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ORIGINAL RESEARCH

A Sexually Dimorphic Role for Intestinal Cannabinoid
Receptor Subtype-1 in the Behavioral Expression
of Anxiety

Courtney P. Wood,' Bryant Avalos,' Camila Alvarez,' and Nicholas V. DiPatrizio'*”

Abstract

Background: Increasing evidence suggests that the endocannabinoid system (ECS) in the brain controls anxiety
and may be a therapeutic target for the treatment of anxiety disorders. For example, both pharmacological and
genetic disruption of cannabinoid receptor subtype-1 (CB;R) signaling in the central nervous system is associated
with increased anxiety-like behaviors in rodents, while activating the system is anxiolytic. Sex is also a critical fac-
tor that controls the behavioral expression of anxiety; however, roles for the ECS in the gut in these processes and
possible differences between sexes are largely unknown.

Objective: In this study, we aimed to determine if CB;Rs in the intestinal epithelium exert control over anxiety-
like behaviors in a sex-dependent manner.

Methods: We subjected male and female mice with conditional deletion of CB;Rs in the intestinal epithelium
(intCBf/_) and controls (intCB; /Y to the elevated plus maze (EPM), light/dark box, and open field test. Cortico-
sterone (CORT) levels in plasma were measured at baseline and immediately after EPM exposure.

Results: When compared with intCB1+/+ male mice, intCBf/_ male mice exhibited reduced levels of anxiety-
like behaviors in the EPM and light/dark box. In contrast to male mice, no differences were found between fe-
male intCB; */* and intCB, '~ mice. Circulating CORT was higher in female versus male mice for both genotype
groups at baseline and after EPM exposure; however, there was no effect of genotype on CORT levels.
Conclusions: Collectively, these results indicate that genetic deletion of CB4Rs in the intestinal epithelium is as-

sociated with an anxiolytic phenotype in a sex-dependent manner.

Keywords: anxiety; cannabinoid receptors; sex differences; intestinal epithelium; animal behavior

Introduction

The endocannabinoid system (ECS) plays a critical role
in the behavioral expression of anxiety.' > Indeed, mice
treated with a low dose of the cannabinoid receptor
subtype-1 (CB;R) agonist, WIN 55212-2, exhibited in-
creased open-arm exploration in the elevated plus
maze (EPM),® which suggests that activating the ECS
is associated with an anxiolytic phenotype. In contrast,
mice lacking CB;Rs throughout the body spend less
time exploring the open arms of the EPM when com-
pared with wild-type mice,” which suggests an anxio-
genic effect for global CB;R deletion.

Similarly, mice lacking functional diacylglycerol lipase
o, a key enzyme responsible for biosynthesis of the endo-
cannabinoid, 2-arachidonoyl-sn-glycerol, in the brain,
demonstrated reduced exploration of the central area
of an open field test and increased anxiety-like behaviors
in the light/dark box." Recent studies have also explored
roles of the gut-brain axis in anxiety and related behav-
ioral states. For example, the emergence of depression-
like phenotypes was prevented in LPS-treated mice
that had undergone subdiaphragmatic vagotomy.®

In addition, oral administration of specific gut
microbiota led to altered neuronal activity in brainstem
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sites that receive sensory inputs from the intestine
through the afferent vagus nerve, which led to stress-
induced corticosterone (CORT) release, anxiety, and
depressive behaviors.”'" Notably, these effects were
all prevented by vagotomy.

Together, these studies demonstrate the importance
for the ECS in the central nervous system (CNS) in
controlling anxiety-like behaviors in rodents, and a
critical relationship between the gastrointestinal (GI)
tract and emotional states. Specific roles of the ECS
within the GI tract in anxiety-like behaviors, however,
remain unclear.

The ECS is found throughout the GI tract, and con-
trols food intake,'*™'* gastric emptying and intestinal
motility,l&18 and gut-barrier function.'® 2! Moreover,
recent studies suggest interactions between gut micro-
biota and local endocannabinoid formation, which
may contribute to anxiety-like behaviors.** In this
study, mice colonized with Candida albicans in the
gut had increased basal CORT production and alter-
ations in the gut endocannabinoidome. These findings
reveal a possible mechanism by which the gut-brain
axis enables peripheral ECS control over CNS-
mediated anxiety-like behaviors.

