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Abstract

Rationale Evaluation of pharmacotherapies for acute stress disorder (ASD) or post-traumatic stress disorder (PTSD) is challeng-
ing due to robust heterogeneity of trauma histories and limited efficacy of any single candidate to reduce all stress-induced
effects. Pursuing novel mechanisms, such as the nociceptin/orphanin FQ (NOP) system, may be a viable path for therapeutic
development and of interest as it is involved in regulation of relevant behaviors and recently implicated in PTSD and ASD.
Objectives First, we evaluated NOP receptor antagonism on general behavioral performance and again following a three-species
predator exposure model (Experiment 1). Then, we evaluated effects of NOP antagonism on fear memory expression
(Experiment 2).

Methods Adult, male rats underwent daily administration of NOP antagonists (J-113397 or SB-612,111; 0-20 mg/kg, i.p.) and
testing in acoustic startle, elevated plus maze, tail-flick, and open field tests. Effects of acute NOP antagonism on behavioral
performance following predator exposure were then assessed. Separately, rats underwent fear conditioning and were later
administered SB-612,111 (0-3 mg/kg, i.p.) prior to fear memory expression tests.

Results J-113397 and SB-612,111 did not significantly alter most general behavioral performance measures alone, suggesting
minimal off-target behavioral effects of NOP antagonism. J-113397 and SB-612,111 restored performance in measures of
exploratory behavior (basic movements on the elevated plus maze and total distance in the open field) following predator
exposure. Additionally, SB-612,111 significantly reduced freezing behavior relative to control groups across repeated fear
memory expression tests, suggesting NOP antagonism may be useful in dampening fear responses. Other measures of general
behavioral performance were not significantly altered following predator exposure.

Conclusions NOP antagonists may be useful as pharmacotherapeutics for dampening fear responses to trauma reminders, and the
present results provide supporting evidence for the implication of the NOP system in the neuropathophysiology of dysregulations
in fear learning and memory processes observed in trauma- and stress-related disorders.
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Introduction

Trauma- and stress-related disorders, such as acute stress dis-
order (ASD) and post-traumatic stress disorder (PTSD), are
multifaceted disorders that affect a small percentage of those
who experience a traumatic stressor, and are of concern for
individuals that may be more likely to be exposed to trauma,
such as combat-exposed military personnel. ASD and PTSD
are typically accompanied by behavioral symptoms (e.g., hy-
pervigilance, avoidance of trauma reminders, deficits in fear
learning and memory, and anxiety-like behaviors) which can
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range in severity and can ultimately disrupt day-to-day func-
tioning (Holowka and Marx 2012). Currently, the risk factors,
developmental course, and treatment of ASD and/or PTSD are
not well understood. Further it is difficult to ethically study
traumatic experiences in a controlled environment at acute and
chronic time points. Therefore, animal models have been de-
signed to model and study symptoms of trauma- and stress-
related disorders observed in humans. These models vary in
the type and severity of behavioral impairments used to infer
face validity of the model and no single model recapitulates
the entirety of the symptomatology of the disorders (for re-
view, see Lowery-Gionta et al. 2019). One preclinical model
involves the procedure of predator odor exposure (such as
soiled litter from a cat) to the rodent test subject which capi-
talizes on the use of cue- or context-associated fear memory
retrieval (Blanchard et al. 2001; for review, Takahashi et al.
2008; Takahashi et al. 2005). Additionally, fear conditioning
paradigms that incorporate inescapable footshock are some-
times regarded in the literature as a model, and particularly so
if they are designed to produce robust fear-associated learning
effects via freezing behavior (Olson et al. 2011; Pynoos et al.
1996). Although both of these models can explore fear-
associated learning and memory, they do not incorporate a
perceived direct threat-to-life to the test subject, which limits
their translational value. To address this, our lab has devel-
oped a model of traumatic stress which involves a perceived
direct-threat-to-life via a protected exposure to three species of
predators: cats, ferrets, and snake (Moore et al. 2016).
Together, these models can be used to evaluate the efficacy
of novel potential pharmacotherapies for the treatment of
trauma- and stress-related disorders, as there are at present
only two FDA-approved drugs for PTSD and no FDA-
approved drugs for ASD. Over the past two decades, psychi-
atrists have relied on a single class of psychotropic medica-
tions to treat the heterogeneous presentation of acute and post-
traumatic stress symptoms. These approved compounds are
both selective serotonin reuptake inhibitors, leaving a gap
for evaluating compounds that possess other putative down-
stream targets, including the nociceptin/orphanin FQ (NOP)
receptor system (Genovese and Dobre 2017; Zhang et al.
2012; Zhang et al. 2018; Zhang et al. 2015).

Since the discovery of the NOP receptor system (Mollercau
et al. 1994; Reinscheid et al. 1995), evidence has emerged
implicating it in stress-related disorders. The NOP receptor is
similar to the classical opioid receptors, but does not bind any
of the classical mu, delta, or kappa ligands with high affinity
(Bunzow et al. 1994; Mollereau et al. 1994; Reinscheid et al.
1995). Early evidence demonstrated the endogenous peptide-
mediated anxiolytic-like effects while homozygous knockout
mouse lines demonstrated increased anxiety-like behavior as
inferred on behavioral assays such as the elevated plus maze
and open field tests (Jenck et al. 1997; Koster et al. 1999). In
preclinical rodent models of stress-related disorders, increased
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central levels of the endogenous peptide have been found as
early as 9 days and as late as 28 days following traumatic stress
exposure (Zhang et al. 2012) that were reduced after adminis-
tration of an NOP antagonist (Zhang et al. 2015). Moreover,
findings of a single-nucleotide polymorphism within the
encoding gene (OPR1) have been observed in preclinical
models and are also correlated with increased symptoms of
PTSD in people with a history of childhood abuse (Andero
et al. 2013). Recent reports of correlational PET-imaging data
suggest an increased number of NOP receptors corresponds to
an increase in PTSD symptom severity in human patients, and
although this first study found significant correlations only for
select brain regions (midbrain and cerebellum), the authors
suggested these findings indicate NOP receptors may play a
role in the adaptive response to traumatic stress exposure
(Narendran et al. 2019).

Further, there is a general consensus in the preclinical lit-
erature that fear memory consolidation is impaired following
administration of NOP agonists which can be blocked by
NOP antagonists (see review, Andero 2015). Enhanced reten-
tion of avoidance behavior in rats following post-avoidance
training infusions of the NOP antagonist [Nphe' Jnociceptin(1-
13)NH, into the basolateral amygdala has been observed
(Roozendaal et al. 2007). Similar improved learning effects
have been reported in murine NOP peptide (N/OFQ) knock-
out lines (Higgins et al. 2002), suggesting that blockade of
NOP receptors enhances memory consolidation. However,
the effects of NOP antagonism on fear extinction are un-
known. Preclinical assessment of fear extinction is particularly
relevant as it has been suggested to be a model of prolonged
exposure therapy, a commonly used treatment for PTSD, in
the clinic (Paredes and Morilak 2019). Together, the available
research indicates that the NOP receptor system is dysregulat-
ed in stress-related disorders. Therefore, we hypothesized that
systemic pharmacological antagonism of NOP receptors
would reduce behavioral impairments induced by traumatic
stress in rodent models.

