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Abstract—Anxiety is differentially expressed across a con-
tinuum of stressful/fearful intensity, influenced by endo-
cannabinoid systems and receptors. The hippocampus
plays important roles in the regulation of affective behavior,
emotion, and anxiety, as well as memory. Location of Cb,/
Cb, receptor action could be important in determining emo-
tional valence, because while the dorsal hippocampus is
involved in spatial memory and cognition, the ventral hip-
pocampus has projections to the PFC, BNST, amygdala,
and HPA axis, and is important for emotional responses to
stress. During repeated social defeat in a Stress-
Alternatives Model arena (SAM; an oval open field with
escape portals only large enough for smaller mice), smaller
C57BL6/N mice are subject to fear conditioning (tone = CS),
and attacked by novel larger aggressive CD1 mice (US) over
four daily (5 min) trials. Each SAM trial presents an opportu-
nity for escape or submission, with stable behavioral
responses established by the second day of interaction.
Additional groups had access to a running wheel. Social
aggression plus fear conditioning stimulates enhanced
Cb, receptor gene expression in the dorsal CA,, dorsal
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and ventral dentate gyrus subregions in animals displaying
a submissive behavioral phenotype. Escape behavior is
associated with reduced Cb, expression in the dorsal CA,
region, with freezing and escape latency correlated with
mRNA levels. Escaping and submitting animals with access
to running wheels had increased Cb, mRNA in dorsal DG/
CA,. These results suggest that the Cb, receptor system is
rapidly induced during anxiogenic social interactions plus
fear conditioning or exercise; with responses potentially
adaptive for coping mechanisms. © 2017 IBRO. Published
by Elsevier Ltd. All rights reserved.

Key words: anxiety, Cb,, endocannabinoid, exercise, induc-
tion, hippocampus.

INTRODUCTION

Anxious behaviors are widely expressed across
vertebrate species (Kandel, 1983), with anxiety disorders
being the most prevalent mental iliness (affecting as much
as 25% of the human population), and highly comorbid
with other conditions such as Post-Traumatic Stress
Disorder (PTSD) and depression (Kessler et al., 2010).
Intensity of anxiety is expressed along a continuum, influ-
enced by experience and a dynamic neurocircuitry
(Robertson et al., 2015; Smith et al., 2016). Although
treatable, only one in three people suffering from an anx-
iety disorder will receive effective medical treatment
(Young et al., 2001).

Hippocampal regulation of affective states appears to
occur in concert with its role in spatial learning; with
multiple functions arising from anatomical segregation
(Bannerman et al.,, 2004; Fanselow and Dong, 2010).
Dorsal hippocampal involvement in spatial cognition and
memory contrasts with ventral hippocampal regulation of
affective states associated with stress and emotion
(Bannerman et al.,, 2003; McHugh et al., 2004;
Fanselow and Dong, 2010; Schoenfeld et al., 2013). A
dual purpose hippocampus may facilitate acquisition of
conditioned fear by linking emotional valence with envi-
ronmental cues (Maren and Fanselow, 1995;
Anagnostaras et al., 2002). Modulatory regulation in the
hippocampus may mitigate emotional and environmental
components during the induction of anxiety (Martinowich
et al.,, 2007; Flandreau et al., 2012; O’Loughlin et al.,
2014; Dine et al., 2015). A recent and promising target
lies with the endocannabinoid system (Hill et al., 2012;
Hillard, 2014; Morena et al., 2016).
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Phytocannabinoids, long employed for self-medication
of anxiety disorders, make wuse of endogenous
cannabinoid circuits and receptors (Hill and Patel,
2013). Endocannabinoids are bioactive lipids, anan-
damide (AEA) and 2-arachidonoylglycerol (2-AG), pro-
duced from post-synaptic terminals by increased
neuronal activity or from microglia, then act via stimulation
of presynaptic or microglial cannabinoid type 1 (Cb4) and
2 (Cby) receptors, regulating GABAergic and/or gluta-
matergic transmission or glial function (Howlett et al.,
2004; Mecha et al., 2015; Ronan et al., 2016; Stempel
et al., 2016; Li and Kim, 2016b; Li et al., 2017). Endo-
cannabinoids are thought to exert their effect on affective
outcomes through the action of Cb, receptors in the limbic
system, but recent work suggests that Cb, receptors also
regulate anxious behavior (Garcia-Gutierrez and
Manzanares, 2011).

Traditionally thought to modulate peripheral immune
function, and therefore commensurately in the brain
most studies have found Cb, receptors primarily on
microglia (Nunez et al., 2004; Cabral et al., 2008;
Concannon et al., 2016), there is also emerging evidence
indicating that Cb, receptors may also be located on neu-
rons (Van Sickle et al., 2005; Atwood and Mackie, 2010;
Ronan et al.,, 2016). Recent work suggests that Cb,
receptors are differentially expressed in reactive micro-
glia, perivascular microglia, oligodendrocytes, activated
astrocytes, neural progenitor cells, and specific neuronal
subsets, and are upregulated by neuroinflammation,
potentially linking the two systems (Navarro et al,
2016). They are found throughout the central nervous
system, including amygdala and hippocampus (Gong
et al., 2006; Onaivi et al., 2006; Garcia-Gutierrez et al.,
2010). In hippocampus, where Cb, synthesis in pyramidal
cells has been described (Brusco et al., 2008), the lack of
reliable antibodies and controls have made immunohisto-
chemical evidence suspect. Using Cb, knock-out mice as
controls, it has recently been reported that hippocampal
expression of Cb, mRNA appears to be mostly neuronal,
and unusually, only rarely in microglia, with the Cb, recep-
tors functionally influencing excitatory synaptic transmis-
sion, plasticity, and long-term potentiation (Kim and Li,
2015; Li and Kim, 2015, 2016b; Stempel et al., 2016). In
addition, Cb, receptors appear to be volatile, rapidly
increasing in expression in microglia in response to
trauma (Maresz et al., 2005; Atwood and Mackie, 2010).
Transgenic mice overexpressing the Cb, receptors were
resilient to anxiety and depression following chronic mild
stress (Garcia-Gutierrez et al., 2010; Garcia-Gutierrez
and Manzanares, 2011). Interestingly, acute blockade of
Cb, receptors in wild-type mice increases anxiety,
whereas Cb, stimulation decreases anxiety (Busquets-
Garcia et al., 2011; Garcia-Gutierrez et al., 2012). Taken
together, the evidence suggests, and we hypothesize,
that Cb, receptors may be rapidly mobilized to ameliorate
highly traumatic and anxiogenic conditions.