Vagal afferent fibers enable direct communication
between the gut and the CNS.*>">® Vagal afferent neu-
rons terminate in the brainstem at the nucleus of the
solitary tract, which communicates with other brain
structures that regulate fear and anxiety-like responses
including the prefrontal cortex, hippocampus, and
amygdala.**

Accordingly, it is possible that alterations in gut
function may affect gut-brain signaling and ultimately
the behavioral expression of anxiety. For example,
Krieger et al. demonstrated that activation of vagal af-
ferent neurons by both food intake and chemogenetic
approaches increased anxiety-like behavior, while che-
mogenetic inhibition of vagal afferent neurons attenu-
ated these responses.*®

Importantly, the same study revealed sex differences
in anxiety-like behaviors after chronic disruption of
vagal afferent signaling from fibers originating in the
gut. Notably, human females are more than twice as
likely to be affected by mood disorders such as gener-
alized anxiety disorder,””*” so it is unsurprising that
many rodent studies find similar sex-dependent out-
comes when examining anxiety.’’™>>

Sex dictates many aspects of gut-brain signaling,**
ECS function,””® and physiology.”” Therefore, it is es-
sential to understand how sex may differentially impact
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ECS function in the GI tract and the behavioral expres-
sion of anxiety. In this study, we tested the hypothesis
that CB;Rs in the intestinal epithelium exert control
over anxiety-like behaviors in male and female mice.

Materials and Methods

Animals

Male and female transgenic mice (described below in
Transgenic Mouse Generation) 8-10 weeks of age
were group-housed with ad libitum access to standard
rodent laboratory diet (Teklad 2020x; Envigo, Hun-
tingdon, United Kingdom; 16% kcal from fat, 24%
kcal from protein, 60% kcal from carbohydrates) and
water throughout all experiments unless otherwise sta-
ted. Mice were maintained on a 12-h dark/light cycle,
with the dark cycle beginning at 18:00h and light
cycle beginning at 06:00h. All procedures met the
U.S. National Institute of Health guidelines for care
and use of laboratory animals, and were approved by
the Institutional Animal Care and Use Committee
(IACUC) of the University of California, Riverside.

Transgenic mouse generation

Conditional intestinal epithelium-specific CB,R-deficient
mice (IntCB, /™, Cnr1™"! ™yil-cre ERT2) were gen-
erated by crossing Cnrl-floxed mice (IntCB;™'*,
Cnr1™ ™ Model #7599; Taconic, Oxnard, CA) with
Vil-CRE ERT2 mice donated by Dr. Randy Seeley (Uni-
versity of Michigan, Ann Arbor, MI) with permission
from Dr. Sylvie Robin (Curie Institute, Paris, France).
Cre recombinase expression in the intestinal epithelium
is driven by the villin promotor, which allows for condi-
tional tamoxifen-dependent Cre recombinase action to
remove the Cnrl gene from these cells, as described by
el Marjou et al*® Cnr1™!! ™vil-cre ERT2 mice used
in these experiments are referred to as IntCBl_/ ~, and
Cnrl™ ™ control mice (lacking Cre recombinase)
are referred to as IntCB, ™/ *.

Tail snips were collected from pups at weaning, and
DNA was extracted and analyzed by conventional poly-
merase chain reaction (PCR) using the following primers
(5-3"): GCAGGGATTATGTCCCTAGC (CNRI-ALT),
CTGTTACCAGGAGTCTTAGC (1415-35), GGCTCA
AGGAATACACTTATACC (1415-37), GAACCT-
GATGGACATGTTCAGG (vilcre, AA), AGTGCGTT
CGAACGCTAGAGCCTGT (vilcre, SS), TTACGTCC
ATCGTGG-ACAGC (vilcre, MYO F), TGGGCTGG
GTGTTAGCCTTA (vilcre, MYO R). Intestinal epithe-
lial CB;R knockdown was verified by RT-qPCR imme-
diately following experiments. Expression of the Cnrl
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mRNA in the intestinal epithelium of intCB; ’~ mice
(0.1563 +£0.04848) is strongly reduced compared with
intCB,™'" controls (1.000+0.2223), taoy=3.543,
p=0.0022.

Gene expression

Total RNA from intestinal epithelium tissue was
extracted using an RNeasy kit (Qiagen, Valencia,
CA), and first-strand ¢cDNA was generated using
M-MLV reverse transcriptase (Invitrogen, Carlsbad,
CA). Areas used for tissue collection and processing
were sanitized with 70% ethanol solution, then treated
with RNAse inhibitor (RNAse Out; G-Biosciences, St.
Louis, MO). Reverse transcription of total RNA was
performed as previously described.”> Quantitative
RT-PCR was performed using PrimePCR Assays (Bio-
rad, Irvine, CA) with primers for CB;R (Cnrl) gene
transcripts under preconfigured SYBR green assays
(Biorad). Hprt was used as a housekeeping gene. Reac-
tions were run in duplicates, and values expressed as
relative mRNA expression.

Drug preparation and administration

IntCB, '~ and intCB, *’* mice were administered ta-
moxifen (IP, 40 mg/kg) every 24 h for five consecutive
days. Tamoxifen (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in corn oil using bath sonication
at a concentration of 10 mg/mL, then stored at 37°C
protected from light until administration. Mice were
group-housed in disposable cages throughout the injec-
tion period and for a 3-day postinjection period.

