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Abstract

Sexual dimorphisms are observed in cannabinoid pharmacology. It is widely reported
that female animals are more sensitive to the cataleptic, hypothermic, antinocicep-
tive, and anti-locomotive effects of cannabinoid receptor agonists such as CP55,940.
Despite awareness of these sex differences, there is little consideration for the phar-
macodynamic differences within females. The mouse estrus cycle spans 4-5 days and
consists of four sex hormone-mediated phases: proestrus, estrus, metestrus, and di-
estrus. The endocannabinoid system interacts with female sex hormones including
B-estradiol, which may influence receptor expression throughout the estrus cycle. In
the current study, sexually mature female C57BL/6 mice in either proestrus or me-
testrus were administered either 1 mg/kg i.p. of the cannabinoid receptor agonist
CP55,940 or vehicle. Mice then underwent the tetrad battery of behavioral assays
measuring catalepsy, internal body temperature, thermal nociception, and locomo-
tion. Compared with female mice in metestrus, those in proestrus were more sen-
sitive to the anti-nociceptive effects of CP55,940. A similar trend was observed in
CP55,940-induced catalepsy; however, this difference was not significant. As for can-
nabinoid receptor expression in brain regions underlying antinociception, the spine
tissue of proestrus mice that received CP55,940 exhibited increased expression of
cannabinoid receptor type 1 relative to treatment-matched mice in metestrus. These
results affirm the importance of testing cannabinoid effects in the context of the

female estrus cycle.
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1 | INTRODUCTION

Cannabinoids effect males and females differently, which has in-
creasingly standardized the practice of including both sexes in pre-
clinical research.! Despite these efforts, there is a general lack of
consideration for the fluctuations of sex hormones within the sexes,
particularly within females. Comparable with the 28-day human men-
strual cycle, mice undergo a 4-5 day estrus cycle consisting of the
following hormone-mediated phases: proestrus, estrus, metestrus,
and diestrus.? Proestrus and estrus are characterized by elevated
follicle-stimulating hormone (FSH), luteinizing hormone (LH), and B-
estradiol, whereas metestrus and diestrus are marked by decreases
in these hormones and an increase in circulating progesterone.?™
The estrus cycle influences aspects of the endocannabinoid system

678 as well

including cannabinoid receptor expression and function
as endocannabinoid concentrations.” Behavioral studies have also
revealed that exogenous cannabinoids have different magnitudes
of behavioral effects depending on the estrus cycle phase.}*2 The
current study provides molecular evidence to support the behavioral
observations of these estrus cycle-mediated cannabinoid effects.

The estrus cycle influences endocannabinoid system function-
ality in a brain region-dependent manner. In the limbic forebrain—
consisting of the hypothalamus, amygdala, and hippocampus—the
density of the type 1 cannabinoid receptor (CB1R) does not change
between cycle phases.® When it comes to binding potential, CB1R
in these limbic regions have a higher affinity to cannabinoid ligands
during diestrus compared with estrus.® In other studies involving
ovariectomized (OVX) rats, hippocampal and hypothalamic CB1R
display greater binding site density in OVX rats with lower circu-
lating p-estradiol compared with normally cycling/non-OVX fe-
males.® Interestingly, the opposite binding pattern is seen in the
amygdala.® Regarding the endocannabinoids, pituitary levels of
2-arachidonoylglycerol (2-AG) and anandamide (AEA) are higher
during proestrus compared with late estrus and metestrus when cir-
culating p-estradiol is relatively lower.”!3 In the hypothalamus, both
endocannabinoid levels are greater in diestrus compared with all
other phases.” Endocannabinoid levels do not fluctuate in the stri-
atum throughout the phases, while midbrain levels are more depen-
dent on circulating progesterone compared with [i—estradiol.t”'13 It
remains unclear as to why each brain region is differentially affected
by the interactions between the estrus cycle and endocannabinoid
system.