The Stress Alternatives Model (SAM) allows for active
measurements of the intensity of anxious behavior
(Robertson et al., 2015; Smith et al., 2016). An oval open
field (OF) arena with restricted-size portals, this

apparatus allows for retreat of smaller subjects during
aggressive bouts with larger mice over four daily (5 min)
trials (Smith et al., 2014). In SAM social interactions an
even division of escaping and submissive responses
occur, with stable behavioral phenotypes established by
the second day of interaction (Smith et al., 2014;
Robertson et al., 2015). The addition of a conditioned
stimulus (CS, tone) during the period of isolation prior to
aggressive social interaction results in fear conditioning,
but only for submissive (social defeat) animals
(Carpenter and Summers, 2009; Smith et al., 2014).
Escape clearly alleviates stress and anxiety associated
with OF and aggression (Robertson et al., 2015). How-
ever, it is important to note that both escaping and sub-
missive animals receive significant levels of aggression,
and that neither the amount nor the intensity of aggres-
sion determine which behavioral phenotype is adopted,
nor gene expression of those groups (Prince et al., 2015).
We sought to test whether exposure to anxiogenic
social interaction was sufficient stimulation to increase
Cb, gene expression in the hippocampus, and whether
this expression would be modified by fear conditioning
or running. We similarly examined expression of Cb;
receptors to determine which endocannabinoid receptor
system was more plastic and inducible. We
hypothesized that anxiety from social aggression would
induce elevated Cb, gene expression only in the ventral
hippocampus. Secondarily, we hypothesized that the
addition of a conditioning stimulus would elevate
receptor levels in both ventral and dorsal areas.

EXPERIMENTAL PROCEDURES
Animals

Adult (8 weeks) male C57BL6/N mice weighing ~23-24 g
(Harlan, Indianapolis; N = 63) were group housed, 4
animals per cage, during seven days of acclimation;
before being housed singly for the duration of the
experiment. For non-control treatments, a separate
group of retired Hsd:ICR (CD1) male breeders weighing
~53 g were used to provide aggression during the
behavioral experiments (Harlan, Indianapolis; N = 78).
Food and water were provided ad libitum and mice were
on a 12:12 reversed light—dark cycle, with lights off at
10am. The room was kept at room temperature (22 °C).
All experiments were performed in a manner that
minimized suffering and the number of animals used, in
accordance with the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23), and approved by the
Institutional Animal Care and Use Committee of the
University of South Dakota.

Experimental design

The SAM apparatus is used to create a gradient of anxiety
based on four repeated socially aggressive interactions
with a novel aggressor in an oval (directional) open field
(OF) arena that also provides the opportunity for the
test animal to escape without the aggressor being able
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Fig. 1. Experimental design, Stress-Alternatives Model (SAM) model, and previous results. (A)
Timeline and schematic of experimental design. The first (above) includes daily fear conditioning
at the start of SAM aggressive interactions. The second (below) begins with elevated plus maze
(EPM) on day 8 and access to running wheel. The running wheel is continued for six days,
interrupted for the last four by 15 min SAM aggressive interactions, but this time without fear
conditioning. (B) A blueprint of the SAM apparatus; a clear rectangular box 91 x 22 x 26 cm,
divided into three sections by curved opaque barriers that include L-shaped tunnels for egress that
are only large enough for the test mice (not large enough for the aggressors). An opaque cylinder
sits in the central open field, for placement of the small mouse and fear conditioning when
appropriate. It is removed at the beginning of the social interaction. (C) A SAM derived gradient of
anxious behavior intensity (Esc, Escape; Sub, Submission; B, corticosterone; NPS, Neuropeptide

S; CeA, Central Nucleus of the Amygdala).

to follow (Fig. 1). The lowest intensity anxious behavior in
SAM apparatus accrues to the OF in the absence of
aggressive interaction, and is not made use of in this
work. When the OF is combined with social aggression,
two behavioral phenotypes emerge that represent
medium- and high-intensity anxious behavior. The
fundamental elements of the experimental design are to
make use of self-selection of escape and submission to
compare medium and high intensity anxious behaviors
respectively. In addition to this basic design we have
separately added two elements to modify the intrinsic
SAM anxiety intensity gradient, fear conditioning
protocol (FC) within the SAM apparatus (Total N = 24;
FC training N = 17) and exercise wheels (RW) in the
home cage (Total N = 39; RW exposure N = 17). Fear
conditioning is associative learning that predicts the
coming social anxiety (unconditioned stimulus; US) with
an innocuous tone (conditioned stimulus; CS). Exercise
has been shown to reduce anxiety and depression in
humans and animal models, and elicits synthesis and
release of endogenous anxiolytics and antidepressant
neuromodulators. Therefore, in one experiment, all test
mice were presented with a CS, followed by the social
aggression from a larger mouse during the SAM

1 meter, closed/open arm length:
0.3 m, open junction of four arms:
0.065m x 0.065m) was digitally
recorded over a single 5-min bout.
Elevated plus maze testing took place
between 10am and 5pm. Animals
were gently placed in the intersection
of the four arms, facing an open arm
and released. Two independent
scorers, unaware of treatment,
performed scoring of open arm/closed
arm entries and duration (s).