Elevated plus maze

On the day of the experiment, animals were allowed to
acclimate to the testing room for 3-4 h before testing.
Behavioral tests were conducted between 09:00 and
12:00 h. The EPM is a white plexiglass apparatus con-
sisting of four equal-length arms (30x5cm). The
maze is elevated 39cm off the ground. The “closed”
arms of the EPM are enclosed by 15cm tall walls on
all sides, while the “open” arms have a 1 mm border
around the edges of the arm to prevent animals from
falling off. Light intensity on the open arms was ~ 150
lux during testing.

At the time of the test, animals were placed at the
center of the maze facing one of the open arms and
were allowed to freely explore the maze for a 5-min pe-
riod. The entire test was recorded by a stationary cam-
era fixed on the ceiling above the maze, which allowed
simultaneous tracking of the center-point and nose-
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point of the mouse by EthoVision 13 XT software
(Noldus Information Technology, Wageningen, Nether-
lands). The mouse was only considered to be in a zone if
both the nose-point and the center-point were in that
zone at the same time for ~0.1 sec.

Head dipping behavior was defined as the nose-point of
the animal crossing the border of the open arm. Cumula-
tive duration of head dips was calculated by the total
amount of time an animal spent with its nose-point be-
yond the border of any open arm. Between tests, the
maze was thoroughly cleaned with a 70% EtOH solution
followed by deionized ultra-filtered water (DIUF) and
allowed to completely dry before the next mouse entered
the maze. The animals used for the EPM tests were not
utilized for any additional behavioral testing.

Light/dark box test

On the day of the experiment, animals were allowed to
acclimate to the testing room for 3-4 h before testing.
Behavioral tests were conducted between 09:00 and
12:00h. The light/dark box consists of two acrylic
chambers. The “dark” box is an enclosed gray plexiglass
chamber (8 X 20 30 cm) with a solid roof, approxima-
tely half the area of the “light” box. The “light” box is an
open gray plexiglass chamber (18 X 20 x 30 cm) without
a roof. The entire apparatus was placed on a table dur-
ing recording. Light intensity in the light box was
~150-200 lux during testing.

At the time of the test, animals were placed in the
corner of the light box furthest from the entry to the
dark box and were allowed to freely explore the appa-
ratus for a 10-min period. The entire test was recorded
by a stationary camera fixed on the ceiling above the
box, which allowed simultaneous tracking of the
center-point and nose-point of the mouse by EthoVi-
sion 13 XT software (Noldus Information Technology).

The mouse was only considered to be in a zone if
both the nose-point and the center-point were in that
zone at the same time for ~0.1sec. Between tests,
the maze was thoroughly cleaned with a 70% EtOH so-
lution followed by DIUF and allowed to completely dry
before the next mouse entered the apparatus. The ani-
mals that were used for the light/dark box were allowed
to rest for 7 days before exposure to the open field test
(see the Open field test section below).

Open field test

On the day of testing, animals were allowed to accli-
mate to the testing room for 3-4h before testing.
Behavioral tests were conducted between 09:00 and
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12:00h. The open field is an open white plexiglass
square (50%x50x40cm) without a roof. The open
field apparatus was placed on a table during recording.
Light intensity in the center of the open field was
~150-200 lux during testing. The entire open field
was divided into nine equal squares. The center square
(1/9 of the area) was defined as the center zone.

At the time of the test, animals were placed in the
bottom left corner of the open field apparatus and
were allowed to freely explore the apparatus for a 10-
min period. The entire test was recorded by a stationary
camera fixed on the ceiling above the apparatus, which
allowed simultaneous tracking of the center-point and
nose-point of the mouse by EthoVision 13 XT software
(Noldus Information Technology). The mouse was
only considered to be in a zone if both the nose-
point and the center-point were in that zone at the
same time for ~0.1 sec. Between tests, the open field
was thoroughly cleaned with a 70% EtOH solution fol-
lowed by DIUF and allowed to completely dry before
the next mouse entered the apparatus.

CORT enzyme-linked immunosorbent assay

On the day of the experiment, mice were allowed to
freely explore the EPM for 5min. Thirty minutes
after EPM exposure, mice were anesthetized by isoflur-
ane, and blood was collected through retro-orbital
bleed using nonheparinized capillary tubes and stored
on ice. Blood samples were spun at 4900 RPM for
10min at 4°C to isolate serum. Serum was collected
and stored at —80°C until analysis. Serum CORT levels
were quantified using the DetectX Corticosterone
ELISA kit (Arbor Assays, Ann Arbor, MI).

Samples were diluted at 1:100 and plated in dupli-
cate. The assay was completed as described by the kit
insert. Average optical density (OD) values were calcu-
lated for each sample, and the mean OD for the NSB
was subtracted from each average sample OD value.
Sample concentrations interpolated on a 4PL %B/B,
standard curve and multiplied by the dilution factor
of 100 to obtain neat sample concentrations. The ani-
mals used for CORT analysis were only subject to the
EPM once; they were not subject to any additional be-
havioral testing.

