent experiments suggested that estradiol and progesterone
likely contributed to the greater dependence in female rats, while

testosterone may have had a protective effect against dependence in
males (Marusich et al., 2015). Sex differences in the acute effects of
THC have also been reported with greater sensitivity generally observed
in female rats (Craft et al., 2013; Wakley et al., 2014b, 2015). Conse-
quently, the same THC dose that was used for both sexes in the present
study represented a functionally higher dose for females than males
(Wakley et al., 2015). If so, the greater downregulation and desensiti-
zation observed in the brains of female rats may be explained by a
difference in the effective dose as opposed to an underlying sex dif-
ference in CB1 receptor sensitivity to THC treatment. Alternatively, the
effects of higher concentrations of THC’s major psychoactive metabolite
11-OH-THC may also have contributed to the greater downregulation
and desensitization observed in female rats (Tseng et al., 2004; Wiley
and Burston, 2014).

In summary, the present results partly replicate and add to a
growing body of literature that examines the effects of sex and gonadal
hormones on the structure and function of brain neurotransmitter sys-
tems in preclinical models. Here, we report that the brains of gonadally
intact vehicle-treated female and male rats exhibited few differences in
CB1 receptor densities in four regions rich in these receptors, but G-
protein coupling was greater in the hippocampi of female than male
rats. While repeated treatment with THC resulted in pronounced
downregulation and desensitization in both sexes, one or both effects
were enhanced in female rats in all four brain regions, a result that is
consistent with the finding that women tend to progress to tolerance
and dependence quicker than men after initiation of cannabis use.
Additional research is needed to delineate further the complex interplay
between sex differences in the brain and in behavior.
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