Running wheel

Immediately following exposure to the EPM, C57BL6/N
mice were housed singly (transparent plastic cages
43x27x15 cm) and separated into experimental groups:
cage control — neither running wheel nor SAM exposure
(N = 7); running wheel control — running wheel in cage,
no SAM exposure (N = 7); SAM- exposure to SAM but
no running wheel (N = 13); and Running Wheel SAM —
exposure to both SAM and running wheel (N = 10).
Mice in groups with a running wheel had ad libitum
access to a 1.08 m circumference wheel (Nalgene™
Activity Wheels). All running wheels used a magnetic
sensor to record wheel movement (Minimitter™) and
this system was connected to a computer using
VitalView™ software to record running data in 15-s bins
over a total of 6 days. Animals with running wheels in
their home cages had twenty-four hours access, except
during EPM and SAM testing.

Stress-Alternatives Model (SAM)

In SAM experiments, focal animals are subject to
aggression (see SAM Behavioral procedures below) and
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respond either by escaping (~50%) or remaining
submissively (also ~50%) in a 5-min bout, and based
on previous results and a priori hypotheses, are used to
constitute experimental groups. The SAM (Smith et al,,
2014) is a rectangular box (Length: 91 cm, Width:
22 cm, Height: 26 cm) with a cover (L: 91cm, W:
25 cm). The interior of the SAM box contains two movable
semicircular polyvinyl chloride sections (diameter: 22 cm,
height: 26 cm) each with a hole constructed from 1.9 cm
diameter ninety degree polyvinyl chloride plumbing tubes
placed just off the bottom portion of each section that
allow for C57BL6/N mice to pass through but not CD1 s.
Also inside the SAM is a removable opaque divider cylin-
der (diameter 16.5 cm, height 22 cm) to separate the ani-
mals before the start of the behavioral interaction.

SAM behavioral procedures

Behavioral observations were recorded manually and
digitally on video. Behavioral testing in the SAM took
place between 10 AM and 6 PM under red light. The
CD1 aggressor was first placed into the SAM inside the
oval area but outside the cylindrical divider, and then
the C57BL6/N test mouse was placed inside the
cylindrical divider and allowed 30s to acclimate. After
acclimation the cylindrical divider separating the two
animals was removed allowing the animals to interact
for a maximum of 5 min, to minimize injury to the test
mouse. A novel CD1 is used for each interaction (used
once per day), to limit habituation; mice often display
more interest in novel compared to familiar conspecifics
(Young, 2002; Toth and Neumann, 2013). Behavioral
SAM testing took place once per day for four consecutive
days; allowing both the C57BL6/N test mice and CD1
aggressors 24-h rest between trials. The duration of the
interactions varied, because some animals escaped and
some did not, and among those that did there were also
differences in individual escape latency. Latency to
escape was measured from the time the divider was
removed (exposure to an aggressor) to the moment at
which the animal passed through the escape portal. Dura-
tion of interaction was defined as the period from lifting of
the divider to the moment that the animal exited, using
one of the two available escape holes, or 5 min of submis-
sion. Interactions were scored (two naive independent
trained scorers) for latency to escape. Once a test animal
utilized an escape hole, a cover was placed over the hole
for the remainder of the allotted 5 min.

Quantitative rtPCR

Brains were collected after decapitation and frozen at
—80 °C. Frozen brains were sliced coronally (200 um),
and the dorsal and ventral areas of the dentate gyrus
(DG) and CA; regions of the Hippocampus were
microdissected following coordinates (Dorsal DG —0.94
to —1.94 from Bregma, Dorsal CA; —1.22 to —1.94 from
Bregma; Ventral DG and CA1 —-3.40 to —3.88 from
Bregma) based on a mouse brain atlas, using the blunt
tip of a 26 gauge needle on a freezing block (—30 °C).
Samples were directly injected into lysis buffer
(RNAqueous-Micro  Kit, Life Technologies Corp.,

Carlsbad, CA, USA) before homogenization with a pestle.
Total RNA was extracted from microdissected samples
using RNAqueous-Micro kit (Life Technologies Corp) and
quantified using Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Purified RNA was
then used for complementary DNA (cDNA) synthesis in
20-ul reactions using the High Capacity cDNA archive kit
(Life Technologies Corp.). For all gPCR reactions 2 pl
(3.3ng) of total cDNA product was utilized in 20-pl
reactions. Step One Plus Real-Time PCR System (Life
Technologies Corp.) was employed to perform all qrtPCR
reactions using Tag-man Assay On Demand primer/
probe sets (Life Technologies Corp.) Transferrin receptor
protein 1 (TFRC; MmO00441941_m1), Cb, receptor gene
CNR1 (Mm01212171_s1), and Cb, receptor gene CNR2
(MmO00438286_m1). Each sample was normalized to the
expression of housekeeping gene, TFRC and run in
duplicate. The TagMan gPCR was performed at 50 °C for
2min and 95°C for 10 min, followed by 50 cycles at
95°C for 15s and 60 °C for 1 min. The mean critical
threshold (CT) for combined hippocampal subregions is
28.76 + 0.25 for Cbq receptor mRNA, and 38.24 + 0.14
for Cb, receptor mRNA. Animals in each group were
considered biological replicates, and changes in gene
expression were either represented individually
(regressions) or averaged (group means). The gPCR
reactions for each sample were repeated twice and
results from individual reactions were averaged. Changes
in gene expression were quantified by real-time qgPCR
and analyzed using the 2724€T method, comparing all
samples to the average AC+ value of the control animals
(not exposed to the SAM apparatus). Values for gPCR
data were expressed as mean fold change + standard
error of the mean.

