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Interaction between the Cholecystokinin and Endogenous
Cannabinoid Systems in Cued Fear Expression and Extinction

Retention
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Post-traumatic stress disorder (PTSD) is thought to develop, in part, from improper inhibition of fear. Accordingly, one of the most
effective treatment strategies for PTSD is exposure-based psychotherapy. Ideally, neuroscience would inform adjunct therapies that
target the neurotransmitter systems involved in extinction processes. Separate studies have implicated the cholecystokinin (CCK) and
endocannabinoid systems in fear; however, there is a high degree of anatomical colocalization between the cannabinoid | receptor
(Cnrl) and CCK in the basolateral amygdala (BLA), a brain region critical for emotion regulation. Although most research has focused on
GABA and GABAergic plasticity as the mechanism by which Cnrl mediates fear inhibition, we hypothesize that a functional interaction
between Cnrl and CCKB receptor (CCKBR) is critical for fear extinction processes. In this study, systemic pharmacological manipulation
of the cannabinoid system modulated cued fear expression in C57BL/6) mice after consolidation of auditory fear conditioning. Knockout
of the CCKBR, however, had no effect on fear- or anxiety-like behaviors. Nonetheless, administration of a Cnrl antagonist increased
freezing behavior during a cued fear expression test in wild-type subjects, but had no effect on freezing behavior in CCKBR knockout
littermates. In addition, we found that Cnrl-positive fibers form perisomatic clusters around CCKBR-positive cell bodies in the BLA.
These CCKBR-positive cells comprise a molecularly heterogenous population of excitatory and inhibitory neurons. These findings
provide novel evidence that Cnrl contributes to cued fear expression via an interaction with the CCK system. Dysfunctional Cnrl—

INTRODUCTION

Evidence suggest that post-traumatic stress disorder (PTSD)
and other fear-related disorders might manifest from
dysfunction in the inhibition, or extinction, of fear (Myers
and Davis, 2007). One of the most effective treatment
strategies for fear-related disorders is exposure therapy, in
which the feared object, context, or memory is repeatedly
presented or recalled until fear is inhibited. Although
exposure therapy is an often prescribed and efficacious
treatment, its mechanisms are still poorly understood.
Extinction of conditioned fear in animal models can be used
as an analog of exposure therapy to try to dissect the
mechanisms of fear learning. In this way, translational
approaches can be used to augment currently prescribed
therapies.

The exposure therapy/extinction literature demonstrates
a critical role played by the amygdala in fear learning (Quirk
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CCKBR interactions might contribute to the etiology of, or result from, fear-related psychiatric disease.
Neuropsychopharmacology (2015) 40, 688—700; doi:10.1038/npp.2014.225; published online 24 September 2014

et al, 1995, 2003; Muller et al, 1997; LeDoux, 2000). The
amygdala processes emotionally relevant stimuli via the
interactions of neurotransmitters (Bowers et al, 2012) and it
is highly enriched in a number of neuromodulators, in
particular the endogenous cannabinoids and cholecystoki-
nin (CCK) (Larsson and Rehfeld, 1979; Herkenham et al,
1990). Studies of the cannabinoid system suggest that the
cannabinoid 1 receptor (Cnrl, also abbreviated Cbl) and
the endogenous cannabinoids are critical for emotion, pain,
feeding, addiction, anxiety, and memory (Richard et al,
2009; Mechoulam and Parker, 2013). Global knockout or
systemic antagonism of Cnrl increases freezing behavior
during a fear expression test and causes a persistent
blockade of within-session extinction of cued fear
(Marsicano et al, 2002; Reich et al, 2008). Data demonstrate
an increase in the synthesis of the two major endocanna-
binoids, anandamide (AEA) and 2-arachidonoylglycerol
(2-AG), in the basolateral amygdala (BLA) after a short
extinction test (Marsicano et al, 2002).

Intriguingly, Cnrl shows a high degree of colocalization
with CCK in the BLA at the mRNA and protein level
(McDonald and Mascagni, 2001; Chhatwal et al, 2009). CCK
is one of the most highly expressed central nervous system
(CNS) neuropeptides, particularly within limbic structures
(Vanderhaeghen et al, 1975; Mascagni and McDonald,
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2003). There are two CCK receptor isoforms—CCKAR and
CCKBR (IUPHAR—CCK1/2) (Hill et al, 1987; Mercer and
Beart, 2004). A number of studies demonstrate a role for
CCK in fear and anxiety, primarily through activation of
Gq-coupled CCKBR (de Montigny, 1989; Bradwejn et al,
1991; Rasmussen et al, 1993; Josselyn et al, 1995; Frankland
et al, 1996, 1997; Areda et al, 2006; Joseph et al, 2013).
Interestingly, CCK and the endocannabinoids seem to
engender opposite fear responses. CCK elicits panic attacks
in humans, and elevates anxiety-like behavior and the
expression of cued fear in rodents (de Montigny, 1989;
Bradwejn et al, 1990, 1991; Chhatwal et al, 2009). In
contrast, increasing endocannabinoid tone enhances ex-
tinction of cued fear and fear-potentiated startle, and can be
anxiolytic (Chhatwal et al, 2005; Gunduz-Cinar et al, 2013).
Notably, some data suggest that Cnrl activation leads to an
inhibition of CCK release in the hippocampus (Beinfeld and
Connolly, 2001).