Although administering exogenous cannabinoids to cycling fe-
males adds another layer of complexity to these dynamic brain
region-specific interactions, these behavioral data provide valu-
able pharmacodynamic insights. For example, 5-10 mg/kg of
A’-tetrahydrocannabinol (THC) induces greater paw pressure ant-
inociception during estrus compared with diestrus when estrogen
levels are relatively low.’%'! Mice in estrus are also slightly more
sensitive to the anti-locomotive and cataleptic effects of intraperi-
toneally (i.p.) injected THC, however, these differences are generally
difficult to detect and largely depend on the route of administra-
tion.X® These behavioral measures—along with body temperature,

commonly referred to as the tetrad battery of in vivo assays—are
controlled by different brain regions. The differences in THC-
induced antinociception between the estrus cycle phases indicate
that regions such as the CB1R- and type 2 cannabinoid receptor
(CB2R)-dense periaqueductal gray (PAG) and spine are the most
affected by the fluctuations of female sex hormones.***> To date,
there are no published reports on how the estrus cycle influences
CB1R and CB2R in the major brain regions that underlie these tet-
rad effects. This information is not only translatable to the use of
cannabinoids by normally cycling human females but is also useful
for preclinical research exploring the intricacies of the female endo-
cannabinoid system.

2 | MATERIALS AND METHODS

2.1 | Compounds

CP55,940 was purchased from Cayman Chemical Company (Ann
Arbor, MI, Cat # 90084) and was stored at -20°C until use. The
stock compound was dissolved in 100% methanol before being
added to a vehicle solution consisting of 1:1:18 ethanol: Kolliphor
EL (MilliporeSigma): 1 M phosphate-buffered saline (Fischer). The
volume of vehicle added to the CP55,940 solution depended on the
treatment dose and the mouse's body weight. CP55,940 was pre-
pared at room temperature, then stored at 4°C for 10-15 min before
use. The vehicle treatments were prepared at a constant volume
of 200 pl, then stored at 4°C for up to 10-15 min before injections
commenced.

2.2 | Estrus cycle phase determination

All mice underwent estrus cycle phase determination between
08:00 and 10:00 each day. The published protocol by McLean et al.?
was used to guide the following steps: (1) Vaginal lavage using a pi-
pette to circulate 100 pl of sterile ddH,O throughout the vaginal
canal to collect a sample of vaginal epithelial and blood cells, (2)
crystal violet staining of the mounted vaginal sample followed by
two washes with ddH,O and cover-slipping with 15 pl of glycerol;
and (3) microscopic cytological determination of which estrus cycle
phase the vaginal sample represented. A ZOE Cell Imager (Bio-Rad)
was used to take photos of the stained vaginal samples. Proestrus
was visually determined by the predominance of nucleated epithelial
cells (>80%), which have an overall round shape containing a darkly
stained nucleus.>'%® The surge in circulating or plasma p-estradiol
during proestrus causes hyperplastic and exfoliating responses in
vaginal epithelial cells ahead of ovulation in the next cycle phase.””
Metestrus was ruled by a combination of cornified squamous epi-
thelial cells (~40%) and leukocytes (~60%).2%¢ The cornified
squamous epithelial cells appear flattened, dried, and without a
nucleus, whereas leukocytes are much smaller, rounder, and darkly
stained.?%% This combination of terminally differentiated epithelial
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cells and blood cells is associated with decreased f-estradiol levels
and the continual rise in progesterone, which initiates the luteal
phase following ovulation.?Y” Thus, the fluctuations of these sex
hormones, particularly p-estradiol, drive the cytological changes
characteristics of the mouse estrus cycle.' Phase determination
was further validated by an ELISA experiment measuring relative
concentrations of p-estradiol in the plasma for each mouse.>™ The
methodological details of the ELISA are explained in the following
sections. Mice in either proestrus or metestrus proceeded to be in-

jected and tested within 1 h of vaginal sample cytology.

2.3 | Animals and tetrad battery of in vivo assays
Sexually mature female C57BL/6 mice aged 6-12 weeks (mean
weight: 20 + 3 g) were purchased from Charles River Labs. Mice
were group housed (5 per cage) and maintained on a 12 h light:dark
cycle (07:00-19:00/19:00-07:00), throughout which they had
ad libitum access to food, water, and environmental enrichment.
Depending on whether they were in proestrus or metestrus, mice
were randomly designated to receive an i.p. injection of either
1 mg/kg CP55,940 or 200 ul of the vehicle solution. One mg/kg
CP55,940 was chosen based on a recent study by our group, which
performed a dose-response experiment that included 5 i.p. doses of
CP55,940 (0.1-3 mg/kg).X® These earlier data revealed that 1 mg/kg
i.p. CP55,940 evokes sub-maximal cataleptic, hypothermic, antinoci-
ceptive, and anti-locomotive responses in female mice of the same
strain and age as the current study.18 A lower dose of CP55,940 may
not have produced significant catalepsy compared with the vehicle-
treated group, while a higher dose would have caused maximal
anti-locomotive effects or no movement in the open-field test.'®
Therefore, this sub-maximal response was chosen to determine in
an attempt to detect estrus cycle-dependent fluctuations. The two
estrus cycle phases and two treatment groups equaled four ex-
perimental groups with n = 4 in the vehicle treatment group and
n = 6 in the 1 mg/kg CP55,940 treatment group. A total of 20 mice
were used throughout the study. All protocols were in accordance
with the guidelines detailed by the Canadian Council on Animal
Care (CCAC, Ottawa ON: Vol. 1, 2nd Ed., 1993, Vol. 2, 1984) and
approved by the Animal Research Ethics Board at the University of
Saskatchewan. In keeping with the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines, power analyses were con-
ducted to establish the minimum number of female mice required
for the study. Additionally, mice were purchased, rather than bred,
to limit animal waste.