Statistics

Gene expression results were compared across groups
(Cage control, Escape, Submission) using analysis of
variance is a process not a thing one-way ANOVA for
fear conditioning experiments, and two-way ANOVA
(Exercise by Behavioral Phenotype design: including
Cage control, Running wheel control, Escape, Running
wheel plus escape, Submission, and Running wheel
plus submission) for running wheel experiments and
behavioral measures of fear conditioning (Conditioned
Stimulus by Behavioral Phenotype design: including
Freezing-before the tone, Submissive mice, in Before
the tone in Escaping mice, After the Tone in Submissive
mice, After the Tone in Escaping). Linear regression
analysis compared relationships between behavioral and
gene expression results. For all analyses, each animal
provided only a singular datum. During behavioral
analyses or gqPCR low cDNA quantity or lost tissue/
samples resulted in some data being omitted from
analyses. The data have been tested for the five
assumptions of parametric statistics and transformed
when necessary. The data are analyzed both non-
parametrically and using the parametric statistics
previously mentioned, and for multiple comparisons
using the Holm-Sidak method; when the statistical
analyses match, as they do for the data reported herein,
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we report the parametric results without o adjustment
(Rothman, 1990; Perneger, 1998; Feise, 2002; Jennions
and Moller, 2003; Moran, 2003; Nakagawa, 2004). Signif-
icant effects between groups for one-way analyses were
examined with Student-Newman—Keuls post hoc analy-
ses (to minimize Type | error) and Duncan’s Multiple
Range Test (to minimize Type Il error).

RESULTS
Elevated plus maze

The purpose of the EPM testing prior to SAM social
interactions was to discover whether mice which would
be eventually divided groups of escaping or submissive
animals were innately disposed to anxious behavior. As
in previous experiments, time spent in the open or closed
arms were not significantly different (F;40 = 0.0097,
p >0.99; F,40 = 0.34, p > 0.71; data not shown) among
control, submissive or escaping groups prior to the
development of those phenotypes in the SAM (Smith
etal., 2014). As before, the results suggest that the submis-
sive and escape behavioral phenotypes expressed in the
SAM apparatus were not based on groups with distinctively
different innately anxious responses. The socially interact-
ing mice eventually demonstrated self-selected escape or
submissive behaviors.

Social interaction with fear conditioning

During the 30s just prior to removal of the opaque
cylindrical divider that allows the commencement of
aggressive social interaction (and leads to social
submission and defeat or escape) presentation of a
conditioned stimulus (tone: 2500 Hz, 75 dB) produces
significantly enhanced freezing responses (conditioned
stimulus effect: Fqg93 = 68.22, p <0.001; behavioral
phenotype effect: Fqg3 = 80.98, p <0.001; interaction
effects: Fq93 = 72.25, p <0.001; Fig. 2A). Freezing is
elicited by the CS on the fourth day of training, when
the unconditioned stimulus was present (larger CD1
aggressor), and on test day (day 5) when no aggressor
was present (conditioned response), but only in
submissive mice (Smith et al., 2014). Animals that escape
did not show behavioral fear conditioning, at least with
respect to freezing, during training or on test day.

For escaping animals, a significantly (F421 = 30.18,
p <0.001; Fig.2B) decreased escape latency was
evident after training day 1 (~236 s) and they continued
to escape significantly faster (under ~45s) thereafter.
Mice escaping on days 1 through 4, also escaped from
the open field portion of the SAM on test day (day 5)
with CS alone (tone) and no US (novel CD1 mice), with
a latency that was not different from days 2-4.
Submissive animals did not make use of the escape
holes on test day, as they had not on training days.

Patterns of Cb receptor gene expression following
SAM + FC

In the ventral hippocampus (Fig. 3) Cb, receptor gene
expression was uniquely enhanced in submissive
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Fig. 2. (A) Fear conditioning was produced by pairing of a condi-
tioned stimulus (CS = tone) and aggressive social interaction
(unconditioned stimulus = US). The CS was presented during four
days of training and on test day for 15 s, followed by a 15-s trace,
after which the opaque cylindrical divider was removed and social
interaction commenced. Increased percent time freezing was signif-
icant on day 4 and test day (lindicates statistical significance
compared with days 1-3, p < 0.05; N = 5-9) only in mice that
chose to remain submissively (Non-Escapers, gray bars). Escaping
mice (white bars) do not exhibit Pavlovian conditioning to the auditory
cue (CS = tone; * indicates significant differences between Submis-
sive mice and Escapers on that day, p < 0.05). (B) Percent mean
(£ SEM) latency to escape for the animals exposed to social
aggression (as a proportion of the time of first escape) significantly
(indicates statistical significance, days 2-5 p < 0.05; N = 11)
decreased after training day 1 (~236 s) and they continued to escape
faster ("significantly different from day 2, under ~45s) for the
duration of the experiment.