Although most research has focused on GABA and
GABAergic plasticity as the mechanism by which Cnrl
mediates fear inhibition (Katona et al, 2001; Marsicano
et al, 2002; Azad et al, 2003, 2004; Kamprath et al, 2011; Lin
et al, 2011; Uriguen et al, 2011), we hypothesize that the
anatomical colocalization of CCK and Cnrl indicates a
potential functional relationship that may be critical for
extinction learning. We propose that activation of pre-
synaptic Cnrl during extinction causes a decrease in
probability of release (Pertwee, 1997; Schlicker and
Kathmann, 2001) at GABAergic CCK terminals, inhibiting
CCK transmission. Thus, by preventing initiation of CCK-
activated fear circuitry via CCKBR, Cnrl promotes inhibi-
tion of freezing during cued fear extinction. Here, we test
the hypothesis that CCKBR knockout mice will exhibit
enhanced extinction of cued fear. Furthermore, we propose
that normal blockade of extinction in wild-type mice by a
Cnrl antagonist (Marsicano et al, 2002) will not be observed
in CCKBR knockout littermates, as we hypothesize that
Cnrl is upstream of CCKBR.

MATERIALS AND METHODS
Animals

Adult male C57BL/6] and 129-Cckbr™XP"/] (Jackson
Laboratories) 8 to 12 weeks old were group housed in a
temperature-controlled (24 °C) animal colony, with ad
libitum access to food and water, on a 12-h light-dark
cycle. Experimental subjects were genotyped by PCR using
primers olMR6447 (reverse: 5'-CTTAGCCTGGACAGAGAA
GC-3'), olMR6916 (knockout forward: 5-CTTGGGTGGA
GAGGCTAT TC-3'), and olMR7283 (wild type forward:
5'-CCAAGCTGCTGGCTAAGAAG-3'). Homozygous CCKBR
knockout and wild-type littermates from in-house hetero-
zygous breeding pairs were used for experiments. All
behavioral procedures were performed during the light
cycle. Separate cohorts of transgenic mice were tested on
elevated plus maze, open field test, shock reactivity
and associative fear learning, and extinction paradigms.
Separate cohorts of C57BL/6] were tested for an effect
of systemic URB597 on anxiety-like and fear behavior on
the open field and on a cued fear extinction test.
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Behavior

Elevated plus maze. Subjects were handled once per day
for two days prior to testing. Subjects were placed in the
elevated plus maze apparatus to explore for 5min in dim
lighting. Behavior was hand-scored for time on open arms,
time on closed arms, time in center, and number of entries
into the open and closed arms.

Open-field test. Subjects were handled once per day for
2 days before testing. The open field consisted of an open
box (27.9 cm x 27.9 cm) made of PLEXIGLAS. Subjects were
placed in the apparatus to explore for 10 min, and then
returned to their home cage. All testing was conducted
under standard room lighting. Activity data were analyzed
using the Open Field Activity Software (Med Associates,
St Albans, VT) for locomotor activity (distance traveled
in centimeters over 10 min) and anxiety-like behavior (time
spent in center of chamber in seconds, where center is
defined as 6 cm from the perimeter of chamber walls).

Shock reactivity. Shock reactivity was assayed by aver-
aging the immediate shock reactivity to five 0.5 mA shocks
separated by a 5-min inter-trial interval (Med Associates).

Associative fear conditioning and extinction. All mice
were handled once per day for 2 days and then pre-exposed
once to the test chambers (Med Associates) the day before
training. Fear conditioning and extinction experiments were
performed in different contexts, where light, odor, and
tactile cues were shifted. FreezeFrame and FreezeView
software (Coulbourn Instruments, #ACT-100, Allentown,
PA) were used to examine percent time spent freezing
during tone presentations as a measure of fear behavior.

For the Cnrl antagonist (SR141716A) and fatty acid
amide hydrolase (FAAH) inhibitor (URB597) experiments,
C57BL/6] mice received 2 days of 10 paired conditioned
stimulus (CS) tones (30s, 6kHz, 75-80dB), which co-
terminated with the unconditioned stimulus (US) shock
(500ms, 1.0mA). Three days after fear conditioning,
subjects were presented with a brief fear expression test of
three CS trials (‘grouping’). Average freezing in response to
the three CS trial tests was used to organize subjects into
separate groups. The following day, subjects were adminis-
tered vehicle or drug and exposed to 10 CS trials (30 s tone,
30s ITI) to assess cued fear expression. Twenty-four hours
later, subjects were tested to 15 CS trials (30 s tone, 30 s ITI),
off drug, to assess extinction retention. In the SR141716A
experiment, one and two subjects were removed from
analysis on extinction retention and fear expression/
extinction training days, respectively, as subjects were
obscured from the camera and thus not able to be
accurately scored.