The tetrad battery of in vivo assays commenced 10 min after
the i.p. injection. These assays were performed by a double-blinded
researcher who (1) did not know what estrus cycle phase the mice
were in, (2) was unaware of the treatments prepared for each mouse,
and (3) did not inject the mice. First was the ring holding assay to
measure catalepsy. For this assay, mice were placed on a ring ap-
paratus such that their forepaws clasped the 5-mm ring positioned
5 cm above the testing platform surface. The length of time that the
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mouse clasped the ring was recorded (s), as the trial was completed

when the mouse either turned its head or body and made three
consecutive attempts to escape or was immobile for more than 60 s
[i.e., maximum possible effect (MPE) = 60 s]. Fifteen min following
injections, a rectal thermometer was used to measure the injection-
induced change in internal body temperature (°C). Basal body tem-
perature was recorded immediately prior to injections; therefore,
the second temperature measurement allowed for calculating the
change in body temperature (A°C). Twenty min post-injection, mice
underwent the tail flick latency assay. In this assay, mice were re-
strained with their tails placed approximately 1 cm into 52 + 2°C
water. The latency of time until the tail was removed from the water
was recorded (s). Tails were removed after 20 s if they had not been
removed already (i.e., MPE = 20 s). Finally, the open-field test was
performed 25 min after injections. Mice were placed in a 55 x 55 cm
square-shaped open field for 10 min, during which they were free to
roam. Distance travelled (m) and average velocity (cm/s) were scored
with EthoVision XT (Noldus Information Technology Inc.). All tetrad
scores were averaged between mice in the same experimental group
to derive the means.’®2%2! The means and standard errors of the

means then underwent statistical processing.18’2°'21

2.4 | Blood and brain tissue collection

Mouse blood and brain samples were collected approximately
45 min following injections between 10:00-12:00 on the day of
testing. Mice were placed in a rodent induction chamber delivering
a mixture of oxygen and isoflurane for approximately 2 min until the
mouse was fully anaesthetized. Cardiac puncture was performed
to collect approximately 0.5 ml of blood from each mouse. Blood
was stored in BD Vacutainer™ Plastic Blood Collection Tubes with
Lithium Heparin: Hemogard (Becton Dickinson) and kept on ice be-
fore being centrifuged at 3000g for 10 min at 4°C. The supernatant
or plasma was collected and stored in -80°C until further ELISA
analysis. Immediately following cardiac puncture, mice were decapi-
tated, and their brains were removed from the skull to dissect the
following regions: PAG, spine, and hypothalamus. All brain region
samples were kept on ice for up to 1.5 h before being flash-frozen in

liquid nitrogen and stored at -80°C until further use.

2.5 | PB-estradiol and protein quantification

Plasma collected from the cardiac puncture was retrieved from
-80°C storage and evaluated for $-estradiol content using the 17
Estradiol ELISA Kit (Abcam). The manufacturer's instructions were
carefully followed and are summarized as follows: 25 ul of each
standard protein preparation (ranging from 0-2000 pg/ml) and each
of the 20 experimental samples were added to their respective anti-
17 B estradiol IgG-coated wells. 200 ul of 17 B estradiol-HRP con-
jugate solution was also added to each occupied well, including the
negative control wells. The microplate was incubated in 37°C for 2 h
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protected from light. Following the incubation, the contents of the
wells were aspirated then thoroughly washed with the manufacturer-
provided washing solution. 100 ul of 3,3’,5,5'-tetramethylbenzidine
substrate solution was then added to the wells and left to incubate
in room temperature for 30 min protected from light. After these
30 min, 100 pl of stop solution—intended to terminate the enzyme-
substrate reaction—was added to the wells. The absorbance of the
wells was measured using a Cytation5 plate reader (BioTek) set at an
absorbance level of 450 nm.