In the present study, we first evaluated a battery of behav-
ioral tasks in rats that model various symptom domains which
are commonly affected in trauma-associated disorders, such as
PTSD, but may vary in severity across cases. The behavioral
tasks were selected for their use in the preclinical literature and
translational value, and included evaluation of: reflexive be-
havior (acoustic startle), anxiety-related and exploratory be-
havior (elevated plus maze), pain sensitivity (warm-water tail
immersion test), and locomotor activity (total distance trav-
eled in the open field test). Behavioral performance effects of
pharmacological blockade of the NOP receptor have been
previously reported; however, their characterization has been
mostly limited to blocking or mitigating agonist-induced ef-
fects rather characterization of their inherent effects on behav-
ior. In Experiment 1, behavioral performance trajectories were
tracked for all performance measures following predator
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exposure and acute NOP antagonism in rats. In Experiment 2,
we evaluated fear-associated learning and memory via fear
memory expression tests in rats. We hypothesized that fear
responses (i.e., freezing behavior) would be dampened fol-
lowing systemic NOP antagonism.

Methods
Subjects

Adult (1014 weeks at baseline), male Sprague-Dawley rats
(Charles River Laboratories; n = 7—12/group) were kept on a
12-h/12-h light/dark cycle (lights on from 0600 to 1800 h) in
an AAALACi-accredited animal facility and allowed to accli-
mate to the facility for at least 7 days prior to any testing. Rats
were then singly-housed and handled for at least 5 days prior
to experimental manipulations. For the duration of the study,
rats were maintained on a mild food restriction procedure in
which daily allotments of food were provided to maintain
bodyweights at approximately 330 g (+ 15 g). Water was pro-
vided ad libitum. All procedures were conducted during the
light phase and were in accordance with the “Guide for the
Care and Use of Laboratory Animals” (Institute of Laboratory
Animal Resources, National Academy Press, 2011) and were
approved by the Institutional Animal Care and Use
Committee of Walter Reed Army Institute of Research.

Experimental design

The present study was separated into two experiments. In
Experiment 1, the dose-response behavioral effects after acute
and repeated NOP antagonism were characterized (la), in
which select doses were then used to characterize behavioral
performance following traumatic stress exposure (1b). In
Experiment 2, the effects of NOP antagonism on fear memory
expression after initial fear conditioning were measured. The
experimental timelines are shown in Fig. 1. Experiments 1a,
1b, and 2 were conducted in separate cohorts of animals that
were naive to experimentation before the start of procedures
described below.

Experiment 1a: Acute and repeated dose-response
relationship of NOP antagonism on general behavioral
performance

On day 1, vehicle (VEH), J-113397 (2, 7.5, or 20 mg/kg, i.p.),
or SB-612, 111 (0.1, 0.4, 1, or 4 mg/kg, i.p.) was administered
30-min prior to collecting a blood sample from the lateral tail
vein (approx. 0.1 mL) followed by behavioral assessments in
acoustic startle response (ASR), elevated plus maze (EPM),
open field, and warm-water tail immersion (i.e., “tail-flick”)
tests. Daily injections were then administered from days 2

a) VEH or drug (i.p., 30-min PT, daily)
F \
Day 1 2 3-6 7
b) VEH or drug (i.p., 30-min PT)
I eteo |1 I
PRED
Day: 1 - 4 3 - 5-9 10
C) VEH or dru? (i.p., 1-h PT)
i Hmmm—— |
T )t T voovov T
SHAM FRZ FRZ FRZ FRZ
or lES
Day: 1 3 5 8 9 10 1 12

Fig. 1 Experimental timeline. For experiments la and 1b (a, b), upward
arrows indicate when behavioral tests (ASR, EPM, tail-flick, and open
field test) were performed. For experiment 2 (c), upward arrows indicate
when behavioral tests (ASR, EPM) were performed, while downward
arrows indicate when freezing tests were performed

through 7, while behavioral testing only occurred on days 2
and 7 (see Fig. 1 for timeline).

Experiment 1b: Effects of NOP antagonism on general
behavioral performance after a three-species predator
exposure procedure

As shown in Fig. 1, on day 1, a blood sample from the lateral
tail vein (approx. 0.1 mL) was collected prior to behavioral
assessments in ASR, EPM, open field, and tail-flick tests. On
day 2, all rats underwent a three-species predator exposure
procedure as described below. VEH, J-113397 (7.5 or
20 mg/kg, i.p.), or SB-612, 111 (0.4 or 1 mg/kg, i.p.) was then
administered 24-h post-predator exposure, with a repeat of
day 1 behavioral tests beginning approximately 30-min later.
Behavioral tests were again repeated on days 4 and 10 (i.e., 2-,
and 8-day post-predator exposure) but without drug treatment.

Experiment 2: Effects of NOP antagonism on fear memory
expression

As shown in Fig. 1, on day 1, a blood sample from the lateral
tail vein (approx. 0.2 mL) was collected prior to behavioral
performance assessment (EPM and ASR). On day 3, all rats
were exposed to either a fear conditioning session (i.e., ines-
capable foot shock, IES; as described in the following section)
or sham. On day 5, a repeat of day 1 behavioral tests was
performed to track possible changes in performance measures
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following IES (or sham) exposure. On days 8—11, rats were
administered either VEH or SB-612,111 (1 or 3 mg/kg, i.p.)
and tested 1 h later in locomotor freezing chambers. For this
experiment, SB-612,111 was chosen because of findings in-
dicating a lack of nonspecific effects in Experiment 1, and a
reported greater potency at the NOP receptor compared to J-
113397 (Spagnolo et al. 2007). Moreover, J-113397 has been
reported to bind to other receptors, such as sigma receptors,
despite having a high selectivity for the NOP receptor (Chiou
et al. 2007). Finally, on day 12, a tail vein blood sample was
collected followed by behavioral tests.

Traumatic stress procedures
Predator exposure procedure

A three predator exposure procedure (PRED) was performed
by exposing rats to three live predators in sequence within a
single day. This procedure has been previously characterized
in our lab (Moore et al. 2016), and was modified slightly for
the present study. Predator species used (in order of exposure)
were a snake (ball python), black-footed ferrets, and two pairs
of domestic cats. PRED exposures took place in two neigh-
boring rooms that housed all three species, with the snake
being housed in one room and the ferrets and cats in the other.
Rats were placed in a protective non-restraining enclosure
specifically designed to allow perception of visual, olfactory,
and auditory cues associated with the predators without the
possibility of direct physical contact. Enclosures were placed
within the feeding chamber of the snake and the housing area
of the ferrets or cats. To maximize odor presence for the snake
exposure, pieces of dried shed snake skin were placed inside
the enclosure with the rats. To maximize odor cue in cat ex-
posures, the enclosure holding the rat was placed on a bed of
soiled (wet) cat litter with cat toys hanging above the enclo-
sure to increase engagement of the cats. Exposure lasted
10 min for the snake, followed by 5 min for ferrets, and finally
10 min for cats. After the cat exposure, rats were placed into
fresh, clean home cages.