For experiments with CCKBR transgenic mice (129S1
background strain), subjects received 1 day of 5 CS-US
pairings. Transgenic subjects received a shorter fear
conditioning protocol and longer extinction training, as
evidence suggests that 129S1 mice exhibit greater freezing
behavior during fear conditioning, extinction, and extinc-
tion recall compared with C57BL/6] mice (Hefner et al,
2008). Three days after fear conditioning, subjects were
presented with a brief fear expression test of three CS trials
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(‘grouping’). Average freezing in response to the three CS
trial tests was used to organize subjects into separate
groups. The following day, subjects were administered
30 CS trials (30s tone, 30s ITI). Two experiments were
conducted with CCKBR transgenic mice. In the first
experiment, subjects were not administered drug before
cued fear expression/extinction training. In the second
experiment, subjects were administered vehicle or 3 mg/kg
SR141716A 20min before cued fear expression/extinction
training. In both experiments, freezing to the first 10 CS of
the 30 CS trials was averaged and compared between groups
to dissociate cued fear expression and within-session
extinction. Within-session extinction was analyzed by
parsing freezing behavior into three 10 CS bins. Average
freezing to CS 11-20 and CS 21-30 was normalized to
average freezing during CS 1-10. The extinction retention
test occurred similarly in test chambers 24 h later, off drug,
where mice were exposed to 15 trials of the 30s CS tone
(30s ITI). Extinction retention was defined as average
freezing to CS 1-10 to dissociate retention from within-
session extinction.

Drugs

The Cnrl antagonist, SR141716A (Cayman Chemical
9000484), was dissolved in a vehicle of 2.5% DMS0/0.1%
Tween-80 in saline to yield a final drug concentration of
3 mg/kg. The FAAH inhibitor, URB597 (Sigma U4133), was
dissolved in DMSO and then diluted to 10% to yield final
drug concentrations of 0.1, 0.3, and 1 mg/kg. SR141716A and
URB597 were systemically administered intraperitoneally
(IP) 20 and 30 min, respectively, before extinction training.
URB597 was administered separately the open field test.

Immunohistochemistry

Immunofluorescence experiments were performed on 4%
paraformaldehyde-fixed mouse brain sections derived from
three adult mice. Animals were anesthetized with sodium
pentobarbital and then transcardially perfused with ice-cold
0.05M phosphate buffer saline (PBS, pH 7.4) followed by
20 ml of 4% paraformaldehyde in PBS. Brains were removed
and post-fixed in 4% paraformaldehyde for 2 h before being
cryoprotected in 30% sucrose in PBS for 48 h at 4 °C. Coronal
brain sections (45 pm) were cut on a Leica CM 30508 cryostat
and stored at 20 °C in a cryoprotective medium consisting of
25% glycerol and 30% ethylene glycol in 0.05M phosphate
buffer until needed. Representative sections were rinsed three
times for 10 min in PBS, permeabilized with 0.5% Triton-X
100 in PBS, and incubated for 48h at 4°C with primary
antibody in 0.5% Triton-X/PBS solution (all antibodies
cataloged in Table 1). Sections were then rinsed three times
for 10 min in PBS and incubated at room temperature for 2h
with either Alexa-Fluor 488- or Alexa-Fluor 568-conjugated
secondary antibody (1:500, Molecular Probes, Invitrogen,
Carlsbad, CA) against the primary antibody’s host. Sections
were then rinsed two times for 10 min in PBS and one time
for 10min in phosphate buffer (PB). Sections were then
mounted on glass slides and cover slipped using Mowiol
mounting medium. Confocal laser scanning microscopy was
used to obtain high-resolution photomicrographs using an
Orca R2 cooled CCD camera (Hammamatsu, Bridgewater, NJ)
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mounted on a Leica DM5500B microscope (Leica Micro-
systems, Bannockburn, IL).

Statistics

Statistics were performed using IBM SPSS Statistics 21
software. Two-tailed, one- or two-way repeated-measures
analysis of varience (ANOVA), followed by least significant
difference (LSD) post hoc comparisons, or Student’s t-test
(two-tailed) for independent samples were used where
appropriate, unless otherwise noted. The results are
presented as mean+ SEM, with p<0.05 as the statistical
measure of significance.

RESULTS

The Cannabinoid System is Critical for Cued Fear
Expression

To address our overarching hypothesis, we first performed
auditory fear conditioning experiments in C57BL/6] mice to
assess the role of Cnrl in extinction learning. SR141716A,
a Cnrl antagonist, was administered before cued fear
expression/extinction training. At a dose of 3 mg/kg,
SR141716A has been shown to be effective at blocking
extinction in C57BL/6] mice (Marsicano et al, 2002). In our
model, SR141716A treatment significantly increased freez-
ing behavior compared to vehicle group during cued fear
expression/extinction  training  (Fy,;9=6.06, p<0.05,
Figure 1a). Vehicle and SR141716A-treated groups did not
differ significantly when comparing freezing behavior the
following day on an extinction retention test (Figure 1a’).

We also tested the effect of an FAAH inhibitor, URB597,
on cued fear expression/extinction training in a separate
experiment. FAAH is an enzyme that catalyzes degradation
of anandamide, one of the two major endocannabinoids
(Cravatt et al, 1996). We injected URB597 at a dose of 0.1,
0.3, or 1mg/kg before cued fear expression/extinction
training. We found that at a dose of 1mg/kg, URB597-
treated subjects exhibited a significant decrease in freezing
behavior during cued fear expression/extinction training
(F326=3.2, p<0.05, post hoc (LSD): vehicle vs 1mg/kg,
p<0.05, Supplementary Figure Sla). Vehicle- and URB597-
treated groups did not significantly differ when comparing
freezing 24h later on an extinction retention test
(Supplementary Figure Sla’).