For the brain homogenization and protein quantification steps,
samples were constantly kept on ice and/or maintained at 4°C.
Samples were homogenized in a lysis buffer solution consisting
of 0.01 ul HALT (Thermo Scientific) and 0.01 ul EDTA (Thermo
Scientific) per 1 pl RIPA Lysis and Extraction Buffer (Thermo
Scientific). Homogenized samples were then centrifuged at 11 000g
for 10 min. The supernatant was collected, and the protein con-
centration was quantified using the Pierce™ BCA Protein Assay Kit
(Thermo Scientific). The quantified proteins were quickly aliquoted
then stored in -80°C until further SDS-PAGE and immunoblotting
analysis. Plasma collected from the cardiac puncture was retrieved
from -80°C storage and evaluated for $-estradiol content using the
17 p Estradiol ELISA Kit (Abcam).

2.6 | SDS-PAGE and immunoblotting

Samples were diluted to their final concentrations in 2X Laemmli
sample buffer (Bio-Rad) containing 50 pl of p-mercaptoethanol
(Sigma-Aldrich), then boiled at 95°C for 10 min. For SDS-PAGE, 35 ug
of protein were loaded in each well of Novex™ WedgeWell™ 10%-
20% tris-glycine polyacrylamide gels (Invitrogen). Protein-containing
gels were then immersed in 25 mM of Tris-base, 190 mM of glycine,
and 0.1% SDS (pH 7.4) and resolved at 125 V for 15 min, followed by
75V for 1.5 h. Proteins were transferred to 0.45-um nitrocellulose
membranes (Thermo Scientific) at 25 V for 2 h with transfer buffer
containing 25 mM Tris-Base, 192 mM glycine, and 100 mM MeOH
(pH 7.4) over ice in room temperature. Membranes were blocked for
1 h with tris-buffered saline (TBS) containing 20% Intercept Blocking
Buffer (Li-Cor Biosciences) and 0.1% Triton X-100 (Sigma-Aldrich) at
room temperature.

For immunoblotting, nitrocellulose membranes were incubated
overnight at 4°C with the following primary antibodies: cannabi-
noid receptor CB1R monoclonal antibody (mouse, Synaptic Systems,
Gottingen, Germany, Lot 1-3, Cat # 258011) diluted at 1:500,
cannabinoid receptor CB2R polyclonal antibody (rabbit, Abcam,
Cambridge, United Kingdom, Lot GR3411487-3, Cat # 3561) diluted
at 1:250, and anti-B-Actin antibody (MilliporeSigma, Oakville, Lot
50050902, Cat # SAB3500350) diluted at 1:1,500. Membranes were
briefly rinsed with TBST (TBS containing Tween® 20) before under-
going three thorough washes with fresh TBST at room temperature:
(1) one 30 min wash (2) three 5 min washes, and (3) one 10 min wash.
Membranes were then incubated for 1 h at room temperature and
protected from light with the following secondary antibodies: Goat

Anti-Mouse IgG H&L (Alexa Fluor® 594) (Invitrogen, Lot 2179228,
Cat # A11005) diluted at 1:500 to tag the CB1R signal; Goat Anti-
Rabbit 1gG H&L (Alexa Fluor® 488) (Invitrogen, Lot 2179202, Cat
# A11008) diluted at 1:500 to tag the CB2R signal; and Goat Anti-
Chicken I1gG H&L (Alexa Fluor® 680) (Invitrogen, Lot UB282080, Cat
# A32934) diluted at 1:500 to tag the B-Actin signal. All primary and
secondary antibodies were diluted in a solution of 20% Intercept
Blocking Buffer, 0.1% Triton X-100, and 1 M TBS. Following the
secondary antibody incubation, membranes underwent three more
washes with TBST at room temperature as they were protected from
light: (1) one 30-min wash, (2) three 5-min washes, and (3) one 10-min
wash. Membranes were then quickly rinsed in double-distilled water
before being visualized using the Bio-Rad ChemiDoc MP imaging
system and software (17001402) (Bio-Rad). Densitometrical analysis

was done via Image Lab 6.0 (Bio-Rad).