Fear conditioning using inescapable shock

Two computer-controlled fear conditioning chambers (Med
Associates Inc., St. Albans, VT) were used to establish fear
conditioning in rats. Each chamber (12 in. X 9.5 in. x 8.25 in.)
contained lights, a sound-generating device, and stainless steel
rod flooring in which brief programmed footshocks were de-
livered. Chambers were placed in sound- and light-attenuated,
ventilated cabinets (22 in. x 23.5 in. X 16 in.). For animals in
the IES groups, a 35-min session was programmed to deliver
20 randomly programmed presentations (excluding the first
and last 5 min) of a light and tone cue (i.e., conditioned stim-
ulus, CS) that co-terminated with a 2-s, 1.0 mA footshock
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(i.e., unconditioned stimulus, US). For animals in the
SHAM groups, an identical conditioning session was pro-
grammed, however, there was no US. Fear expression was
measured by freezing tests which later occurred (see Fig. 1)
in identical chambers in a separate room than where condi-
tioning sessions took place, in a different-sized sound- and
light-attenuated, ventilated cabinet (23.5 in. x 12.5 in. X
28 in.) fixed with a near-infrared camera on the interior door
to record freezing behavior (Med Associates, Inc., St. Albans,
VT). Freezing sessions were 10 min in length, in which a
single CS was delivered 6 min into the session. Freezing be-
havior was measured via a near-infrared camera and micro-
computer software and was defined as the absence of locomo-
tor activity with the exception of breathing. Following each
test, the chamber was cleaned immediately (PURE Hard
Surface Spray; PURE Bioscience, Inc., El Cajon, CA) follow-
ing each test to mitigate the possibility of introducing phero-
monal cues across subjects.

Behavioral outcome measures
Acoustic startle response

Eight computer-controlled acoustic startle response (ASR)
chambers (Kinder Scientific, Poway, CA) were used to mea-
sure acoustic startle response and related measures (e.g.,
prepulse inhibition of the startle reflex). Each rat was placed
in an enclosure within a sound- and light-attenuated, ventilat-
ed chamber, where the enclosure was rested on a platform that
measured changes in force as a result of a startle response. For
Experiment 1, the session began with a 5-min acclimation
period to a background level of noise (70 dB), followed by
30 pseudorandomized trials of pulse-only trials (115 dB;
40 ms). For Experiment 2, the session began with a 5-min
acclimation period to a background level of noise (70 dB),
followed by five repeats of pulse-only trials (115 dB,;
20 ms). The session then presented eight pseudorandomized
repeats of five various trial types: no pulse, pulse-only, and
prepulse-containing trials (73, 76, and 82 dB as prepulses; 20-
ms duration, with an inter-stimulus interval of 100-ms). The
session then ended with five repeats of pulse-only trials. The
inter-trial interval for all experiments was on average 20 s
(range, 10-30 s) and the recording window was 250 ms which
began at the beginning of each trial. Startle response was re-
corded for each trial in Newtons (N).

For data analysis, the max startle magnitudes for “pulse-
only” trial types were averaged across replicates and were
used to infer the startle response, with the first five pulse-
only trials being used as a measure of startle reactivity. For
Experiment 2, prepulse inhibition of the startle reflex (PPI)
was calculated as a percentage using averaged max startle
magnitudes of the eight repeats of pulse-only and 73 dB
prepulse-containing trial types, with the following formula:
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100 x [(pulse-only trials — 73 dB prepulse-containing trials) /
(pulse-only trials)]. To avoid ceiling effects that may inherent-
ly occur due to the direct relationship between PPI and
prepulse intensity level, PPI was only analyzed for the
73 dB prepulse intensity level. For both experiments, within-
session habituation was assessed by comparing the last five
trials of the session to the first five trials, using the formula:
100 x [(AVG last five trials — AVG first five trials)/(AVG first
five trials)].

Elevated plus maze

The elevated plus maze (EPM) consisted of four tinted plastic
arms (50 cm x 10 cm) segmented into two separate parts in a
“plus” configuration (Kinder Scientific, Poway, CA). Two
arms were closed with walls 40 cm in height and the other
two arms were open with no walls. Testing consisted of 5-min
sessions with dim lighting (lux: 7 for open arms, 1 for closed
arms, 2 for intersection) and a white noise generator (70 dB).
Each test started with the rat being placed at the intersection of
the maze pointed towards an open arm, and the apparatus was
cleaned immediately (PURE Hard Surface Spray; PURE
Bioscience, Inc., El Cajon, CA) following each test to mitigate
the possibility of introducing pheromonal cues across sub-
jects. Animal movement was measured using Kinder
Scientific automated software and photobeam tracking.

For data analysis, basic movements (i.e., the count of con-
secutive photobeam breaks) were used as a measure of explor-
atory behavior. We have previously reported that basic move-
ments are well-correlated to total distance traveled, and are a
useful measure to track within-subject behavioral perfor-
mance on the EPM (Schrader et al. 2018). In addition, a mea-
sure widely considered to represent anxiety-like behavior (i.e.,
open arm distance) was analyzed.

Open field test

The open field apparatus (100 cm x 100 cm % 35 c¢cm) placed
on a table (height, 29 in.) was used to capture locomotor
activity via a ceiling-mounted video camera equipped with a
range night light illuminator and microcomputer connected to
commercial software (ANY-MAZE, Stoelting Co., Wood
Dale, IL). Sessions were run under no visible light but with
infrared light source in the presence of a white-noise generator
(70 dB). The apparatus was segmented into three concentric
rectangle sections: center, middle, and edge zones which mea-
sures 816 ¢cm?, 2449 cm?, and 6735 ¢cm? respectively. A 10-
min session began when the rat was placed in the center of the
enclosure. The apparatus was cleaned immediately following
each test (PURE Hard Surface Spray; PURE Bioscience, Inc.,
El Cajon, CA). Total distance traveled in the open field was
measured and analyzed.

Warm-water tail immersion test (tail-flick)

Tail-flick tests were conducted by heating water in a large
beaker to approximately 50-55 °C. Rats were gently wrapped
in a cloth and held to expose the tail only. The distal third end
of the tail was then lowered into the water and the latency to
withdraw the tail was measured. A cut-off time of 20 s was
used to ensure no physical damage was inflicted to the tail.

Freezing behavior

The first 2 min of the 10-min freezing test session was used to
infer baseline performance. Freezing behavior was then ana-
lyzed for the 4-min prior to and after the single CS delivery
(i.e., Pre-CS and Post-CS), excluding a 3-s window immedi-
ately before and after the CS presentation due to software
difficulties inferring accurate freezing behavior during the
CS in which the cue-light is being flashed on/off. Pre-CS
freezing was used in addition to findings from Experiment
la to assess nonspecific effects of SB-612,111.