animals in both DG and CA,, with no change in Cb;
receptor mRNA in response to fear conditioning plus
SAM social anxiety. In dorsal hippocampus (Fig. 4), this
pattern was repeated, with the exception that in dCA,,
escaping mice exhibited diminished Cb, gene
expression, at the same time that submissive mice
showed enhanced Cb, mRNA (Fig. 4D). With this one
exception, the gene expression patterns were also the
same for DG as well as CA; subregions, regardless of
dorsal or ventral orientation. There was no clear effect
of hippocampal region on expression of Cb; or Cb,
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Fig. 3. Social stress modifies Cb, receptor gene expression in the ventral hippocampus. (A)
Socially aggressive interactions plus fear conditioning in the SAM did not affect Cby mRNA, but (B)
significantly (" compared with cage controls [white bar], # compared with escape [gray bar])
increased ventral dentate gyrus (vDG) Cb, receptor mRNA (mean + SEM) in submissive (dark
gray bar) mice. (C) In the vCA; Cbs mRNA is unaffected, but (D) the Cb, receptor mRNA is
significantly ( compared with escape) increased in submissive animals (no change from control
animals).
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Fig. 4. Social stress modifies Cb, receptor gene expression in the dorsal hippocampus. (A)
Socially aggressive interactions plus fear conditioning in the SAM did not affect Cby mRNA, but (B)
significantly (" compared with cage controls [white bar], # compared with escape [gray bar])
increased dorsal dentate gyrus (dDG) Cb, receptor mRNA (mean + SEM) in submissive (dark
gray bar). (C) In the dCA4 Cbs mRNA is unaffected, but (D) the Cb, receptor mRNA is significantly
decreased in escaping animals, and significantly (' compared with cage controls, # compared with
escape) increased in submissive mice.

cannabinoid receptors following fear
conditioning and SAM social
interaction (compare Fig. 3 with
Fig. 4).

SAM + FC gene expression of
Cb, receptors

There were no significant effects
stimulated by SAM social interaction
with fear conditioning on Cb; mRNA
fold expression (combined mean
hippocampal Cb,; CT = 28.76 =
0.25) in ventral regions of the
hippocampus (vDG, F; 49 = 1.885,
p> 0.39; VCA1, F2,19 = 0.209,
p > 0.129; Fig. 3A, C).

Similarly, in dorsal regions (dDG,
F2y1g = 0.01, p > 0.99; dCA1
F249 = 0.632, p > 0.542; Fig. 4A, C)
of the hippocampus, fear
conditioning just prior to SAM social
interaction produced no significant
changes in Cb; mRNA fold
expression.

SAM + FC gene expression of
Cb, receptors

Chronic submission and social defeat

during SAM interactions paired with

fear conditioning significantly incre-
ased Cb, receptor gene expression
(combined mean hippocampal Cb,
CT = 38.24 + 0.14) compared to
controls and escaping  mice.
Enhanced Cb, receptor mRNA was
evident in both the DG and the CA;.

In the ventral hippocampus, gene
expression of Cb, receptor was
significantly increased in submissive
compared to escaping mice and
controls in the vDG (Fy 46 = 12.74,
p <0.001; Fig.3B) as well as the
VCA1 (F2’14 = 1478, p< 0001,
Fig. 3D).

In dDG, however, Cb, receptor
mRNA in submissive mice was
similarly  elevated (F,49 = 5.98,
p <0.01; Fig. 4B) compared to both
controls and escaping animals, in
dCA, Cb, receptor expression was bi-
directionally regulated for escaping
versus submissive phenotypes
(F219 = 18.75, p <0.001; Fig.4D).
Submissive mice exhibited
significantly increased Cb, receptor
expression following fear conditioning
and SAM interaction compared to
controls (p < 0.05; Fig.4B), while
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escaping mice exhibited significantly decreased Cb,
receptor mMRNA com- pared to controls (p < 0.05; Fig. 4D).

The relationship between Cb, gene expression and
freezing behavior of submissive animals and egress
latency of escaping animals was suggestive of a
functional impact. Surprisingly, the data reflect a
significant linear regression between Cb, gene
expression in dCA; and latency to escape on day 4
(F16 = 15.66, = 0.76, p <0.011; Fig. 5) among
animals showing reduced receptor mRNA. When
examining freezing time during fear conditioning on day
4, there was also a potential functional relationship with
Cb, receptor gene expression. A significant positive
regression between the duration of conditioned freezing
and Cb, expression was measured in submissive mice
expressing elevated Cb, mRNA (F; 4 = 15.66, = 0.80,
p <0.042; Fig. 5). Although Cb, gene expression was
elevated in other hippocampal regions, there were no
other significant correlations with behavioral data; likely
due to low power of the statistical comparisons.

Exercise and social interaction (without fear
conditioning)

Gene expression of Chby receptors. Chronic social
defeat, without fear conditioning or wheel running (RW),
significantly decreased Cb; receptor mRNA expression
in the vDG of the submissive group (Phenotype effect:
Fo07 = 4.778, p <0.017; Fig. 6). Voluntary exercise did
not significantly impact Cb, receptor mRNA in the vDG
of RW control, escaping or submissive animals
(Exercise effect: F, 57 = 0.995, p > 0.383), although Cb;
gene expression was lower in exercising escape and
submissive groups than in cage controls (Fz,44 = 5.202,
p <0.02).

In addition, there were no changes in Cb; receptor
gene expression in dDG (Exercise effect: F, 05 = 2.726,
p > 0.083; Phenotype effect: F,5s = 0.646, p > 0.532;
Interaction effect: F, .5 = 1.497, p>0.23), dCA4
(Exercise effect: F,,5 = 0.194, p > 0.825; Phenotype
effect: Fpos = 0.285, p>0.754; Interaction effect:
F428 = 0.277, p>0.891), or vCA; (Exercise effect:
Fo2 = 0.167, p>0.847; Phenotype effect: F,5 =
0.416, p > 0.664; Interaction effect: F426 = 0.0931,
p > 0.984).