2.7 | Statistical analysis

Tetrad data are presented as a mean + SEM where “n” represents
individual mice within treatment groups. Data from the ring hold-
ing assay and tail flick latency assay are reported as %MPE for cata-
lepsy and %MPE for anti-nociception, respectively. Average velocity
scores from the open-field test are presented as cm/s. Distance
travelled scores from the open-field test are presented as m. SDS-
PAGE data are calculated as adjusted total band volumes of optical
densities (subtracted of background intensity) and presented as an
expression of CB1R or CB2R over that of the housekeeping gene
B-Actin. The raw ELISA data were collected as absorbance levels
then converted and presented as pg/ml. Statistical analysis for all
data from the tetrad, SDS-PAGE, and ELISA experiments were con-
ducted by a two-way ANOVA to account for both the estrus cycle
phase and treatment. Tukey's (two-way ANOVA) test was used for
the post hoc analysis where significance was set at p < .05.

2.8 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY?? and are permanently archived in the Concise
Guide to PHARMACOLOGY 2019/20.%

3 | RESULTS

3.1 | Tetrad battery of in vivo assays

Female mice in proestrus and metestrus were treated with either
1 mg/kg CP55,940 or a vehicle solution before undergoing the tet-
rad battery of assays. Within the proestrus groups, mice treated with
1 mg/kg of CP55,940 displayed greater catalepsy compared with
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their vehicle counterparts (p < .01) (Figure 1A). There were no signif-
icant differences in catalepsy between the vehicle- and CP55,940-
treated metestrus mice nor were there clear CP55,940-mediated
catalepsy differences between the estrus cycle phases (Figure 1A).
In contrast to metestrus, proestrus accentuated the cataleptic ef-
fect of CP55,490 (Figure 1A). Regarding internal body temperature,
1 mg/kg CP55,940 induced hypothermia in both estrus cycle phases
(p < .001) (Figure 1B). There were no significant body temperature
differences detected between proestrus and metestrus mice that re-
ceived 1 mg/kg of CP55,940 (Figure 1B). These results indicated that
1 mg/kg CP55,940 similarly affected the internal body temperature
of both phases (Figure 1B). For antinociception, 1 mg/kg CP55,940
significantly increased thermal antinociception in proestrus mice
only (p < .001) (Figure 1C). Compared with metestrus mice, those in
proestrus were also more sensitive to the antinociceptive effects of
1 mg/kg CP55,940 (p < .01) (Figure 1C). Finally, 1 mg/kg CP55,940
caused metestrus mice to travel less distance (p < .001) (Figure 1D)
at a lower average velocity (p < .01) (Figure 1E) in the open-field
test compared with their vehicle counterparts. 1 mg/kg CP55,940
decreased both locomotion measures (p < .01) (Figure 1D,E) in
proestrus mice compared with their vehicle counterparts. Unlike the

tail flick latency assay results, there were no differences between
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the estrus cycle phases with respect to CP55,940-induced anti-

locomotion (Figure 1D,E). Thus, antinociception was the only tetrad
measure in which 1 mg/kg of CP55,940 had contrasting effects be-
tween proestrus and metestrus (Figure 1C).

3.2 | ELISA

Prior to organizing the mice into their respective experimental
groups, vaginal cytology was performed to identify which mice
were in proestrus and metestrus (Figure 2A). The vaginal samples
of proestrus mice exhibited a predominance of nucleated epithe-
lial cells (<80%), while the samples of mice in metestrus consisted
of both cornified squamous epithelial cells (~40%) and leuko-
cytes (~60%) (Figure 2A). Once the tetrad battery of assays was
completed (approximately 1.75 h following vaginal cytology and
45 min post-injections), blood was collected and used to measure
B-estradiol levels. The plasma of vehicle-treated proestrus mice con-
tained slightly higher concentrations of p-estradiol compared with
vehicle-treated mice in metestrus; however, this difference was not
statistically significant (p > .34) (Figure 2B). Due to the timing of
blood collection (after the injections), the ELISA results from the
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FIGURE 1 Acute tetrad effects in female mice following treatment with CP55,940. Female C57BL/6 mice aged 6-12 weeks in either
proestrus or metestrus were administered either 1 mg/kg CP55,940 or a vehicle solution i.p. (A) 10 min following the injections, mice