Drugs

J-113397 ((£)-1-[(3R*,4R*)-1-(Cyclooctylmethyl)-3-(hy-
droxymethyl)-4-piperidinyl]-3-ethyl-1,3-dihydro-2H-
benzimidazol-2-one; purity >98%) and SB-612, 111
(7-[[4-(2,6-Dichlorophenyl)- I -piperidinyl|methyl]-6,7,8,9-
tetrahydro-1-methyl-5H-benzocyclohepten-5-ol hydrochlo-
ride; purity >97%) were supplied from R&D Systems
(Minneapolis, MD). Working solutions of vehicle and drug
were prepared fresh the day of injection. All drugs were pre-
pared in a solution of 5% ethanol/5% emulsifier (Alkamuls
EL-620, Solvay Chemicals, Princeton, NJ)/90% sterile, non-
heparinized 0.9% saline. All injections were administered in-
traperitoneally (needle size 28G, 0.5 in.) at an injection vol-
ume of 2 mL/kg for Experiment 1 and 1 mL/kg for
Experiment 2.

Data analysis

All data are represented as the mean + SEM. GraphPad Prism
7.0 microcomputer software was used to graph and analyze all
data. Data were analyzed using two-way ANOVA tests, with a
between-subject factor of group (see Table 1 for test groups
for each experiment) and a within-subject factor of time. For
Experiment 2, a within-subject factor of test or Post-CS min-
ute was used for fear learning results. Dunnett’s post hoc tests
were used for comparisons to baseline or the VEH-treated
group in Experiment 1, while Tukey post hoc tests were used
for between-group comparisons in Experiment 2. An alpha
level of 0.05 was used to infer statistical significance. For
Experiment 1, data for the VEH group are presented and an-
alyzed with each NOP antagonist (i.e., the same VEH data is
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Table 1 Experimental groups of the study

Experimental groups

Drug or VEH Dose (mg/kg) Stressor
Experiment 1a VEH -
J-113397 2 -
7.5 -
20 -
SB-612,111 0.1 -
0.4 -
1 _
4 _
Experiment 1b VEH - PRED
J-113397 7.5 PRED
20 PRED
SB-612,111 0.4 PRED
1 PRED
Experiment 2 VEH SHAM
IES
SB-612,111 3 SHAM
1 IES
3 IES

shown twice in graphs) to minimize the number of subjects
needed to complete experiments and to better present the ef-
fects of each drug on the behavior outcome measure relative to
VEH treatment.

Results

General behavioral performance in rats is not altered
by acute or repeated systemic NOP antagonism

For all behavioral outcome measures evaluated (ASR, EPM,
tail-flick, open field test), there was a lack of a main effect of
either NOP antagonist treatment as shown in Fig. 2. In gener-
al, startle reactivity remained stable following administration
of J-113397 or SB-612,111 (as shown in Fig. 2a and b), al-
though a significant main effect of time was observed (Time,
F(2,176)=3.453, p=0.0338) but not of group or an interac-
tion of time and group (Group, F(7,88) =0.8459, p =0.5525;
Time x Group, F(14, 176)=0.7278, p =0.7445). For open
arm distance on the EPM (Fig. 2c¢, d), a significant main effect
of time was observed (Time, F(2, 176)=17.06, p <0.0001)
but not of group or an interaction of time and group (Group,
F(7,88)=0.8193, p=0.5738; Time x Group, F(14, 176)=

1.545, p=0.0995). Basic movements on the EPM, an index
of general exploratory behavior, showed a significant main
effect of time (F(2, 176)=40.49, p<0.0001) and group
(F(7,88)=2.346, p=0.0303) but not a significant interaction
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of time and group (F(14, 176)=1.212, p =0.2704), although
Dunnett’s post hoc analyses did not reveal any significant
between-group differences at any timepoint (Supplemental
Table 1). The latency to tail-flick in the warm-water tail im-
mersion test decreased over time for all groups as shown in
Fig. 2e and f, where a significant main effect of time was
observed (Time, F(2, 160)=9.351, p=0.0001; Group, F(7,
80)=10.2905, p =0.9559; Time x Group: F(14, 160)=1.001,
p=0.4549). For total distance traveled in the open field test
(shown in Fig. 2g and h), a significant main effect of time was
observed while a main effect of group was near significance
(Time, F(2, 176)=56.04, p <0.0001; Group, F(7, 88)=
2.053, p=0.0571). A significant interaction of time and group
was also observed (Time x Group, F(14, 176)=1.887, p=
0.0304). Dunnett’s post hoc analyses revealed select signifi-
cant between-group comparisons at the day 7 timepoint,
where distance traveled for the VEH-treated group was signif-
icantly greater than the 7.5 mg/kg J-113397 (»p =0.0127) and
the 1 mg/kg SB-612,111 (p =0.0349) treatment groups; how-
ever, total distance trended in a positive direction on day 7
relative to day 2 for all groups and therefore limited interpre-
tation of these select differences.

A significant main effect of time for most behavioral per-
formance measures suggest these measures may be sensitive
to behavioral habituation or sensitization (depending on
measure; see Supplemental Table 2). Importantly, with the
exception of total distance traveled in the open field test, there
was a lack of between-group differences for all behavioral
outcome measures, suggesting a lack of significant behavioral
effects in the assays used following acute or repeated admin-
istration of the NOP antagonists J-113397 and SB-612,111.

NOP antagonism does not alter most general
behavioral performance measures following predator
exposure in rats

The trajectory of behavioral performance on various tests
(ASR, EPM, tail-flick, and open field test) following traumatic
stress via a three-species predator exposure procedure and ei-
ther VEH or NOP antagonist treatment is shown in Fig. 3. In
general, startle reactivity was largely unaltered following
PRED exposure (Fig. 3a, b), where a two-way ANOVA found
no significant main effect of time or group, nor an interaction of
time and group (Time, F(3, 162) = 1.383, p = 0.25; Group, F(4,
54)=0.392, p=0.8135; Time x Group, F(12, 162)=1.199,
p=0.2881). In general, open arm distance traveled in the
EPM decreased for all groups following PRED exposure as
shown in Fig. 3¢ and d, where a significant main effect of time
was observed (Time, F(3, 162)=12.7, p <0.0001). Dunnett’s
post hoc analyses revealed a significant decrease from baseline
at the 1-day timepoint for the 20 mg/kg J-113397-treated group
(p=0.0252) and the 0.4 mg/kg SB-612,111-treated group (p =