Experimental design and statistical analysis

Details regarding the experimental design of individual
experiments are provided in the figure legends. Data
were analyzed by GraphPad Prism version 9.5.0
(GraphPad Software, La Jolla, CA) using unpaired
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Student’s t-tests (two-tailed), two-way ANOVA, or
three-way ANOVA with Holm-Sidak’s multiple com-
parisons post hoc test when appropriate.

Results

Male, but not female, intCB; '~ mice exhibit
anxiolytic behaviors in the EPM

We tested the hypothesis that CB;Rs in the intestinal
epithelium play a role in anxiety-like behaviors in the
EPM. Male intCB, '~ mice entered the open arms of
the EPM more often (Fig. 1B, C) and spent more
time exploring the open arms (Fig. 1E) when compared
with male intCB, */* control mice (Fig. 1A, E) during
the 5-min test. There were no genotype differences in
closed-arm entries or cumulative exploration time of
the closed arm (Fig. 1D, F).

Male intCB, '~ mice had an increased number of
head dips (Fig. 1G) and spent more time performing
the head dipping behavior (Fig. 1H) when compared
with male intCB, */* mice. In contrast to male mice, fe-
male intCB; '~ mice did not exhibit any differences in
the number of open (Fig. 2B, C) or closed (Fig. 2B, D)
arm entries when compared with female intCB, '*
mice (Fig. 2A, C, D).

Furthermore, female intCB, /'~ and female intCB,
mice spent a similar amount of time exploring the open
arms (Fig. 2E) and closed arms (Fig. 2F). There were no
genotype differences in the frequency of head dips
(Fig. 2G) or cumulative duration of head dipping behav-
ior in female mice (Fig. 2H). We also evaluated general
movement parameters in male and female intCB, /'~
and intCB; */* mice. There were no significant differ-
ences in average velocity (Fig. 3A, B), total distance
traveled (Fig. 3E, F), cuamulative duration of movement
(Fig. 3C, D), or cumulative duration of nonmovement
(Fig. 3G, H) between genotypes of male or female
mice.

+/+

Male, but not female, intCB;~’~ mice exhibit
anxiolytic behaviors in the light/dark box

We next asked if CB;Rs in the intestinal epithelium
play a role in anxiety-like behaviors in the light/dark
box. Male intCB, /" mice entered the light zone
more frequently (Fig. 4A top right, B) and spent
more time in the light box (Fig. 4A top right, C) than
male intCB, *'* control mice (Fig. 4A top left, B, C)
during the 10-min test. In contrast to male mice; female
mice did not exhibit any differences in light box explo-
ration, irrespective of genotype (Fig. 4A bottom left and
right, C, D).
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FIG. 1. Male intCB; '~ mice exhibit anxiolytic behaviors in the EPM. Male intCB; /~ mice and intCB; */*
controls were allowed to freely explore the EPM for 5 min. Merged heatmaps of all trials for (A) intCB, */*
and (B) intCB; ’~ mice show general exploration patterns of the open (vertical) and closed (horizontal)
arms. Increasing time spent in area designated from blue to red, with red being most time. (C) IntCB, /"~
male mice entered the open arms significantly more than controls [t0)=2.602, p=0.0170]. (D) There were
no differences in closed-arm entries between genotypes [t0)=1.275, p=0.2170]. (E) IntCBf/* male mice
spent more time exploring the open arms when compared with controls [t;0)=3.570, p=0.0019], but there
were no differences in (F) cumulative time of closed-arm exploration [t0)=0.5128, p=0.6137]. (G) IntCBf/*
male mice exhibited an increased number of head dips compared with controls [t0)=2.736, p=0.0127] and
(H) spent more time performing the head dipping behavior than controls [t =3.566, p=0.0019]. All
analyses are unpaired Student'’s t-tests. Data presented as mean+ SEM, n=11 mice per genotype. *p <0.05,
**p<0.01. EPM, elevated plus maze; SEM, standard error of the mean.
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FIG. 2. Female intCB, ’~ mice do not perform differently from controls in the EPM. Female intCB; "/~
mice and intCB; */* controls were allowed to freely explore the EPM for 5 min. Merged heatmaps of all
trials for (A) intCB; */* and (B) intCB; ’~ mice show general exploration patterns of the open (vertical) and
closed (horizontal) arms. Increasing time spent in area designated from blue to red, with red being most
time. (C) IntCB, ’~ female mice did not exhibit any differences in open-arm entries compared with controls
[t7=1.588, p=0.1307]. (D) There were no differences in closed-arm entries between genotypes
[t16)=0.1938, p=0.8488]. (E) IntCBf/* female mice and controls spent a similar amount of time exploring
the open arms [t;7y=1.665, p=0.1142] and (F) closed arms of the EPM [t;7)=0.05312, p=0.9853]. There
were no genotype differences in the (G) total number of head dips [t;7)=0.5512, p=0.5886], or the

(H) cumulative time spent performing head dip behavior [t;;7)=1.334, p=0.1999] in female mice. All
analyses are unpaired Student’s t-tests. Data presented as mean + SEM, n=9-10 mice per genotype.