Global CCKB Receptor Knockout has no Effect on
Baseline Measures of Weight, Shock Reactivity,
Locomotion, or Anxiety-Like Behavior

Next, we examined the role of CCKBR in anxiety-like
behavior and baseline measures of weight, shock reactivity,
and locomotion. To do this, we tested mice with a targeted
mutation of the CCKB receptor, in which insertion of a
neomycin selection cassette deleted sequence-encoding
transmembrane domains V through VII. No receptor
function was detected in a competition binding assay of
brains in mutant mice (Langhans et al, 1997). Body weights
were not different between genotypes (Figure 2a), and
CCKBR knockouts did not exhibit significantly different
shock reactivity relative to wild-type littermates (Figure 2b).



Table | Antibodies Used in Immunohistochemistry Experiments
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Antibody Host Company Dilution Catalog number  Antigen

Parvalbumin Mouse monoclonal Swant [:1000 PV 235 *Ca-binding spot of
parvalbumin

CaMKllor Mouse monoclonal Cell signaling solutions [:1000 NB12 ~50kDa phosphorylated
and unphosphorylated o
subunit

Calbindin Mouse monoclonal Sigma 1:1000 C9848 Purified bovine kidney
calbindin-D-28K

Calretinin Goat polyclonal Millipore [:2500 ABI550 Rat calretinin

Cnrl Rabbit polyclonal Dr Ken Mackie [ 1000 Last I5 amino-acid
residues of rat Cnrl

CCKBR Rabbit polyclonal CURE/gastroenteric [:1000 Against amino acids 4 18—

Biology center, antibody/
RIA core/Dr Bradley Alger

429 (C-terminus)

Abbreviations: CaMKlla, calcium/calmodulin-dependent protein kinase I alpha; CCK, cholecystokinin; CCKBR, CCKB receptor; Cnrl, cannabinoid | receptor.
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Figure |

Manipulation of the cannabinoid system acutely alters cued fear expression. (a) Intraperitoneal (IP) administration of the cannabinoid | receptor

(Cnrl) antagonist, SRI141716A, increases freezing during cued fear expression/extinction training. (a') 24h after drug administration, vehicle- and
SRI141716A-administered groups do not exhibit significantly different freezing behavior during an extinction retention test. Average freezing in response to a
3 CS ‘grouping’ test was used to organize subjects into separate groups (grouping data not shown). Asterisk denotes p <0.05, main effect of drug.

Wild type and CCKBR knockout littermates did not
significantly differ on a measure of distance traveled during
the open-field test (Supplementary Figure S2). In addition,
CCKBR knockout mice did not exhibit an anxiety-like
phenotype when tested on an open field (Figure 2c) or
elevated plus maze (Figure 2d, Supplementary Figure S3).

CCKBR Knockout Mice Exhibit Normal Cued Fear
Acquisition, Expression, and Extinction

Next, we performed auditory fear conditioning and extinc-
tion tests to determine whether knockout of CCKBR has an
effect on cued fear learning and memory. Wild-type and
CCKBR knockout littermates did not exhibit significant
differences in freezing behavior during cued fear acquisition
(Figure 3a), cued fear expression, or extinction retention

(Figure 3b). Statistical analysis revealed a significant effect
of CS bin on freezing (F, 35 = 5.46, p<0.05) during training,
suggesting that subjects exhibited within-session extinction;
however, we found no significant effect of genotype on
within-session extinction (Figure 3c). Thus, by our mea-
sures, constitutive, global knockout of CCKBR does not
affect cued fear acquisition, fear expression, extinction
retention, or within-session extinction.

Knockout of CCKBR Blunts Cnrl Antagonist-Mediated
Increases in Freezing Across Cued Fear Expression and
Extinction Retention Test Days

To address our central hypothesis of a potential Cnrl-
CCKBR interaction, we next injected CCKBR knockout and
wild-type littermates with SR141716A before cued fear
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Figure 2 Baseline measures in cholecystokinin B receptor (CCKBR) knockout mice. (a) CCKBR knockout mice exhibit similar levels of shock reactivity
compared with wild-type littermates (b) CCKBR knockout mice do not weigh significantly different from wild-type littermates at 9 weeks of age. (c) There is
no significant effect of genotype on time spent in the center of an open field chamber. (d) In addition, there is no effect of genotype on amount of time on

the open arms of an elevated plus maze.

expression/extinction training. We previously demonstrated
that acute administration of SR141716A increased freezing
behavior during cued fear expression/extinction training
in C57BL/6] mice. Here, we examined this effect in CCKBR
knockout mice, dissociating cued fear expression and
extinction retention from within-session extinction to
explicitly examine the effect of SR141716A on each phase
of learning. Again, we observed no significant effect of
genotype on freezing behavior during cued fear acquisition
(Figure 4a). As expected, SR141716A-administered wild-
type subjects froze significantly more across cued fear
expression and extinction retention test days compared
with vehicle-administered wild-type subjects (Figure 4b).
In contrast, SR141716A-treated CCKBR knockout mice
exhibited virtually identical levels of freezing behavior
compared with vehicle-administered CCKBR knockout mice
(Figure 4c) across cued fear expression and extinction
retention test days (repeated-measures ANOVA, geno-
type x drug interaction, F,s5=2.87, p<0.05, one-tailed).
One-tailed statistical analysis was performed as we pre-
dicted a priori a directional effect of Cnrl-CCKBR
interaction. We did not observe a significant interaction
between genotype x drug x test day. Post hoc tests reveal a
significant difference between wild-type subjects adminis-
tered vehicle vs wild-type littermates administered
SR141716A (F,3; =4.82, p<0.05) across cued fear expres-
sion and extinction retention test days. Statistical analysis
revealed a significant effect of CS bin on freezing
(F1.56,85.63 = 31.49, p<0.05) during training, suggesting that
subjects exhibited within-session extinction; however, we
found no significant main effect of genotype or drug, nor an
interaction effect, on within-session extinction (Figure 4d).
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These results suggest that CCKBR is downstream of Cnrl
activation during cued fear expression and extinction
retention.