0.0192). Significant decreases from baseline at the 2-day
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timepoint was also observed for SB-612,111-treated groups
(0.4 mg/kg, p=0.0019; 1 mg/kg, p=0.0047). Although open
arm distance decreased at the 1- and 2-day timepoints for the
VEH-treated group, there were no significant within-group
changes as compared to baseline. Further, there was no signif-
icant main effect of group or a significant interaction of time
and group (Fig. 3¢, d; Group, F(4, 54)=2.106, p=0.0927,
Time x Group, F(12, 162)=0.62, p =0.8231). For the warm-
water tail immersion test (shown in Fig. 3e and f), the latency to
tail-flick was unaltered following PRED exposure, where there
were no significant main effects of time or group, or a signifi-
cant interaction of time and group (Time, F(3, 162)=0.1277,
p=0.9436; Group, F(4, 54)=1.102, p=0.3651; Time x
Group, F(12, 162)=1.513, p=0.124). Total distance traveled
in the open field is shown in Fig. 3g and h, where a significant

main effect of time was observed (Time, F(3, 162)=15.26,
»<0.0001; Group, F(4, 54)=0.6213, p=10.6493; Time X
Group, F(12, 162)=0.5441, p=0.8831). Dunnett’s post hoc
analyses revealed a significant difference from baseline at 1-
day post-PRED for the VEH-treated group (p = 0.0266; Fig. 3g
and h, symbolized by asterisk) that did not extend past 2-day
post-PRED (2 days, p=0.0633). This significant difference
from baseline was not observed for groups treated with either
NOP antagonist at the 1-day timepoint, although the group
treated with 0.4 mg/kg SB-612,111 showed near significance
(1 day, p=0.0533) and later showed a significant difference
from baseline at the 2 day timepoint (p = 0.0028; Fig. 3h, sym-
bolized as “$$”), suggesting behavioral restoration via NOP
antagonism is mostly observed at acute timepoints and with a
certain level of circulating drug.
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Fig. 3 Behavioral performance a) J-113397 b) SB-612,111
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Interestingly, basic movements in the EPM appeared to
decrease at acute timepoints following PRED exposure for
all groups (Fig. 4), where a significant main effect of time
was observed (Time, F(3, 162)=28.03, p <0.0001; Group,
F(4, 54)=1.362, p=0.2594; Time x Group, F(12, 162)=
0.7936, p = 0.6565). Dunnett’s post hoc analyses revealed sig-
nificant differences from baseline for most groups at the 1-day
timepoint, with the exception for the group treated with
7.5 mg/kg J-113397 (see Table 2 for p values from
Dunnett’s multiple comparisons test), suggesting J-113397
may have moderate efficacy on ameliorating PRED
exposure-induced effects on exploratory behavior. However,
by the 8-day timepoint, there were no significant differences
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from baseline for any group. For the ASR-related measure of
habituation (Fig. 4c, d), a two-way ANOVA found a signifi-
cant main effect of time (F(3, 162)=6.953, p=0.0002), but
not of group (F(4, 54)=1.206, p=0.3189) or a significant
interaction of time and group (F(12, 162)=1.678, p=

0.0760). Dunnett’s post hoc analyses revealed significant in-
creases in habituation from baseline for only the group treated
with 20 mg/kg J-113397 (1 day, p=0.0038; 2 days, p=

0.0021; 8 days, p = 0.0115). Further, Dunnett’s post hoc anal-
yses revealed a significant between-group difference at the 8-
day timepoint between the VEH- and 7.5 mg/kg J-113397-
treated groups (p = 0.0384), suggesting possible restoration of
habituation by NOP antagonism at later timepoints.
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Fig. 4 Trajectory of basic
movements on the EPM (a, b) and
habituation of ASR startle
reactivity (c, d) following NOP
antagonism and PRED exposure
(n=11-12/group). The vertical
hatched line designates when
subjects underwent PRED
exposure and the upward arrow
designates when the NOP
antagonist or VEH was
administered. See Table 2 for
significant within-group changes
in basic movements for (a) J-
113397 and (b) SB-612,111.
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NOP antagonism reduces fear memory expression in
rats

The effects of NOP antagonism (via treatment with SB-
612,111; SB) on fear expression were characterized. Fear

Table 2 Dunnett’s multiple comparisons test for basic movements
following PRED exposure in Experiment 1b (n =11-12/group). For
most groups, basic movements significantly decreased at 1-day and 2-
day post-PRED exposure but resolved by the 8-day timepoint; however,
7.5 mg/kg J-113397 blocked PRED-induced decreases in basic move-
ments at the 1-day timepoint

Multiple comparisons for basic movements in EPM

-@ 7.5 mgl/kg 504 § ; -@ 0.4 mg/kg

-@- 20 mg/kg -@ 1 mg/kg

Habituation (%)
o

-504

-100

BL 1d 2d 8d

memory expression was inferred by freezing behavior to a
footshock-paired conditioned stimuli (i.e., CS; a light + tone
cue) across four daily test sessions beginning 5 days after the
fear conditioning session, as shown in Figs. 1 and 5. Baseline
freezing behavior prior to CS presentation (during the first
2 min of the freezing test session) was minimal, as shown in
Fig. Sa, and did not show a significant main effect of group
(F(4, 39)=0.7808, p=0.5445), although a significant main
effect of test was observed (F(3, 117)=4.177, p=0.0075).
Despite this, there was no significant interaction of test and
group (F(12, 117)=0.8468, p=0.6025) and no significant
between-group comparisons were found at any timepoint.
Further inference of the nonspecific effects of SB-612,111
was evaluated by analyzing Pre-CS freezing behavior, as
shown in Fig. 5b. In general, Pre-CS freezing was minimal

Group Timepoint Compared to p value L .
for all groups and was maintained at minimal levels across
VEH BL 1 day 0.00457 tests; however, a significant main effect of group was ob-
2 days 0.0004 served (Group, F(4, 39)=4.653, p=0.0036; Test, F(3,
8 days ns. 117)=1.024, p=0.3846; Group x Test, F(12, 117)=
J-113397 BL 1 day ns. 0.8067, p=0.6430). Tukey’s post hoc analyses revealed the
7.5 mgkg 2 days 0.0145 IES-VEH group had significantly greater Pre-CS freezing be-
8 days s, havior than the Sham-VEH group on the first and second
J-113397 BL 1 day 0.0012 freezing test (Test 1, p=0.0154; Test 2, p =0.0402), suggest-
20 mg/kg 2 days 0.0109 ing there may have been mild contextual freezing behavior as
8 days ns. the chambers were similar to those in which fear conditioning
SB-612.111 BL 1 day 0.0033 took place. Tukey’s post hoc analyses further revealed the
0.4 mgkg 2 days 0.001 IES-VEH group had significantly greater Pre-CS freezing
8 days s, than the IES-exposed, SB-treated groups at the second test
SB-612.111 BL | day 0.0473 (IES-VEH vs IES-1 mg/kg SB, p=0.0251; IES-3 mg/kg
1.0 mgkg 2 days <0.0001 SB, p=0.0087) and greater Pre-CS freezing than the IES-
8 days s, 3 mg/kg SB group at the fourth test (p = 0.0244), suggesting