underwent the ring holding assay to measure their cataleptic response. All catalepsy data are expressed as %MPE (MPE = 60 s). (B) 15 min-
post injections, a rectal thermometer was used to measure internal body temperature. Temperatures are recorded as °C. (C) 20 min after
injections, thermal antinociception was measured using the tail flick latency assay. Latencies are presented as %MPE (MPE = 20 s). 25 min
following injections, mice were placed in the open-field test evaluating treatment-induced locomotion. (D) Distance travelled is reported in
m. (E) Average velocity is recorded in cm/s. (F) Representative heat map images illustrating locomotion in the open-field test. (A-E) Each dot
on the graphs represent individual mice or n. Bars on the graphs indicate means + SEM, where n = 4 (vehicle) and n = 6 (1 mg/kg CP55,940).
All means were compared between 1 mg/kg CP55,940 and vehicle groups within estrus cycle phases, as well as between proestrus

and metestrus groups within treatments. Significance was calculated using a two-way ANOVA followed by Tukey's post hoc analyses.
XRxEs ey < 05/.01/.001/.0001 compared with vehicle within estrus cycle phase. @p < .01 compared with proestrus within treatment
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FIGURE 2 Estrus cycle phase determination. (A) Representative light microscopy images of vaginal samples from vehicle-treated female
mice in either proestrus or metestrus. A lavage of ddH,0 collected loose epithelial and blood cells within the vaginal canal the female mice.
The majority of cells (>80%) in the proestrus sample are nucleated epithelial cells that are round in shape and contain a pigmented nucleus
at the center. The metestrus sample contains a combination of un-nucleated cornified squamous epithelial cells (~40%) and much smaller,
darkly stained leukocytes (~60%). These different cell types and morphologies indicate estrus cycle-driven sex hormone fluctuations,
especially that of p-estradiol. (B) -estradiol ELISA results validating phase determination of vehicle- and CP55,940-treated groups.
Immediately following the tetrad battery of behavioral assays, blood was collected from all mice. Plasma was measured for circulating
B-estradiol content. Each point on the graph constitutes individual mice or n. Bars on the graph illustrate means + SEM, where n = 4-6 mice/
group. A paired t-test determined no significant difference between the groups

1 mg/kg CP55,940-treated groups reflect ligand-induced confounds

that were not observed in the vehicle-treated groups (Figure 2B).

3.3 | SDS-PAGE and immunoblotting

Brain tissue collected from the spine, PAG, and hypothalamus were
evaluated for their expression of CB1R and CB2R. Within the spine
of proestrus mice, 1 mg/kg of CP55,940 increased the expression of
CB1R (p < .05) (Figure 3A). This cannabinoid-induced difference in
CB1R expression was not observed in the spine of metestrus mice
(p > .05) (Figure 3A). When comparing between the spine tissue of
proestrus and metestrus mice treated with 1 mg/kg CP55,940, the
spine of cannabinoid-treated proestrus mice displayed greater CB1R
expression compared (Figure 3A). No treatment- nor estrus cycle
phase-dependent differences were observed in spine CB2R expres-
sion (Figure 3B). No significant differences in cannabinoid receptor
expression were observed in the PAG (Figure 3D-F). Within the hy-
pothalamus, proestrus mice treated with 1 mg/kg of CP55,940 had
increased CB1R expression compared with cycle phase-matched
mice that received the vehicle solution (Figure 3G). No other dif-
ferences were observed in the hypothalamus (Figure 3G,H).
Representative images of these data are provided in Figure 3C,F,I.
The only estrus cycle phase-dependent difference was observed

with regards to CB1R expression in the spine (Figure 3A).

4 | DISCUSSION

The current study aimed to assess varying cannabinoid effects across
the female menstrual or estrus cycle. Throughout the last decade,
several groups have tested cannabinoids in female rodents occupy-
ing different estrus cycle phases; some reporting noteworthy differ-
ences in tetrad effects based on the cannabinoid tested and its route

of administration. For instance, 5-10 mg/kg of i.p. THC has greater
antinociceptive effects during estrus and proestrus when estrogen
levels are high, relative to diestrus and metestrus when levels are
low.1% |n another more recent paper, neither 12.5-200 mg/ml of
inhaled THC or 100-400 mg/ml inhaled cannabidiol (CBD) induced
stronger antinociceptive effects in estrus compared with diestrus.?*
Unlike the current study's use of CP55,940, these groups adminis-
tered THC, a partial agonist at both cannabinoid receptors, and/or
CBD, a more ambiguous ligand with stronger affinities to various
other receptor targets beyond the cannabinoid receptors.?%2%-31
Although studies involving the phytocannabinoids are more trans-
latable given their recreational and medical accessibility, the current
study's use of CP55,940, a full cannabinoid receptor agonist, pro-
vides a more straightforward scenario for delineating the complex
interactions between the endocannabinoid system and fluctuating
female sex hormones.