Cnrl-Positive Fibers form Perisomatic Baskets Around
CCKBR-Positive Cell Bodies in the BLA

Next, we performed immunohistochemistry experiments to
determine the cellular localization of Cnrl and CCKBR in
the BLA. The amygdala processes emotionally relevant
stimuli via the interactions of neurotransmitters (Bowers
et al, 2012) and is enriched in Cnrl, CCK, and CCKBR
(Larsson and Rehfeld, 1979; Herkenham et al, 1990; Lein
et al, 2007). Prior studies have demonstrated a high degree
of colocalization between Cnrl and CCK mRNA and protein
in the BLA (McDonald and Mascagni, 2001; Chhatwal et al,
2009). Furthermore, perisomatic diacylglyerol lipase (DGLa,
which synthesizes 2-AG, one of the major endocannabi-
noids) clusters selectively appose interneuron terminals
expressing Cnrl, CCK, and monoacylglycerol lipase (MGL,
degrades 2-AG) (Yoshida et al, 2011). We first performed
single-labeling experiments to separately determine immu-
noreactivity of Cnrl and CCKBR in the amygdala (for
information on development and testing of these antibodies
see Morisset et al, 2003; Rooman et al, 2001; Tsou et al,
1998). Cnrl was detected in the lateral and BLA amygdala,
but only minimally within the central amygdala (CeA)
(Figure 5a). CCKBR was detected in all three amygdala
subnuclei (LA, BLA, and CeA) (Figure 5b). At higher
magnifications, Cnrl immunoreactivity appeared primarily
on fibers in the BLA (Figure 5c). In contrast, CCKBR
localized specifically to cell bodies in the amygdala
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Figure 3 CCKBR knockout mice exhibit normal cued fear leaming.
(a) CCKBR knockout and wild-type littermates do not exhibit significantly
different freezing behavior during cued fear acquisition, (b) fear expression,
or extinction retention. (c) There is no effect of genotype on within-session
extinction.

(Figure 5d). To better understand how Cnrl and CCKBR
might functionally interact, we performed serial, double-
labeling immunohistochemistry (as antibodies against
Cnrl and CCKBR share the same host). Incubations were
performed in the following order: rabbit anti-CCKBR, goat
anti-rabbit Alexa-Fluor 488, rabbit anti-Cnrl, goat anti-
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rabbit Alexa-Fluor 568. High-magnification photomicro-
graphs of the BLA showed Cnrl-positive fibers form
perisomatic baskets around CCKBR-positive cell bodies
(Figure 5e and f). We detected ectopic Cnrl immuno-
reactivity on cell bodies. This was likely the result of goat
anti-rabbit Alexa-Fluor 568 secondary reacting with un-
bound rabbit anti-CCKBR antibody, rather than true
detection of Cnrl on cell bodies. The results of these
immunohistochemistry experiments support our behavioral
findings, in that CCKBR appears to be downstream of Cnrl
modulation through perisomatic input of Cnrl-containing
synapses onto CCKBR cell bodies.

CCKBR Colocalizes with Markers for Excitatory and
Inhibitory Neurons in the BLA

To generate a clearer picture of how inhibition of CCK might
influence BLA neurotransmission, we performed double
labeling experiments with antibodies against CCKBR and
markers of excitatory and inhibitory neurons. We found that
CCKBR colocalizes with calbindin and calretinin (Figure 6a-
a", c-c”). Calbindin and calretinin are calcium-binding
proteins expressed in the two major non-overlapping
populations of interneurons in the BLA. Further, CCKBR
colocalizes with parvalbumin (Figure 6b-b”). Parvalbumin is
a calcium-binding protein that is co-expressed in a propor-
tion of calbindin interneurons. In addition, CCKBR coloca-
lizes with calcium/calmodulin-dependent protein kinase II
alpha (CaMKIlx), which is expressed almost exclusively in
excitatory cells in the BLA (Figure 6d-d").

DISCUSSION

The present study demonstrates the following: (1) systemic
SR141716A, a Cnrl antagonist, increases cued fear expres-
sion in C57BL/6] mice; (2) systemic URB597, an FAAH
inhibitor—which increases activation of Cnrl, decreases
cued fear expression in C57BL/6] mice; (3) global CCKBR
knockout has no effect on weight, shock reactivity, fear- or
anxiety-like behavior; (4) SR141716A increases freezing
behavior across cued fear expression and extinction
retention test days in wild-type littermates, as expected,
but has no effect on freezing behavior in CCKBR knockouts;
(5) Cnrl-positive fibers form perisomatic baskets around
CCKBR-positive cell bodies in the BLA; and (6) CCKBR
colocalizes with markers of both excitatory and inhibitory
neurons in the BLA.

As it has been demonstrated previously, we find that Cnrl
is critical for inhibition of cued fear (Marsicano et al, 2002;
Riebe et al, 2012). In this study, we show that manipulation
of the cannabinoid system alters cued fear expression.
These results are consistent with a prior study testing the
effect of the Cnrl antagonist AM251 on delay fear
conditioning (Reich et al, 2008). Other studies, however,
demonstrate that knockout or antagonism of the Cnrl
receptor has no effect of fear expression, but persistently
blocks within-session extinction (Marsicano et al, 2002).