SB-612,111 may help to dampen contextual freezing behavior
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Fig. 5 NOP antagonism significantly dampened fear responses (n="7—
10/group). Freezing behavior was minimal during the first 2 min of fear
memory expression tests (a) and prior to the CS presentation (b), indicat-
ing a lack of nonspecific effects on activity. Post-CS freezing was signif-
icantly reduced in IES, SB-treated groups relative to the IES, VEH-treated
group across all four freezing tests (c), *p < 0.05, ***p <0.001 vs IES-

as well, although this needs to be formally evaluated. Post-CS
freezing behavior, an averaged measure of the freezing behav-
ior during the 4 min following CS presentation and shown in
Fig. 5c, was used to infer whether fear-associated learning
took place in IES-exposed groups. A significant main effect
of freezing test (F(3, 117)=7.587, p=0.0001) and group
(F(4, 39)=16.37, p<0.0001), as well as a significant test
and group interaction (F(12, 117)=2.236, p=0.0141) was
observed for Post-CS percent of time spent freezing.
Tukey’s post hoc analyses revealed a significant difference
in Post-CS freezing between the IES-VEH and Sham-VEH
groups occurred over the first three freezing tests before re-
solving by the last freezing test (Test 4, p =0.0541). For IES-
exposed groups, freezing behavior was highest on the first
freezing test and subsequently decreased across the remaining
three freezing tests, indicating that extinction learning had
occurred. Tukey post hoc comparisons revealed a significant
reduction in Post-CS freezing in the IES-exposed, SB-treated
groups as compared to IES-exposed, VEH-treated groups as
early as the first freezing test (VEH vs 1 mg/kg SB, p=
0.0033; 3 mg/kg SB, p=0.0002). This significant difference
from the IES-exposed, VEH-treated group was observed
across the remaining freezing tests for the IES exposed,
3 mg/kg SB-treated group (Test 2, p=0.0005; Test 3, p=
0.0147; Test 4, p =0.0226). For the IES-exposed group treat-
ed with the low dose of SB (1 mg/kg), this significant differ-
ence from the IES-exposed, VEH-treated group was observed
up until the second freezing test (»p =0.0006). Importantly,
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VEH for the IES-3 mg/kg SB group. Freezing behavior on Test 1 did not
significantly decrease across the four Post-CS minutes for any IES-
exposed group, but was significantly different between the IES-VEH
and IES-3 mg/kg SB groups at the later timepoints (d), ***p <0.001,
#HE%p <0.0001 vs Sham-VEH; $p <0.05 vs IES-VEH for the IES-
3 mg/kg SB group. See Results for other significant group comparisons

Sham- and IES-exposed 3 mg/kg SB-treated groups were
not significantly different from one another after the initial
freezing test (Test 1, p=0.0367), suggesting a lack of off-
target effects of SB-612,111 on freezing behavior. To better
understand the immediate effects of NOP antagonism on Post-
CS freezing behavior, we analyzed the individual 4 min follow-
ing the CS presentation at the first test (Fig. 5d). A two-way
ANOVA revealed a significant main effect of group but not of
Post-CS minute, nor a significant interaction of group and Post-
CS minute (Group, F(4, 39)=8.523, p <0.0001; Post-CS min-
ute, F(3, 117)=1.788, p=0.1533; Group x Post-CS minute,
F(12, 117)=0.5592, p =0.8705). Tukey’s post hoc analyses
revealed that freezing was significantly greater in the IES-
VEH group compared to the Sham-VEH group (p <0.001 for
all four Post-CS minutes). Tukey’s post hoc analyses further
revealed significant differences between IES-VEH and IES-
3 mg/kg SB groups after the first minute (p <0.05 for Post-
CS minutes 2—4). For all IES-exposed groups, freezing behav-
ior was maintained at a steady level for the full 4 min following
the CS presentation at Test 1, suggesting that SB-612,111 did
not expedite the rate of return to normal activity. Due to this
steady behavior, linear regression analyses on the rate of return
to normal behavior were not performed and inferences regard-
ing facilitated extinction are limited.

General behavioral performance on ASR and the EPM was
also tracked in this experiment without the utilization of the
PRED exposure procedure to infer performance effects fol-
lowing fear conditioning or the combination of fear
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conditioning and previous NOP antagonism and is shown in
Supplemental Table 3. In general, startle reactivity did not
change over time (Time, F(2, 78)=0.2097, p=0.8113), al-
though a significant main effect of group was observed
(Group, F(4, 39)=2.944, p=0.0322; Group x Time, F(8,
78)=0.9277, p=0.4986), where Tukey’s post hoc analyses
indicated a significant difference between groups treated with
3 mg/kg SB (i.e., Sham- vs IES-exposed) on day 5 (p =
0.0073) and day 12 (p=0.0380). Despite these differences,
the Sham-3 mg/kg SB group had significantly greater startle
reactivity at baseline compared to the IES-3 mg/kg SB group
(Tukey’s post hoc, p = 0.0354) as found in a separate one-way
ANOVA (F(4,39)=2.71, p=0.0439), suggesting the differ-
ence observed at the later timepoints were not indicative of an
effect of the IES procedure or drug administration history. For
the ASR-related measure of prepulse inhibition of the startle
reflex, or %PPI, at the 73 dB prepulse intensity, a significant
main effect of time, but not group or a significant interaction
of time and group (Time, F(2, 78) =4.524, p = 0.0138; Group,
F(4, 39)=1.268, p=0.2992; Time x Group, F(8, 78)=
0.3635, p=0.9366). Tukey’s post hoc analyses, however, did
not reveal any significant between-group comparison at any
timepoint. For open arm distance traveled on the EPM, a sig-
nificant interaction of time and group was observed (Time x
Group, F(8, 78)=2.748, p=0.0100; Time, F(2, 78)=2.089,
p=0.1307; Group, F(4, 39)=1.559, p=0.2045) which ap-
peared to be driven by near-significant differences between
groups treated with 3 mg/kg SB (i.e., Sham- vs IES-exposed)
at day 12 (Tukey’s post hoc, p = 0.0522), suggesting a possible
residual effect of the NOP antagonist on open arm distance. For
the measure of basic movements on the EPM, a significant
main effect of time was observed (Time, F(2, 78)=13.33,
p<0.0001; Group, F(4, 39)=1.219, p=0.3186; Time X
Group, F(8, 78)=0.6043, p = 0.7716); however, no significant
between-group comparisons were observed.

Discussion

In the present study, we demonstrated that systemic NOP
receptor antagonism via administration of SB-612,111 effec-
tively reduced fear expression in rats after prior fear condition-
ing using cue-paired inescapable footshocks. The effects of
NOP antagonism on general behavioral performance trajecto-
ries following predator exposure or fear conditioning, howev-
er, were modest. Moreover, there was a lack of nonspecific
effects of NOP antagonism on general behavioral perfor-
mance alone, suggesting the effects on fear expression were
specific to NOP receptor antagonism. Therefore, the present
data suggest these receptors play a role in the normal process-
es underlying fear learning and memory. The results from the
present study suggest that NOP antagonists may be a potential
pharmacotherapy for trauma- and stress-related disorders such

as ASD or PTSD in which fear memory processes are dysreg-
ulated, whereas additional research is needed to understand if
they would be effective for mitigating other behavioral im-
pairments subsequent to traumatic stress exposure.