1050




INTESTINAL CB,;R CONTROLS ANXIETY-LIKE BEHAVIOR 1051
( N\
A Male Mean B Female Mean
Velocity Velocity Male Movement Female Movement
84 8- 80 80 =
- o 6 5 ¢ __ 60 __ 60+ =
E £ : ) 2 .
o - = c .
= = 44 2 404 S 40+
) ) @ o
o k=] 3 5
2 2, O 2- Q 20-
0- 0- 0 T
P S
.\59 ¥ _\(\\o & .\&Gb _\(\\o
E Male Total Distance [ Female Total Distance G Male Non-Movement H Female Non-Movement
2500 2500 80 80
20004 . 2000 ] i
£ . ' £ * < 60 < 60
£ 1500+ £ 1500+ . < e 3 < 4
8 e g S 40 S 40
S 10004 S 1000+ [} g
a [a] i i
500 500 4 -
0- 0- 0 0
iy X by X N X By X
X "~ X @~ X @~ X *
& & & & & & & F
FIG. 3. Genotype differences in EPM exploration are not due to changes in movement. General
movement parameters were quantified for both male and female mice on the EPM. (A) There were no
differences in average velocity between male intCB; ~’~ mice and controls [t20)=0.1997, p=0.8437] or
(B) female intCBf/* mice and controls [t;17)=1.394, p=0.1813]. (C) There were no differences in cumulative
duration of movement between male intCBf/* mice and controls [t;0)=0.7119, p=0.4847] or (D) female
intCBf/* mice and controls [t(;7=0.6774, p=0.5072]. (E) There were no differences in total distance
traveled between male intCB; ’~ mice and controls [t20)=0.1986, p=0.8446] or (F) female intCB; ’~ mice
and controls [t;7=1.427, p=0.1718]. (G) There were no differences in cumulative duration of
nonmovement between male intCB; '~ mice and controls [t20)=0.7119, p=0.4847] or (H) female intCB, /~
mice and controls [t(17,=0.8910, p=0.3854]. All analyses are unpaired Student’s t-tests. Data presented as
mean £ SEM, n=9-11 mice per sex and genotype.
\ J

IntCB; ’~ mice do not exhibit anxiolytic

behaviors in the open field test

Exploratory behaviors of intCB, '~ mice were also
evaluated in the open field test. Neither male nor fe-
male intCB, '~ mice exhibited a difference in center
zone entries (Fig. 5B) or cumulative duration in center
zone (Fig. 5C) when compared with intCB; */* control
mice during the 10-min test. There were also no geno-
type differences observed in latency to first center zone
entry (Fig. 5D) for male or female mice.

Furthermore, female intCBf/ ~ mice exhibited a sig-
nificant decrease in ambulation (Fig. 5E, total number of
zones entered) when compared with female intCB, */*
mice; however, no genotype differences in ambulation
were found for male mice. Both male and female
intCB, /™ mice exhibited a decrease in the total distance
traveled (Fig. 5F) and average velocity (Fig. 5G) when
compared with respective control mice. In addition,
male and female intCB,”’~ animals demonstrated a
decrease in the cumulative duration of movement
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controls were allowed to freely explore the light/dark box for 10 min.
, male intCB, ~/~ mice, female intCB, ™", female

intCB; '~ mice show general exploration patterns of the light box. Mice were unable to be recorded in the
DB due to the opaque roof. Increasing time spent in area designated from blue to red, with red being most
time. (B) Male intCB;/~ mice exhibited an increase in total light zone entries compared with controls, but
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[sex x genotype interaction: F(; 37 = 10.75; p=0.0023; sex main effect F(; 37=6.236; p=0.0171; male intCB; /"
vs. male intCB; */* p=0.0053; two-way ANOVA followed by Holm-Sidak’s multiple comparisons test].

(€) Male intCB;~/~ mice exhibited an increase in light zone cumulative duration compared with controls, but
there were no differences observed in light zone cumulative duration for female intCB; '~ mice and controls
[sex x genotype interaction: F(; 3= 13.18; p=0.0009; sex main effect F(; 35=22.21; p<0.0001; genotype main

genotype, **p <0.01, ***p <0.001. DB, dark box.

effect F; 36=4.521; p=0.0404; male intCB; '~ vs. male intCB,*/* p=0.0008; two-way ANOVA followed by
Holm-Sidak’s multiple comparisons test]. Data presented as mean =+ SEM, n=9-12 mice per sex and

(Fig. 5H) and a corresponding increase in the cumula-
tive duration of nonmovement (Fig. 5G) when com-
pared with control mice.