In addition, we find that enhancement of anandamide
tone via administration of URB597, an FAAH inhibitor,
decreases cued fear expression. This is consistent with
reports demonstrating that URB597 promotes extinction of
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conditioned aversion (Manwell et al, 2009). Our laboratory
has previously shown that AM404, an inhibitor of
anandamide uptake, attenuates fear-potentiated startle
(Chhatwal et al, 2005). Furthermore, AM3506, a different
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FAAH inhibitor, decreases freezing behavior during a
retrieval test when administered before extinction
(Gunduz-Cinar et al, 2013). Human studies demonstrate
that carriers of a low-expressing FAAH variant (385A allele;
rs 324420) exhibit decreased amygdala reactivity and faster
habituation of amygdala reactivity in response to threat. In
addition, these carriers have lower scores on the personality
trait of stress-reactivity (Hariri et al, 2009; Gunduz-Cinar
et al, 2013). Importantly, neither SR141716A nor URB597—
at the doses tested—has effects on locomotion (Compton
et al, 1996; Tzavara et al, 2003) (Supplementary Figure S4).
Altogether, the results of these experiments are in line with
the literature, suggesting that the cannabinoid system has a
critical role in the expression of cued fear.

Separately, we observe no effect of global CCKBR
knockout on baseline measures of weight, shock reactivity,
locomotion, or anxiety-like behavior in mice. We performed
open-field and elevated plus maze tests to assess any
potential confounds of an anxiety-like phenotype on fear
behavior and to further clarify conflicting prior evidence.
Previous studies show that CCK can increase anxiety,
eliciting panic attacks in humans (de Montigny, 1989;
Bradwejn et al, 1990, 1991). However, evidence for the role
of CCKBR in rodent anxiety-like behavior is mixed.
Although some studies show an anxiolytic effect of CCKBR
antagonists and CCKBR knockout (Matto et al, 1997, Revel
et al, 1998, Tsutsumi et al, 1999, Abramov et al, 2008),
others report null results (Johnson and Rodgers, 1996,
Griebel et al, 1997). Still, others report that CCKBR
antagonists only have anxiolytic effects when coadminis-
tered with CCK (Hernandez-Gomez et al, 2002). The mixed
conclusions of the literature suggest that CCKBR likely has a
role in anxiety-like behavior, but that the CCK system might
be particularly sensitive to environmental conditions, prior
stress, and/or specific testing parameters.

We find no significant effect of global CCKBR knockout
on a number of measures of cued fear. Although we
proposed that CCKBR knockout mice would show enhanced
extinction, our results are consistent with our central
hypothesis. If we predict that CCKBR activation during
cued fear expression/extinction is minimal, due to Cnrl-
mediated inhibition of CCK, global CCKBR knockout
should not exert an effect on cued fear expression/
extinction. Like the anxiety literature, evidence for the role
of CCKBR in cued freezing and fear-potentiated startle is
somewhat mixed. Work from our laboratory demonstrates
that administration of a CCKBR antagonist before extinc-
tion training has no effect on fear-potentiated startle in rats
48 h later (Chhatwal et al, 2009). Raud et al (2005) find no

<

Figure 4 Knockout of CCKBR blunts Cnrl antagonist-mediated increase
in freezing across cued fear expression and extinction retention test days.
(a) CCKBR knockout and wild-type littermates do not exhibit significantly
different freezing behavior during cued fear acquisition. (b) IP administration
of 3mg/kg SRI41716A increases freezing behavior across cued fear
expression and extinction retention test days in wild-type mice. (c) Vehicle-
and SR141716A-treated CCKBR knockout mice do not exhibit significantly
different freezing behavior across cued fear expression and extinction
retention test days. (d) All groups show similar rates of within-session
extinction. Average freezing in response to a three-CS ‘grouping’ test was
used to organize subjects into separate groups (grouping data not shown).
Asterisk denotes p <0.05.
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Figure 5 Chnrl-positive fibers form perisomatic baskets around CCKBR-positive cell bodies in the BLA. (a) Photomicrograph showing immunoreactivity
of Cnrl in the amygdala. Cnrl localizes to lateral (LA), basolateral (BLA), but not central (CeA) amygdala (x4 magnification, 100 um scale bar).
(b) Photomicrograph showing immunoreactivity of CCKBR in the amygdala. CCKBR localizes to LA, BLA, and CeA ( x 4 magnification, 100 pm scale bar).
(c) Cnrl localizes to fibers in the BLA ( x 20 magnification, 50 um scale bar). (d) CCKBR localizes to cell bodies in the BLA ( x 20 magnification, 50 um
scale bar). (e and f) Photomicrograph showing immunoreactivity of Cnrl (red) and CCKBR (green) in the BLA ( x 63 and x 100 magnification with 15 and

[0 um scale bars, respectively).