Gene expression of Cb, receptors. Gene expression
of Cb, receptor in the dDG was dynamically upregulated
by the addition of exercise to escape and submissive
phenotypes (Exercise effect: F, .5 = 6.237, p < 0.006;
Interaction effect: F, 55 = 3.264, p < 0.026; Fig. 7B), but
was unchanged by the anxiety produced SAM exposure
alone (compare gray bars to gray hatched bars). There
were no reportable effects on Cb, receptor mRNA in
vDG (Exercise effect: F,51 = 0.243, p>0.786;
Phenotype effect: F,21 = 0. 892, p > 0.425; Interaction
effect:  Fs1 = 0.841, p>0.514; Fig.7A), vCA,
(Exercise effect: F,., = 0.309, p >0.737; Phenotype
effect: F,., = 2.548, p>0.101; Fig.7C), or dCA;
(Exercise effect: F,25 = 0.653, p > 0.529; Phenotype

5 [ I
I
= I
S |
T4 !
= =080 !
& i i
23 freezing !
f |
o I
o I
w2y !
o

° I
ol i
S e r*=0.76
escape

0 ‘ ‘ ‘ ‘ ‘ ‘

0 10 20 30 40 50 60

Freezing time or Escape Latency (s)

Fig. 5. Gene expression for Cb, receptors in dCA; is positively
related to anxiogenic and negatively related to anxiolytic behaviors.
Freezing behavior in response to a CS (tone; open triangles) on day 4
exhibited a significant positive regression with Cb, mRNA fold
expression (> = 0.80). Escape latency during socially aggressive
interactions (with a CD1 mouse; closed circles) exhibited a significant
positive regression with Cb, gene expression. Therefore, the rapidity
of escape is negatively correlated with Cb, mRNA.

15 Nsle C—— Cage Control
zZzZz1 RW Control
3 SAM Agg - Esc
s B X === SAM Agg - Subm
2 10l Il - AB £Zz1 RW + SAM - Esc
o i T =z RW + SAM - Sub
S X
£ ] i A 1
o [ X
[e) /
05 I / /
5
O
0.0

Cage RW Esc Subm Esc Subm
Control SAM  Running + SAM

Fig. 6. Social stress reduces Cb; receptor gene expression in the
ventral dentate gyrus (vDG) of the hippocampus. Submissive mice
(without access to a running wheel (RW); solid dark gray bar)
following socially aggressive interactions had significantly reduced
Cb; mRNA gene expression in vDG, compared with cage controls
(solid white bar). Exercise alone (hatched white bar) did not affect Cb,
gene expression; however, escaping and submissive mice with
running wheels were not different from submissive mice with reduced
Cb4 expression, but exhibited significantly reduced Cb; mRNA
compared to cage controls (statistical comparison not marked).
Significant comparisons are denoted by bars topped with differing
letters (A vs. B) but not by bars with any similar letter (such as AB vs.
B or y vs y).

effect: F,25 = 1.928, p>0.166; Interaction effect:
F425 = 0.177, p > 0.948; Fig. 7D).

DISCUSSION

While anxious behavior elicited during SAM social
interactions alone has been demonstrated to influence
neuromodulator and neurotrophin gene expression
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35

tors, there was an increase in
GABAa, and GABA,Y, gene expres-
VA7 sion, indicating an increase in inhibi-
tory output from the area (Garcia-

Gutierrez and Manzanares, 2011). In
this way, Cb, activation and overex-
pression in response to chronic stress
may be acting to mitigate the induc-
tion of anxiety at the presentation of
stressful stimuli, possibly by facilitat-
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ing extinction learning. Our results
suggest that fear conditioning treat-
ment, and perhaps exercise as well,
may serve as the additional arousal
necessary for generating increased
gene expression of the Cb, receptor
in hippocampus. This stands in stark
contrast with Cb; receptor gene
expression, which has extremely
dense central distribution, higher than
most other G-protein coupled recep-

Cage RW Esc  Subm Esc Subm Cage RW
Control SAM  Running + SAM Control

Subm  Esc  Subm tors, highest in hippocampus and
Running + SAM . .
motor areas (Breivogel and Childers,

Fig. 7. Social stress and exercise increases Cb, receptor gene expression in the dorsal dentate  1998), and clearly demonstrated

gyrus (dDG) of the hippocampus. (A, C, D) Social aggression in the SAM, whether it elicited

associations with anxiety and depres-

Escape (light gray bars) or submission (dark gray bars), was not enough to induce Cb, gene  gion. In our experiments Cb; mRNA

expression. Access to a running wheel (hatched bars), with or without SAM social aggression, also
did not stimulate Cb, mRNA transcription in ventral dentate (vDG), vCA; or dCA, regions. (B)
However, socially aggressive interactions in conjunction with exercise (shaded hatched bars)
significantly increase Cb, receptor gene expression of escaping (light gray hatched bar) and
submissive (dark hatched bar) mice compared with running wheel controls (hatched white bar) in
dDG. Animals given access to exercise in addition to socially aggressive interactions had
significantly elevated dDG Cb, mRNA () compared with animals exposed to aggression without
exercise (light [Escape] and dark [Submission] gray bars). Significant comparisons are denoted by

only showed minor reduction in
mRNA in ventral DG. The contrast
between these two cannabinoid
receptor systems suggests that Cb,
receptors, although low in initial den-
sity, are highly sensitive to conditions

bars topped with an asterisk () or differing letters (y vs. y), but not by bars with any similar letter  that promote induction of gene

(such as A vs. Aor y vs y).