To determine the pharmacodynamics of exogenous cannabinoids
in the context of the estrus cycle, one must first consider the under-
lying presence of endocannabinoids. The main endocannabinoids,
2-arachidonoylglycerol (2-AG) and anandamide (AEA) serve distinct
binding functions and exist in varying concentrations throughout
the brain. The estrus cycle and its associated fluctuations in circulat-
ing?™* and brain levels of B-estradiol®? likely affect these endocanna-
binoid patterns. In rats, there are no endocannabinoid concentration
differences between cycle phases in the striatum.? In the hypothal-
amus, both 2-AG and AEA levels are higher during diestrus—when
circulating p-estradiol is relatively low—compared with the other
phases.” In the midbrain consisting of the PAG, both endocanna-
binoid concentrations are largest during proestrus relative to most
other phases.? Given these dynamic patterns, we must also acknowl-
edge that CP55,940 is an orthosteric agonist that competes with the
endocannabinoids to non-selectively bind to CB1R and CB2R.% In
the current study, the brain regions modulating antinociception were
more sensitive to 1 mg/kg of CP55,940 during proestrus compared
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FIGURE 3 Expression of cannabinoid receptors in brain regions underlying cannabinoid-induced thermal antinociception and
hypothermia. SDS-PAGE and immunoblotting were performed on (A-C) spine, (D-F) PAG, and (G-I1) hypothalamus tissue to quantify their
optical density of the cannabinoid receptors. (A, D, G) CB1R expression of region-specific experimental groups. (B, E, H) CB2R expression

of region-specific experimental groups. (C, F, I) Representative images of the region-specific CB1R, CB2R, and B-Actin bands identified

using a ladder. (A-I) p-Actin was used as the housekeeping gene to normalize all cannabinoid receptor densities. Data is reported as ratios

of adjusted total band volumes of optical densities. Each point on the graphs represent individual mice or n. Bars on the graphs illustrate
means + SEM, where n = 4 (vehicle) and n = 6 (1 mg/kg CP55,940). All means were compared between 1 mg/kg CP55,940 and vehicle
groups within estrus cycle phases, as well as between proestrus and metestrus groups within treatments. A two-way ANOVA followed by
Tukey's post hoc analyses were used to determine significance. *p < .05 compared with vehicle within estrus cycle phase. ©p < .05 compared

with proestrus within treatment

with metestrus (Figure 3A). Although Bradshaw and colleagues9 did
not measure phase-mediated endocannabinoid levels in the spine,
it may be that during proestrus, CP55,940 out-competes the endo-
cannabinoids in the spine to activate the cannabinoid receptors.3%°

Similar to the endocannabinoids, the expression and function
of the cannabinoid receptors also changes throughout the estrus
cycle in a brain region-dependent manner. In the hypothalamus and
hippocampus, cannabinoid receptor density and binding negatively
correlate to circulating [S-estradiol.f"8 Other limbic regions such as
the amygdala demonstrate the opposite pattern of increased canna-
binoid receptor functionality in estrus cycle phases or experimental
conditions where B-estradiol levels are high.8 In the spine—a major
region mediating thermal antinociception%—the administration
of 1 mg/kg of CP55,940 led to a higher degree of CB1R immuno-
labelling during proestrus compared with metestrus (Figure 3A).