differences in cued fear between wild-type and CCKBR
knockout littermate females, although extensive testing of
extinction was not conducted. However, pentagastrin, a
CCKBR agonist, enhances acoustic startle and blocks
extinction of fear-potentiated startle in rats (Frankland
et al, 1996; Chhatwal et al, 2009). In addition, Josselyn et al
(1995) find that administration of a CCKBR antagonist
before startle testing (after cued fear acquisition) attenu-
ates fear-potentiated startle. The behavioral differences
observed across studies might be attributed to species-

specific organization of the CCK system (Sekiguchi and
Moroji, 1986; Dietl and Palacios, 1989; Kuwahara et al,
1993). In addition, a caveat of our study is the use of a
constitutive knockout line with a 12951 strain background.
Compared to C57BL/6 mice, the 129S1 strain shows
delayed extinction of conditioned fear (Hefner et al,
2008; Camp et al, 2009). Further, future studies should
test transgenic strains with precise spatial and temporal
control of CCKBR expression to avoid potential genetic
compensation issues.
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Figure 6 CCKBR colocalizes with markers of excitatory and inhibitory neurons in the BLA. (a—a”) Photomicrographs showing colocalization of calbindin
(a, red) and CCKBR (@, green) in the BLA (a”, merged). (b—b") Photomicrographs showing colocalization of parvalbumin (b, red) and CCKBR (b/, green) in
the BLA (b”, merged). (c—c") Photomicrographs showing colocalization of calretinin (¢, green) and CCKBR (c/, red) in the BLA (c”, merged).
(d—d") Photomicrograph showing colocalization of calcium/calmodulin-dependent protein kinase Il alpha (CaMKlle) (d, red) with CCKBR (d’, green) in the

BLA (d”, merged) (x 40 magnification, 30 um scale bar).

Importantly, we find that Cnrl antagonist treatment,
which increases freezing across cued fear expression and
extinction retention test days in wild-type subjects, has no
effect on freezing behavior in CCKBR knockout littermates.
These results suggest that CCKBR is downstream of Cnrl
activation primarily during cued fear expression. We
propose that administration of a Cnrl antagonist prevents
Cnrl-mediated suppression of CCK release and subsequent
activation of CCKBR, increasing freezing during cued fear
expression. Knockout of CCKBR reverses this Cnrl
antagonist-mediated increase in freezing behavior. Prior
data from our laboratory demonstrates that Cnrl and
CCKBR, while using pharmacological probes, interact to
mediate extinction of fear-potentiated startle in rats
(Chhatwal et al, 2009). Interestingly, the endocannabinoids
and cholecystokinin are thought to interact to modulate

Neuropsychopharmacology

appetite, via central and/or peripheral mechanisms (Orio
et al, 2011; Alen et al, 2013). Slice physiology studies
propose an alternative Cnrl-CCK interaction in the
hippocampus. According to the ‘Cnrl receptor hypothesis’,
CCK activation of CCKBR initiates endocannabinoid
synthesis, activating pre-synaptic Cnrl on CCK-containing
interneurons to inhibit GABA transmission. Separately,
CCK strongly depolarizes parvalbumin interneurons via
CCKBR, increasing firing frequency of inhibitory currents
(Foldy et al, 2007; Karson et al, 2008; Lee and Soltesz, 2011;
Lee et al, 2011). Although our results suggest that CCKBR is
downstream of Cnrl, cell-type specific behavioral studies
will better clarify the differences in our respective models of
a Cnr1-CCKBR interaction.

Consistently, our results suggest that Cnrl and a Cnrl-
CCKBR interaction is critical to cued fear expression, rather



than within-session extinction, as we originally predicted.
As mentioned, this effect is in contrast to prior data
suggesting that Cnrl primarily contributes to within-session
extinction (Marsicano et al, 2002; Plendl and Wotjak, 2010).
However, these studies used individually-housed subjects
conditioned with one tone-shock pairing. Individual hous-
ing has been shown to have significant effects on fear- and
anxiety-like behavior (Voikar et al, 2005). In contrast, we
fear conditioned group-housed subjects with at least five
tone-shocks. From a clinical perspective, this suggests that
pharmacological interventions aimed at the CCK and/or
cannabinoid systems may differentially affect within- or
between-session extinction based on the level of prior
trauma and the type of exposure protocol. Likewise, the
effect of SR141716A on C57BL/6] vs wild-type CCKBR
freezing behavior on extinction retention might be ex-
plained by training and strain differences (Figures 1a’ and
4b). Future studies should address whether Cnrl and
CCKBR interact to mediate within-session extinction.

Our behavioral results are supported by immunofluores-
cence evidence, showing that Cnrl-positive fibers form
perisomatic baskets around CCKBR-positive cell bodies in
the BLA. Although our behavioral experiments were
performed systemically, we chose to perform immunofluor-
escence on the BLA. Ample evidence implicates this area in
cue-dependent fear learning (Davis, 1992; Maren and
Fanselow, 1996; Fanselow and LeDoux, 1999; LeDoux, 2000).
Recent evidence, however, suggests that activity in the medial
prefrontal cortex (mPFC) is critical for cued fear learning, in
addition to the amygdala (Quirk et al, 1995, 2003). As
anatomical evidence demonstrates that CCK, CCKBR and
Cnrl localize to prefrontal cortex (Larsson and Rehfeld, 1979;
Zarbin et al, 1983; Herkenham et al, 1990) and behavioral
studies implicate prefrontal Cnrl in fear (Laviolette and
Grace, 2006; Lin et al, 2008, 2009; Ganon-Elazar and Akirav,
2013; Kuhnert et al, 2013), similar immunofluorescence
experiments should be performed in mPFC. In addition,
site-specific behavioral experiments should be conducted in
follow-up studies to determine whether the observed Cnrl-
CCKBR interaction occurs in BLA.