(such as Neuropeptide S (NPS), Orexin 1 (Orx4) receptor,
and Brain-Derived Neurotrophic Factor (BDNF)) in
amygdala and hippocampus (Smith et al., 2014, 2016;
Robertson et al., 2015), an additional stimulus was
needed to impact gene expression of cannabinoid recep-
tors. Results from previous studies suggest that endo-
cannabinoids are physiologically released in limbic brain
regions only under conditions of high arousal (Morena
and Campolongo, 2014), and induce different effects
depending on aversiveness of environmental conditions
and stress level (Campolongo et al., 2013). Endocannabi-
noids have been shown to play a role in neurogenesis
while promoting synaptic plasticity within the hippocam-
pus (Aguado et al., 2005, 2006; Zhu, 2006). Anandamide
exhibits low-efficacy agonism of both Cb; and Cb, recep-
tors, with greater affinity for Cb4 receptors (Parsons and
Hurd, 2015). The most abundant endocannabinoid, 2-
AG, binds with equal affinity at both receptors, and has
recently been shown to be important for extinction learn-
ing in hippocampal-dependent tasks (Kishimoto et al.,
2015). In Cb, receptor knockout mice, contextual fear
memory was impaired (Li and Kim, 2016a), which
appears to be modulated through Cb,-NMDA interactions
in dorsal hippocampus (Nasehi et al., 2017). In the hip-
pocampi of transgenic mice overexpressing Cb, recep-

expression, and that anxious behav-

ior, when combined with fear condi-

tioning or exercise, may be enough
arousal to stimulate this induction. The bidirectional rela-
tionships between Cb, gene expression and submissive
freezing or escape latency (Fig. 5) suggest important
functional attributes for the receptor in hippocampus.
These results support previous studies that suggest Cb,
receptors may be a valuable target for therapeutic actions
(Onaivi et al., 2008a,b; Atwood and Mackie, 2010; Garcia-
Gutierrez et al., 2010, 2012, 2013; Garcia-Gutierrez and
Manzanares, 2011; Ortega-Alvaro et al., 2011, 2015;
Navarrete et al., 2013).

Our results demonstrating enhanced Cb, receptor
gene expression should be interpreted within the scope
of the SAM’s capacity for generating and revealing
affective responses. Previous results using this
apparatus have revealed anxious behavioral responses
that vary in intensity along a continuum or gradient
(Robertson et al., 2015; Smith et al., 2016). As the inten-
sity of anxious behavioral responses grows, plasma corti-
costerone (B) and anxiety-responsive NPS in the central
amygdala (CeA) rise commensurately (Fig. 1C). The con-
tinuum of corticosterone concentration and CeA NPS
expression is evident in escaping and submissive behav-
ioral phenotypes, and while elevated in both groups, sig-
nificantly greater in submissive animals. Interestingly,
though both escaping and submissive animals receive
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significant levels of aggression, neither the quantity nor
the intensity of aggression determines which behavioral
phenotype is adopted, and therefore differences in hor-
mone and gene expression in those groups are deter-
mined by the choice of behavioral response (Prince
et al., 2015). This gradient is amenable to anxiolytic treat-
ments (such as exercise on the running wheel, familiarity
with escape, NPS, the CRF; antagonist antalarmin),
which reverses highly anxious submissive behaviors and
allows for escape. Anxiogenic treatments (The noradren-
ergic axa antagonist yohimbine, aggression) block escape
behavior, and promote submission (Robertson et al,
2015; Smith et al., 2016). The results presented here for
Cb, expression in dorsal and ventral hippocampal DG
and CA; regions are a comparison of animals expressing
the highest level of anxiety (following social defeat) with
animals that have significantly less anxiety (exhibited dur-
ing escape from aggression; see Fig. 1C). Animals show-
ing the highest level of anxiety also develop behavioral
fear conditioning when paired with a conditioned stimulus,
like a tone (Smith et al., 2014). The freezing behavior in
response to the conditioning was positively correlated
with Cb, gene expression in dCA,. Conversely, escape
celerity was negatively correlated (i.e. latency was posi-
tively correlated, Fig. 5) with dCA; Cb, mRNA levels. In
addition to unique behavioral responses, the gradient of
anxiety produced by the SAM is represented by progres-
sively elevated levels of corticosterone and CeA NPS
gene expression. Orexin and its receptors (Orx4 and
Orx,), as well as BDNF and TrKg receptor, gene expres-
sion are also modified in the hippocampus (Arendt et al.,
2012, 2013; Prince et al., 2015; Summers et al., 2015).
Behavioral, hormonal, and gene expression changes are
upregulated by anxiogenic drugs and ameliorated by anx-
iolytic drugs (Robertson et al., 2015; Smith et al., 2016).
Similar to our results in hippocampus, gene expression
for BDNF in the BLA was elevated, not with high level
anxiety alone, but only when fear conditioning was com-
bined with high-level anxiety (Smith et al., 2014, 2016).
Cannabinoid receptors are clearly linked with
diminished anxiety and anxious behavior, demonstrated
by anxiogenic effects in Cb4 knockouts and anxiolytic
effects of Cb, overexpression (Garcia-Gutierrez and
Manzanares, 2011; Hill and Patel, 2013). Deletion of glu-
tamatergic Cb4 receptors enhance anxious behavior,
because these receptors modulate low dose cannabinoid
anxiolysis, whereas Cb, receptors on GABAergic cells
produce anxiogenic responses in response to elevated
agonist concentrations. However, while Cb4 receptors
are important for ameliorating the effects of anxiety and
anxious behavior, when considering our data they do
not appear to be highly modifiable by induction of anxiety.
Cannabinoid type-2 receptors also exhibit powerful influ-
ence over anxiety, seen in studies using overexpression
and knockouts of the gene, both suggesting a Cb, anxi-
olytic response (Garcia-Gutierrez et al., 2010; Garcia-
Gutierrez and Manzanares, 2011; Ortega-Alvaro et al.,
2011). Our data, demonstrating positive regressions of
dCA; Cb, mRNA with freezing time, suggests that rapid
induction of Cb, gene expression is promoted by anxious
behavior plus fear conditioning (Fig. 5). On the other

hand, the anxiolytic escape response also changed Cb,
gene expression activity, diminishing Cb, mRNA in a
manner dependent on the celerity of escape. The data
suggest that reduced anxiety limits the need for elevated
Cb, expression (Figs. 4D, 5). Chronic blockade of the Cb,
receptor, however, has been demonstrated to elicit an
anxiolytic phenotype, which suggests that the Cb, recep-
tor is anxiogenic (Garcia-Gutierrez et al., 2012). Consid-
ering its rapid upregulation of gene expression (Figs. 3
and 4), chronic stimulation of the Cb, receptor may not
be its normal physiological mode, given that Cb, recep-
tors have very low density and are highly inducible
(Maresz et al., 2005). Although we cannot identify which
cell types express Cb, receptors, our results suggest that
they can be induced rapidly by anxiety combined with fear
conditioning (Figs. 3 and 4).