Circulating CORT levels are sex dependent

We next quantified circulating CORT levels in male and
female intCB, /™ and intCB, ™™ control mice at base-
line and 30 min after EPM exposure. There was a strong
effect of sex and timepoint on plasma CORT levels

(Fig. 6A). CORT was significantly higher in females
than in males, regardless of genotype, both at baseline
and after EPM exposure. CORT levels were also signif-
icantly elevated in all groups after EPM exposure when
compared with their respective baseline levels. There
was no effect of genotype on circulating CORT in either
male or female mice at baseline or post-EPM.
Although there were strong effects of sex and time-
point on plasma CORT, no significant differences
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FIG. 5. IntCB, /™ mice do not exhibit anxiolytic behaviors in the open field test. Male and female intCB, "~
mice and intCB, ™" controls were allowed to freely explore the open field apparatus for 10 min. (A) Merged
heatmaps of all trials for male intCB; */*, male intCB; /~ mice, female intCB;*/*, female intCB; /~ mice
show general exploration patterns of the open field. Increasing time spent in area designated from blue to
red, with red being most time. There were no sex or genotype differences observed in (B) number of center
zone entries, (C) cumulative duration in center zone, or (D) latency to first center zone entry. (E) IntCBf/*
female mice displayed a significant reduction in ambulation (total number of zones entered) compared with
controls. There were no differences in ambulation between IntCB,~’~ males and controls [genotype main
effect F(; 37=10.85; p=0.0022; female intCB; "~ vs. female intCB,*’* p=0.0168]. (F) IntCB, '~ male and
female mice demonstrated a reduction in total distance traveled compared with controls [genotype main
effect F(; 377=14.93; p=0.0004; male intCB, /~ vs. male intCB; */* p=0.0378; female intCB; "~ vs. female
intCB; */* p=0.0037]. (G) IntCB; ’~ male and female mice demonstrated a reduction in average velocity to
controls [genotype main effect F(; 37y=14.96; p=0.0004; male intCB;~~ vs. male intCB; */* p=0.0379; female
intCB,~/~ vs. female intCB; ™+ p=0.0036]. (H) IntCB; ’~ male and female mice demonstrated a reduction in
the cumulative duration of movement to controls [genotype main effect F(; 35=19.15; p<0.0001; male
intCB; /™ vs. male intCB,*/* p=0.0057; female intCB, /" vs. female intCB;*’* p=0.0057]. (I) IntCB, /~ male
and female mice demonstrated an increase in the cumulative duration of movement compared with controls
[genotype main effect F(; 37=24.04; p<0.0001; male intCB, /" vs. male intCB, */* p=0.0020; female intCB, "~
vs. female intCB;*/* p=0.0020]. All analyses are two-way ANOVA followed by Holm-Sidak’s multiple
comparisons test. Data presented as mean =+ SEM, n=9-12 mice per sex and genotype. *p <0.05, **p<0.01.
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comparisons test]. (B) There were no significant differences in % change of plasma CORT. %

Post-EPM CORT

Change =((Post-EPM CORT — Baseline CORT)/Baseline CORT) x 100. Data presented as mean +SEM, n=7-9
mice group. ***p <0.001, ****p <0.0001. (C) Male intCB, */* mice exhibited an inverse correlation between
post-EPM CORT levels and number of open-arm entries (p=0.02957, r?=0.6452), while intCBf/* males did
not (p=0.6631, ¥ =0.02869). (D) Female intCB; ™’* mice (p=0.1190, *=0.3106) and intCB; '~ mice
(p=0.05423, r*=0.5563) exhibited a nonsignificant trend toward an inverse correlation between post-EPM

CORT levels and number of open-arm entries. CORT, corticosterone.

were observed in % change of CORT when comparing
baseline and post-EPM levels (Fig. 6B). Analysis of cor-
relations between post-EPM circulating CORT levels
and the number of EPM open-arm entries in each
mouse was next performed. A strong inverse correla-
tion was observed in male intCB;*’* animals, while
there was a trending inverse correlation in intCB, */*
females and intCB, ’~ females (Fig. 6C, D). No rela-

tionship was observed between post-EPM CORT levels
and number of open-arm entries in intCB, '~ males
(Fig. 6C).

Discussion

We report that (i) male mice lacking CB;Rs in the in-
testinal epithelium exhibit anxiolytic behavior during
the EPM and light/dark box tests, but not in the open
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field test; (ii) female mice lacking CB;Rs in the intesti-
nal epithelium do not display an anxiolytic phenotype
during any of the three tests; and (iii) sex differences in
behaviors are associated with elevated levels of circulat-
ing CORT in female mice at baseline and immediately
after behavioral testing. The findings reveal an impor-
tant and sexually dimorphic role for CB;Rs in the intes-
tinal epithelium in the behavioral expression of anxiety.

To better understand how peripheral components of
the ECS contribute to the expression of anxiety-like be-
haviors, we utilized our transgenic mouse line that con-
ditionally lacks CB;Rs selectively in the intestinal
epithelium. Male intCB, '~ mice spent significantly
more time exploring the open arms of the EPM when
compared with the corresponding controls, as shown
by total entries into open arms and cumulative time
spent in open arms.