In agreement with the tetrad results, these phase-dependent dif-
ferences were not detected in the hypothalamus, a region that
regulates body temperature (Figures 1B and 3A).3”% These data
suggest that the estrus cycle's influence on CB1R activation and
subsequent upregulation in total CB1R protein quantity is most
detectable in the spine (Figure 3A). Whether this receptor upreg-
ulation indicates de novo synthesis of proteins or post-translational
reorganization of receptor expression on the plasma membrane
remains unknown.?*#® Furthermore, upregulated CB1R quantity
does not necessarily point to increased receptor functionality as
immunoblotting cannot distinguish between vesicle-enveloped and
membrane-embedded receptors.®?%° In the hypothetical case that
Figure 3A’s result does correspond to increased CB1R function, this
may either be due to pre-existing distribution of receptors between
brain regions* or region-specific availability of cannabinoid ligands.
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Other neuromodulators in the spine such as endogenous opioids
may also precipitate additive or synergistic signaling effects during
proestrus.“z’43

All these observations call into question the roles of circulating
hormones during the estrus cycle on the endocannabinoid system.
Although there is no clear evidence of endogenous estrogens bind-
ing to the cannabinoid receptors, exogenous estradiol benzoate has
been shown to increase CB1R binding at GABAergic synapses of
the hypothalamic arcuate nucleus, while having the inverse effect
at glutamatergic synapses.** In another study, B-estradiol activity
at hippocampal estrogen receptors led to AEA release, which ret-
roactively inhibited presynaptic GABA release resulting in the ex-
citation of postsynaptic pyramidal neurons.** In both experiments,
estrogen enhanced CB1R-mediated GABAergic disinhibition.*4*
What this entails for larger-scale receptor binding and expression
remains unclear. Compared with the hippocampal CB1R of OVX
females, CB1R of normally cycling females—with higher circulat-
ing p-estradiol—display an increased affinity for CP55,940 despite
decreased binding site density.® We observed that circulating
B-estradiol was positively—although non-significantly—associated
with sensitivity to CP55,940-induced antinociception. Therefore,
our data may represent a scenario in which the spinal antinocicep-
tive effects of CP55,940 intensify during proestrus in correlation
withp-estradiol.#** Unfortunately, the literature supporting this
theory focuses on the hypothalamus and hippocampus, whereas our
most significant observations pertained to spinal function.

The current study serves as a point of entry in the female en-
docannabinoid system. Beyond p-estradiol, other female sex hor-
mones such as LH, FSH, and prolactin are also subject to fluctuations
throughout the estrus and menstrual cycles of rodents and female
humans, respectively. Another limitation of the current study de-
sign is the lack of gonadectomized females. Experimentation in
this field often includes gonadectomized control groups to distin-
guish between (a) organization sex hormone effects derived from
sexual [organ] development and (b) activation sex hormone effects
triggered by the adult hypothalamic-pituitary-gonadal axis.}®#¢ In
the current study, plasma p-estradiol may be gonadal and/or brain-
derived, both of which influence estrogenic neuromodulation.*’
Accurately determining estrus cycle phase in rodents proves difficult
due to methodological limitations. A myriad of environmental con-
founds (e.g. light:dark cycle, feeding, drinking, and stress) may alter
this rapidly cycling 4-5-day phase schedule.*® Although our ELISA
experiment did not yield significant differences between proestrus
and metestrus groups (Figure 2B), future studies should continue to
quantify circulating and locally derived sex hormones—while also
noting the time of day of sample collection—to support their vaginal
cytology.*®

The motivation for the current study was to explain the varia-
tions within female tetrad data*®identify novel research questions
pertaining to the female endocannabinoid system; and provide sug-
gestions on how to conduct more intentional and better-controlled

research on female subjects. Next steps to the current dataset

entail delineating the mechanisms of CB1R upregulation (e.g., de
novo synthesis or post-translational reorganization) in the context
of the estrus cycle‘?'g’40 Using polyestrous animals with longer re-
productive or estrus phases will allow researchers to test different
administration schedules (i.e., prolonged or chronic) and sample
collection times to gain more precise information on these recep-
tor upregulation mechanisms. These experimental factors could not
be applied in the current study design as female mice cycle very
quickly through the estrus cycle, sometimes transitioning into the
next phase before the end of testing in the initial phase.*® Aside
from these molecular considerations, there are two directions that
preclinical work focused on females can take that (1) the study can
isolate each of the estrus cycle phases, or more simply differen-
tiate between estrus-proestrus and diestrus-metestrus or (2) the
study can include equal representation of all the cycle phases.
However, there is growing consideration for the efficacy and safety
of neuropsychoactive drugs in the context of menstrual cycles and

4950 not to

hormone replacement and/or contraceptive therapies,
mention recent advancements in technology that enable women to
track their menstrual cycles with accuracy and ease to make life
decisions.! These reasons, along with equally important societal
and biomedical discussions around sex and gender, warrant effort
to delineate how cannabinoids interact with female sex hormones

in whole body systems.
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