Under the present experimental conditions, a lack of effects
on general behavioral performance by the tested NOP antag-
onists was not surprising. While there is growing interest in
the effects of NOP antagonists alone as a candidate pharma-
cotherapy (Awwad et al. 2018; Gavioli and Calo 2013;
Rorick-Kehn et al. 2016; Zhang et al. 2015), the majority of
published literature surrounds NOP agonist-induced effects
and their blockade, rather than reversal, via antagonists.
Under acute conditions (i.e., day 1 of Fig. 2) and repeated
administration conditions, we observed a lack of significant
differences between the VEH-treated group and NOP
antagonist-treated groups for most behaviors tested. The ex-
ception was for total distance traveled measure in the open
field at the day 7 timepoint in which the VEH-treated group
traveled significantly more than middle doses of J-113397 and
SB-612,111, suggesting a possible U-shaped dose effect of
the NOP antagonists on motor activity. However, for the
group treated with the middle dose of J-113397 (7.5 mg/kg),
distance traveled was also the lowest of all groups at baseline
suggesting the difference from the VEH group at day 7 was
not strong evidence of a drug-mediated effect. Moreover,
higher doses did not greatly dampen distance traveled at any
timepoint, indicating NOP antagonists do not cause signifi-
cant alterations in motor activity. Because of the similarities
of the NOP receptor to the classical opioid receptors, we were
interested in characterizing any modulation of pain sensitivity
imposed by NOP antagonism. In the warm-water tail immer-
sion test, the latency to withdraw the tail did not differ after
NOP antagonism alone for either J-113397 or SB-612,111,
suggesting a lack of effect of NOP antagonism on altering
pain sensitivity to a thermal stimulus (i.e., warm water).

Others have reported null or minimal effects of pharmaco-
logical blockade of the NOP receptor on locomotor activity
(Calo et al. 2002; Gavioli et al. 2003; Genovese and Dobre
2017; Kuzmin et al. 2004; Redrobe et al. 2002). Better perfor-
mance on the rotarod assay after administration of the NOP
antagonist UFP-101 or J-113397 was suggested to indicate
hyperlocomotive effects of NOP antagonism (Marti et al.
2004); however, rotarod performance over time incorporates
learning and therefore may not reflect inherent motor activity-
specific effects of a drug. However, this was challenged by the
authors as they observed better rotarod performance in
unhabituated NOP knockout mice at the first test compared
to wildtype mice (Marti et al. 2004). Null or minimal effects of
NOP antagonism on acoustic startle response (Ces et al. 2012)
have been reported, while effects on alteration of pain sensi-
tivity have been mixed (Calo et al. 2002; Chiou et al. 2007;
Shinkai et al. 2000; Zhang et al. 2015). Open arm measures on
the elevated plus maze have been shown to be unaltered by
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NOP antagonism as well (Genovese and Dobre 2017;
Uchiyama et al. 2008; Vitale et al. 2006). Interestingly, in-
creased anxiety-like behavior was observed after genetic de-
letion of the N/OFQ peptide precursor but not the encoding
gene of the parent receptor (Reinscheid and Civelli 2002).
This was opposite of previous findings of anxiogenic behavior
in NOP receptor knockout mice (Gavioli et al. 2007). In sum,
the results from Experiment la of the present study are in
agreement with previous evidence suggesting a lack of non-
specific or off-target effects of NOP antagonists which sup-
port them for further testing as a candidate pharmacotherapy
for disorders in which behavioral performance is impacted.

NOP antagonism following exposure to a traumatic stress
procedure (three-species predator exposure) generally did not
alter general behavioral performance trajectories under the
conditions tested in the current study. Our lab has previously
reported significant behavioral deficits after a three-species
predator exposure in male adolescent and adult rats (Moore
et al. 2016) in particular for basic movements, a measure of
exploration on the EPM that correlates well with total distance
traveled (Schrader et al. 2018). In the present study, we again
observed significant decreases in basic movements following
predator exposure (see Fig. 4 and Table 2). Interestingly, ad-
ministration of 7.5 mg/kg J-113397 1 day following predator
exposure did prevent the decrease in basic movements on the
EPM but this did not extend to the 2-day or 8-day behavioral
timepoints. Total distance traveled in the open field test was
also significantly reduced 1 day following predator exposure
and was prevented by J-113397 and SB-612,111, although
this did not extend to the 2-day or 8-day timepoints.
Moreover, results from Experiment 1a suggest this effect at
the 1-day timepoint was not due to a nonspecific increase in
locomotor activity. In fact, daily administration of NOP an-
tagonists for 7 days in Experiment l1a showed select signifi-
cant decreases in total distance traveled relative to a VEH-
treated control group, suggesting differential behavioral ef-
fects of acute and repeated administration of NOP antagonists.
Together, these data suggest that a certain level of circulating
drug is needed to observe behavioral protection; however, this
interpretation is limited as the half-life of J-113397 or SB-
612,111 has not yet been reported. In sum, results from
Experiment 1b provide moderate evidence to suggest that be-
havioral performance following predator exposure was re-
stored at acute timepoints with the NOP antagonists J-
113397 and SB-612,111.

Our lab has previously reported on the effects of the NOP
antagonist J-113397 following predator exposure, but with a
single species (cat) acting as the main stressor (Genovese and
Dobre 2017). In that study, significant stress-induced de-
creases in basic movements in the EPM was blocked by J-
113397 in a dose-dependent manner. However, it is important
to distinguish that J-113397 was administered prior to the
predator exposure procedure and therefore represented
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prophylactic efficacy of the NOP antagonist. In the present
study, significant decreases in basic movements in the EPM
was observed at the 1 and 2-day timepoints for VEH-treated
group, whereas these decreases were observed at later
timepoints (3-day and 7-day) in the Genovese et al. study.
Further, outcome differences from our previous findings in
regard to efficacy of the NOP antagonist may be due to dif-
ferences in the stress procedure (single predator species versus
multiple species, exposure duration, etc.) and/or study testing
conditions (timepoints assessed, behavioral test parameters).
Despite these differences, both of these studies observed effi-
cacy of NOP antagonism in blocking these stress-induced
decreases in exploratory behavior.

In the present study, a high degree of variability between
groups observed at baseline in the measure of EPM open arm
distance limited interpretations. While future studies can be
designed to balance groups on baseline performance, it is im-
portant to consider challenges involved with animal models of
trauma- and stress-related disorders in regard to variability and
individual differences in responsivity to stress. Several recent
literature reviews highlight this challenge and remind readers
that the incidence of PTSD, for example, is only observed in a
small percentage of people that have been exposed to one or
more traumatic stress event(s) indicating that it may bode well
for preclinical traumatic stress research studies to begin
subtyping subjects based on behavioral performance
(Deslauriers et al. 2018; Lowery-Gionta et al. 2019; Richter-
Levin et al. 2019; Zhang et al. 2019). Differences in
responding can be observed in the same lab across time, as
one group was unable to replicate earlier findings of increased
anxiety-like behavior after single-prolonged stress in male rats
which was suggested to be due to differences of strain and/or
housing conditions (Zhang et al. 2012; Zhang et al. 2018;
Zhang et al. 2015). Interestingly, they observed increased
levels of the NOP receptor peptide ligand, N/OFQ, and
anxiety-like behavior following single-prolonged stress
(Zhang et al. 2012) that was blocked after administration of
the NOP antagonist JTC-801 (Zhang et al. 2015). The current
data should be interpreted with behavioral variability in mind
and it may be beneficial to include subject subtyping in future
research evaluating pharmacologic targets.