IntCB, '~ males also participated in head dipping
behaviors more than corresponding controls. These
anxiolytic behaviors observed in mice were not due
to changes in mobility as evidenced by no differences
detected versus control mice for mean velocity, total
distance moved, and cumulative duration of movement
or nonmovement. A similar anxiolytic phenotype was
observed in the light/dark box: intCB; ’~ male mice
exhibited an increase in light box entries and cumula-
tive duration in the light box when compared with con-
trol mice.

Since mice cannot be recorded in the dark box due to
the opaque lid, measures of mobility in the dark com-
partment were not analyzed. Notably, intCB; ~/~ males
did not display an anxiolytic phenotype on any mea-
surable outcomes in the open field test when compared
with corresponding controls. It is possible, however,
that the 10-min testing period was not long enough
for mice to display behavioral differences in the open
field test.

Although many groups utilize a 5-10 min range for
this test,””™*' others allow up to 30 min of explora-
tion.*>** Nonetheless, differential effects observed
among genotypes in male mice on the three tests high-
light the importance of utilizing a battery of behavioral
tests to assess anxiety-like behaviors in rodents.*’

In contrast to male mice, female intCBl_/ ~ mice did
not exhibit anxiolytic phenotypes on any of the three
tests versus corresponding control mice. Female mice,
however, displayed an increase in baseline EPM explo-
ration when compared with male mice. This is partic-
ularly apparent when comparing the heat maps for
intCB; */* control male and female mice (Figs. 1A
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and 2A, respectively). Specifically, female intCB, ™"
control mice exhibited a higher number of open-arm
entries and cumulative duration in open arms when
compared with those displayed by male control mice.
This outcome was partially expected due to previous
findings that female C57BL/6 mice exhibited higher ac-
tivity levels than males on the EPM.*

Another study revealed sex differences in locomo-
tion on the EPM in AKR and DBA/2 mice, but none
of the other strains tested.*” Thus, it is possible that
our findings are due to both strain and sex of the ani-
mals tested. In addition, Marcondes et al*® found that
female rats in proestrus exhibited reduced anxiety-
like behaviors compared with females in diestrus—a
behavior mediated by estradiol levels. Further testing
would be needed to determine if female mice in our
study are similarly affected by estrous cycles. This sex
difference in overall exploration may explain the lack
of genotype differences observed in female anxiety-
like behaviors.

Accordingly, it is possible that there is a “ceiling ef-
fect” for exploration of open arms in the EPM in female
mice, thus preventing any further increases in open-
arm exploration irrespective of genotype. To confirm
this hypothesis, future experiments could be conducted
in combination with administration of anxiety-
reducing drugs (e.g., benzodiazepines) or stimuli in
female intCB, ’~ and control mice to evaluate if explo-
ration can be increased above the baseline.

Both male and female intCB, '~ mice demonstrated a
significant reduction in several locomotor parameters in
the open field test when compared with corresponding
control mice. The relationship between locomotor activ-
ity and rodent emotionality, however, is unclear.*>*~>?

Indeed, inconsistencies have been widely noted in
open field test protocols across laboratories, which sug-
gest that measures of emotionality may confound ana-
lyses of locomotor activity, and vice versa.>® Therefore,
genotype differences in ambulation, total distance trav-
eled, average velocity, and cumulative duration of
movement and nonmovement may reflect anxiety-
related changes in behavior of mice, including
intCB, ’~ mice, or they may be a result of the other
changes in behaviors. Nonetheless, the current results
indicate that CB;Rs in the intestinal epithelium con-
tribute to the expression of several behaviors that are
widely used to analyze an “anxiety” phenotype in mice.

Although tamoxifen interacts with estrogen recep-
tors, it was shown—at the same dosing regimen used
in this study—to not affect anxiety-like behavior of
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male or female animals in a variety of behavioral tests,
including the EPM and open field test.>* All animals in
our study received tamoxifen at the same dose and dos-
ing protocol, regardless of sex or genotype. Therefore,
any behavioral effects caused by tamoxifen, if present,
would be represented in all animals equally irrespective
of sex, and thus does not likely contribute to sex differ-
ences found in our study.

Global and cell type-specific deletion of CB4R in the
brain of rodents yields pronounced anxious-like phe-
notypes.>> > To the best of our knowledge, we are
the first group to test the effect of intestinal epithelium-
specific CB;R deletion on anxiety-like behaviors. Unex-
pectedly, our findings indicate that male mice lacking
CB,Rs in the intestinal epithelium exhibit an anxiolytic
phenotype when compared with corresponding
controls.

We also show that female mice lacking CB;Rs in the
intestinal epithelium perform similarly to controls on
the EPM, light/dark box, and open field test. It is im-
portant to note that deletion is specific to CB; cannabi-
noid receptors. Some reports indicate a role for CB,Rs
in the brain®*®" in the control of anxiety-like behav-
iors; however, roles of intestinal CB,Rs in anxiety are
unknown, and their investigation in this context re-
mains for future studies.