As peripheral Cb, receptor gene and protein
expression may be induced by disease (Julien et al.,
2005), and dramatically enhanced brain Cb, receptor
expression (up to 100-fold) may be triggered by peripheral
and central inflammatory responses (Maresz et al., 2005;
Bouchard et al., 2012), Cb, receptors appear to respond
to traumatic events by repopulating tissues such as liver
and brain that normally do not express many of these
receptors, if any at all. It has been well established that
peripheral and central Cb, receptors are dramatically
upregulated by traumatic disease states such as liver cir-
rhosis, Huntington’s Disease, or encephalomyelitis (Julien
et al., 2005; Maresz et al., 2005; Bouchard et al., 2012).
Anxiety represents emotional trauma, which has been
demonstrated to be modified by Cb, activity (Garcia-
Gutierrez et al.,, 2010, 2012; Garcia-Gutierrez and
Manzanares, 2011; Ortega-Alvaro et al., 2011).

Here we demonstrate for the first time that affective
trauma, induced by anxiety and Pavlovian fear
conditioning, is also associated with rapidly enhanced
Cb, receptor gene expression in the hippocampus,
although in unknown cell types. As inflammation is
typically an important part of Cb, inducibility, and
inflammation in the hippocampus is linked with anxious
behavior (Fan et al., 2016), it is possible that our results
are also derived from anxiety-induced inflammatory
responses. Social defeat has also been demonstrated to
produce neuroimmune responses, including activation of
microglia (Wohleb et al., 2011, 2014; Brachman et al.,
2015; Lehmann et al., 2016; McKim et al., 2016), one of
the potential sites of Cb, induction. Social defeat-
induced neuroinflammation occurs in hippocampus as
well as other limbic structures, and influences gene
expression therein (McKim et al., 2016). In our model,
social defeat is one of the elements involved in stimulation
of Cb; induction, but has no effect on its own (Fig. 7A-D),
only producing Cb, induction when paired with fear condi-
tioning (Figs. 3B, D; 4B, D).

Additionally, we are not able at this point to determine
whether our results stem from glial or neuronal Cb,
induction, though Cb, receptors do exist on neurons
(Van Sickle et al., 2005; Atwood and Mackie, 2010; Li
and Kim, 2015; Ronan et al.,, 2016; Stempel et al.,
2016). In the hippocampus particularly, Li and Kim, as
well as Stempel et al., report that most of the gene
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expression for Ch, receptors is neuronal, with expression
in excitatory and inhibitory neurons in CA;, CA; and DG
(Li and Kim, 2015; Stempel et al., 2016). Although other
reports suggest the opposite (Franklin and Stella, 2003;
Carrier et al., 2004; Nunez et al., 2004; Maresz et al.,
2005; Palazuelos et al., 2009; Bu et al., 2016), they sug-
gest that Cb, gene expression is rarely found in microglia,
at least in hippocampus. Additionally, only Cb, receptor
mRNA in the hippocampus was presumably responsive
to anxiety plus fear conditioning (or exercise); Cb, gene
expression in vDG was not induced by anxiety and fear
conditioning, and showed minor downregulation with
compounding effects of anxiety and exercise (Fig. 6).
Similarly, chronic unpredictable stress has been demon-
strated to downregulate Cb, protein expression in the hip-
pocampus of male, but not female, rats (Reich et al.,
2009). By comparison, Cb, receptor gene expression in
dDG was upregulated by the combination of anxiety and
exercise (Fig. 7). It isn’t clear what mechanism produces
the combinatorial effects of fear conditioning and anxiety,
or exercise and anxiety, to stimulate greater Cb, gene
expression.

There has been significant research suggesting
divergent functional modulation of specific behavioral
outcomes from the dorsal and ventral poles of the
hippocampus; with the ventral hippocampus proposed to
be primarily responsible for anxiety and emotional
responsiveness (Fanselow and Dong, 2010; Schoenfeld
etal., 2013). As such, we hypothesized that endocannabi-
noid receptor gene expression associated with anxious
states would be enriched at the ventral pole. In a recently
published census of neuronal gene expression in the hip-
pocampus, a broad array of genes were explicitly segre-
gated between the dorsal and ventral pole; however,
many genes were enriched between the two, and some
genes showed heightened expression at both poles
(Cembrowski et al., 2016). Given the roles of ventral
and dorsal areas in anxiety and learning, perhaps it is
not surprising that elevated Cb, expression following con-
ditioning and social defeat was found at both poles.

CONCLUSIONS

Our data demonstrate for the first time that Cb, receptor
gene expression may be highly inducible in the brain, as
well as in the periphery. While anxiety is not a sufficient
stimulus on its own to upregulate hippocampal gene
expression of Cb, receptors, when paired with fear
conditioning gene expression for these receptors may
be potently and rapidly upregulated as much as fourfold
in both dorsal and ventral hippocampi. Upregulation
occurred not only at both poles of the hippocampus, but
also in regions containing granule and pyramidal cells
(Li and Kim, 2015), suggesting that integrative events reg-
ulated by the hippocampus, such as learning (Li and Kim,
2016a) and anxiety, may be regulated comprehensively.
Up- and down-regulation of Cb, gene expression in the
dCA, were significantly correlated with anxious and anxi-
olytic behaviors, respectively.
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