There is a general consensus in the literature that the NOP
agonists possess basal anxiolytic-like properties (for review,
see Gavioli et al. 2019). The nociceptin receptor system inter-
acts with the stress-related corticotropin-releasing factor
(CRF) receptor system, as high expression of both receptors
are found in regions implicated in the stress response such as
the central amygdala and bed nucleus of the stria terminalis
(BNST) where N/OFQ acts as a putative CRF antagonist
(Ciccocioppo et al. 2014). Differences in mRNA expression
levels of the precursor peptide (ppN/OFQ) in the central
amygdala and BNST following acute or repeated restraint
stress in rats have been observed, suggesting stress-mediated
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alterations in underlying mechanisms regulating the NOP re-
ceptor system (Delaney et al. 2012). In the same study, re-
searchers found increased activity of the hypothalamic-
pituitary-adrenal axis following administration of the NOP
antagonist JTC-801 to home-cage control rats. In contrast,
reduced anxiety-like behavior associated with alcohol with-
drawal has been observed after intraperitoneal administration
of the NOP agonist SR-8993 or intracerebroventricular ad-
ministration of the endogenous peptide (Aujla and
Nedjadrasul 2015; Aziz et al. 2016). Together, these findings
highlight the complex relationship of the NOP receptor sys-
tem and responsivity and/or adaptation to stress. The present
findings add to this growing body of literature and are in
support of stress-induced effects being alleviated by NOP re-
ceptor antagonism.

Our major finding is the significant efficacy of the NOP
antagonist SB-612,111 in dampening fear responses in rats. It
has been shown that NOP agonists impair fear memory acqui-
sition, consolidation, and reconsolidation (Andero et al. 2013;
Fornari et al. 2008; Goeldner et al. 2009; Rekik et al. 2017)
although their effect on acquisition has been variable (Andero
et al. 2013). Interestingly, freezing behavior was maintained
over time in knockout mice for the encoding gene (ORL1)
which was interpreted as improved fear memory retention
rather than impaired fear extinction (Mamiya et al. 2003). In
contrast, we repeatedly observed a decrease in freezing behav-
ior following pharmacological blockade of the NOP receptor,
with no evidence of motor impairment. This agrees with pre-
vious literature that indicates pharmacological blockade or
genetic deletion of the NOP receptor helps to enhance or block
agonist-mediated impairments in learning (Adem et al. 2017,
see review, Andero 2015; Han et al. 2019; Rekik et al. 2017),
although biphasic effects of N/OFQ or the agonist Ro 64-6198
have been seen in the passive avoidance task (Adem et al.
2017). An alternative interpretation might be that NOP antag-
onism impaired fear memory retention, as freezing was damp-
ened as early as the first test. However, if the second and
subsequent tests are indicative of retention of the newly-
formed extinction memory, we would hypothesize that an
impairment in extinction memory retention would be demon-
strated by increased freezing behavior at the second and sub-
sequent tests. Therefore, because freezing decreased over the
repeated tests and was significantly lower in groups treated
with the NOP antagonist, we suggest memory retention was
not impaired by NOP antagonism. The current study did not
test whether distinct mechanisms of action exist for fear mem-
ory retention and extinction memory retention. Future studies
are needed to better discern if effects of NOP antagonism are
distinguishable between expression of the initial fear memory
and the extinction memory or if it is generalizable.
Furthermore, facilitation of fear extinction was not observed
under the tested conditions as the slope of freezing responses
over the four fear memory expression tests were similar

between VEH- and NOP antagonist-treated groups. Further
studies are therefore needed where extension of the duration
following the CS presentation could allow formal testing of
differences in the rate of return to normal activity.
Alternatively, extinction within a single test session could
likely be tracked via multiple presentations of the CS. This
would limit the pharmacological history to a single pre-
session administration of drug, which would be informative
as pharmacokinetic data for SB-612,111 is lacking. Future
studies are also warranted to determine if dampened fear re-
sponses following NOP antagonism are sustained under drug-
free conditions.

The present study provides an initial characterization of
NOP antagonism in a rodent model of traumatic stress via
predator exposure and fear memory expression. While sex
differences are beyond the scope of the current study, a po-
tential limitation in the interpretation of these results is the use
of only male subjects. Sex differences in PTSD-related behav-
iors have been well established in several animal models
(Komfield et al. 2018). However, much remains to be discov-
ered regarding the role of sex differences in NOP antagonism.
Zhang et al. (2018) demonstrated sex differences in NOP re-
ceptor knockout rats following single prolonged stress (2-h
restraint followed by group forced swimming and exposure
to diethyl ether). In that study, male NOP receptor knockout
rats demonstrated decreased traumatic stress-induced
allodynia and thermal hyperalgesia compared to female
NOP receptor knockout rats. Notably, all female rats (wild
type and NOP receptor knockout) developed allodynia and
hyperalgesia at the same rates as wild type males. Further
research is therefore needed to determine if the present results
from pharmacologic NOP receptor antagonism demonstrate
similar effects in female subjects.

The present results demonstrated that NOP antagonism via
acute and repeated administration of SB-612,111 significantly
dampened fear responses in rats while administration of J-
113397 or SB-612,111 restored performance on some, but
not all, behavioral measures following traumatic stress expo-
sure and particularly at acute timepoints. Further research is
needed to determine the efficacy of NOP antagonists as a
potential pharmacotherapy to reduce behaviors associated
with ASD or PTSD, as Experiment 1 found moderate evi-
dence that J-113397 restored behavioral performance on the
EPM (basic movements) and both J-113397 and SB-612,111
restored performance in the open field test (total distance)
acutely following predator exposure. Evidence of reduction
in behaviors associated with traumatic stress would give cre-
dence to the use of this compound in future clinical pharma-
ceutical interventions following exposure to traumatic stress.
The present results on fear memory expression are pertinent to
animal models of traumatic stress, as a significant reduction of
freezing behavior following repeated “reminders” to the fear-
associated context or cue is a favorable outcome of a potential
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candidate pharmacotherapy. While inescapable footshock
may not be a model of trauma- and stress-related disorders
entailing a true and direct threat-to-life, the confluence of re-
sults with predator exposure may help determine the broader
effects of NOP antagonism on a traumatic stress-induced im-
pairment in fear extinction or other outcome measures.
Indeed, rodent models of exposure therapy incorporate this
thought (Paredes and Morilak 2019). In conclusion, the pres-
ent study suggests efficacy of NOP antagonists as a potential
pharmacotherapy for use in targeting dysregulated fear mem-
ory processes in trauma- and stress-related disorders, such as
acute stress disorder or post-traumatic stress disorder.
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