These should include use of mice with conditional
deletion of CB,Rs in the intestinal epithelium in com-
bination with pharmacological interventions to fully
characterize the contribution of intestinal CB;- versus
CB,-cannabinoid receptors in the behavioral expres-
sion of anxiety. Additional studies should utilize
intCB, /™ mice in combination with CB,R-specific ag-
onists to confirm the specific involvement of intestinal
CB;Rs in this behavior.

Sex differences related to ECS control of behavior
have been described by other groups as well. For exam-
ple, female rats displayed both anxiolytic and anxio-
genic effects in response to treatment with the fatty
acid amide inhibitor, URB587, and the monoacylgly-
cerol lipase inhibitor, MJN110, which were dependent
on estrous cycles, while male rats responded to the
same treatments with only anxiolytic or anxiogenic be-
haviors, respectively.’®

In a different study, inhibition of anandamide or 2-
AG hydrolysis had no effect in males, but did alter
fear-memory extinction in females.’® These differences
may be attributed, in part, to sexual dimorphism and
function of the amygdala, hippocampus, and medial
prefrontal cortices,®>® all of which densely express
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ECS components and estrogen receptors.
Moreover, significant elevations in circulating levels
of CORT were observed in female mice in this study,
regardless of genotype, both at baseline and immedi-
ately after EPM exposure. These female-specific
CORT elevations may seem contradictory to the fact
that they explored the EPM more than males. However,
the fact that females exhibited higher CORT levels at
baseline may not be directly related to stress or anxiety,
but rather reflect ethological differences in male versus
female mouse behavior and physiology.

As reviewed by Kokras et al., depressive and anxiety-
like behaviors in female rodents are significantly less
dependent on CORT levels than in males.”” This is
consistent with our findings that male control mice
exhibited a robust inverse correlation between the
number of open-arm entries and post-EPM CORT lev-
els (Fig. 6C), while female mice did not (Fig. 6D). It is
possible that elevated CORT levels in female mice may
prevent the deletion of CB;Rs in the intestinal epithe-
lium from having anxiolytic effects.

Differential levels of circulating CORT, however, are
insufficient to explain the genotype differences ob-
served in male mice. The finding that intCB, "/~
males do not exhibit the inverse correlation between
CORT levels and open-arm entries (Fig. 6C) that was
observed in the controls may be indicative of HPA-
axis dysregulation and should be further explored as
a possible explanation for the genotype differences ob-
served only in male mice.

Sex differences in the gut microbiome may also ac-
count for the variability observed between males and
females in this study. Bacteria are directly involved in
estrogen metabolism,”® while estrogen, in turn, can
modulate bacterial metabolism through the estrogen
receptor B.”' Furthermore, treatment with 17p-
estradiol reduced the presence of proteobacteria and
LPS in male mice, while it increased inflammation
and metabolic endotoxemia in ovariectomized fe-
male mice.”> Other studies indicate that levels of
estrogen and testosterone influence diversity of the
microbiota.”>”*

In light of findings that indicate a causative relation-
ship between the gut microbiome and expression
of anxiety-like behaviors through the gut-brain
axis,” 177 it is possible that differences in the micro-
biota of males and females are a source of the sex dif-
ferences in anxiety behaviors measured in this study.
To fully understand the contribution of the micro-
biome to this process, future studies should profile
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microbial species diversity in intCB; */* and intCB,
~ male and female mice.

CB;Rs are expressed on a variety of cells expressed in
the intestinal epithelium, including enteroendocrine I
cells.">”® Nutrient-induced CCK release by I cells en-
ables gut-brain satiation communication through
CCK, receptors located on vagal afferent fibers.””
Indeed, vagal afferent fibers may play a critical role in
the transmission of affective signals from the gut to
the brain.”>”® Accordingly, it is possible that the absence
of CB,Rs in I cells in intCB; '~ mice leads to alter-
ations in gut-brain signaling that impacts anxiety-like
behaviors.

Moreover, several studies report that vagal afferent
signaling has a direct impact on anxiety-like behaviors.
For example, subdiaphragmatic vagal deafferentation
in rats caused a reduction in anxiety-like behaviors
on the EPM, open field test, and food neophobia
test.”” Another group demonstrated that both feeding
and chemogenetic activation of gut-innervating vagal
afferents increased anxiety-like behaviors, while fasting
and chemogenetic inhibition of the same fibers blocked
increases in anxiety-like behaviors.”®

Similarly, Maniscalco et al. found that an overnight
fast attenuated anxious behavior in rats tested on the
EPM and acoustic startle test.** It is unclear whether
the anxiolysis observed in intCB; '~ males in this
study is the direct result of changes in vagal afferent
neuronal signaling, but future studies should evaluate
roles of gut-brain signaling in these processes.

Conclusions

Collectively these results suggest that genetic deletion
of CB;Rs in the intestinal epithelium is associated
with an anxiolytic phenotype in a sex-dependent man-
ner, with a robust phenotype found for male mice.
Future studies will investigate the mechanism(s) by
which intestinal CB;Rs control anxiety-like behaviors.
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CNS = central nervous system
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