To determine how inhibition of CCK might contribute to
cued fear expression, we examined CCKBR immunoreac-
tivity in the amygdala. We initially hypothesized that
CCKBR would localize primarily to excitatory projection
neurons, as prior evidence suggests that CCK is an
axiogenic/panicogenic peptide (de Montigny, 1989).
Furthermore, MGL and Cnrl intensively accumulate at
inhibitory synapses targeting pyramidal neurons in the BLA
(Yoshida et al, 2011). We find that CCKBR colocalizes with
markers of excitatory projection neurons, as well as local
inhibitory neurons in the BLA. This suggests that CCK, as
well as putative Cnrl-mediated inhibition of CCK, may
exert a complex, computational effect on amygdala-
dependent fear circuits. To more quantitatively asses how
widely CCKBR is distributed throughout inhibitory and
excitatory networks, stereological analysis will need to be
performed. Our immunohistochemistry results are consis-
tent with the physiology literature, which shows that CCK
excites projection neurons and interneurons (Chung
and Moore, 2007, 2009b; Meis et al, 2007). CCK directly
initiates a mixed cationic, depolarizing current in projection
neurons (Meis et al, 2007). These CCK-activated currents,
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Figure 7 Schematic of putative Cnrl-CCKBR interaction during cued fear
expression: future directions. We hypothesize that activation of pre-synaptic
Cnrl during cued fear expression decreases probability of release via regulation
of ion channels. CCK transmission is inhibited, preventing activation of CCKBR
on excitatory and inhibitory neurons in the BLA. As a result, depolarizing TRP
(transient receptor potential) channel currents on projection neurons are not
activated (Meis et al, 2007). Similarly, CCKBR-induced excitation of inhibitory
neurons is unable to coordinate projection neuron firng, We speculate that
Cnrl-CCKBR-mediated weakening of projection neuron excitation and
potential disruption of BLA oscillations could contribute to decreased signaling
to the CeA thus dampening fear behavior during cued fear expression.
Together these effects may also enhance extinction of fear via Cnrl activation
when the CS is not reinforced. In contrast, when Cnrl activation is inhibited,
CCKBR activation leads to enhanced projection neuron firing concomitant
with potentially increased intemeuronal coordination of firing pattems, thus
maintaining the fear response to the CS. Although our experiments suggest
that Cnrl and CCKBR interact to mediate cued fear expression, future
experiments will need to address the hypotheses put forth in this schematic.

via CCKBR, seem to be mediated by TRP (transient receptor
potential) channels, specifically TRPC1/4/5 (Meis et al,
2007). CCK, via activation of interneurons—in particular,
parvalbumin interneurons, could modulate BLA oscilla-
tions. BLA parvalbumin interneurons can innervate ~ 150
projection neurons, a property which is thought to be
critical for coordinating projection neuron activity and
facilitating oscillations (Muller et al, 2005; Woodruff and
Sah, 2007; Ryan et al, 2012). These parvalbumin interneur-
ons form perisomatic baskets around projections of neuron
cell bodies, strongly inhibiting excitatory output (McDonald
et al, 2005). Interestingly, CCK can elicit rhythmic,
compound IPSPs in rat BLA projection neurons (Chung
and Moore, 2009a) and activation of Cnrl has been shown
to inhibit hippocampal network oscillations (Hajos et al,
2000; Robbe et al, 2006). In this way, Cnrl-mediated
inhibition of CCK could disrupt or dampen synchronous
output to the CeA from BLA projection neurons, decreasing
activation of the HPA axis, PAG, and other regions critical
for mediating fear behavior output.

Taken together, these findings suggest that Cnrl affects
cued fear expression, in part, by decreasing activation of
CCKBR, potentially via inhibition of the anxiogenic neuro-
peptide CCK (Figure 7). Human studies demonstrate that
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individuals with PTSD have greater CNS Cnrl availability
compared with controls. Elevated Cnr1 availability is thought
to be driven by increased receptor upregulation caused by
low anandamide levels (Neumeister et al, 2013). Our data
suggest that decreased anandamide levels in individuals with
PTSD could drive excess/aberrant CCK signaling. In fact, a
number of studies support a link between the CCK system
and panic, which may share a similar neurobiological
mechanism with post-traumatic flashbacks (Mellman and
Davis, 1985; de Montigny, 1989; Bradwejn et al, 1990, 1991;
Kellner et al, 2000).

How, exactly, CCK promotes fear and anxiety is still
unclear, but some studies suggest that CCK may act, in part,
through the corticotropin-releasing factor (CRF) system
(Biro et al, 1993; Kellner et al, 1997; Shlik et al, 1997). Our
results suggest that BLA CCK likely activates a complex
network of excitatory and inhibitory circuitry, which is
modulated via Cnrl regulation. Although more work is
needed to clarify the functional relationship between CCK
and Cnrl, the results of this study suggest that dysfunction
in a putative Cnr1-CCKBR interaction might be critical to
understand the etiology, and ultimately treatment, of fear-
related disorders. Indeed, a synthetic cannabinoid has
recently been shown to reduce treatment-resistant night-
mares in a majority of PTSD patients (Fraser, 2009). These
studies show promise that the use of CCKBR antagonists
alone, or in combination with cannabinoid-targeted treat-
ments, may prove to be ameliorative with exposure-based
psychotherapy.
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