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ABETRACT

Fear-associated memories and behavior are often expressed in contexts/environments distinetively different from
those in which they are created. Thiz generalization process contributes to peychological dizorders, particularly
PTED. Stress-related neurocircuits in the basolateral amygdala (BLA) receive inputs from hypothalamic orexin
(Orx) neurons, which mediate neuronal activity by targeting orexin 1 (Orx;R) and orexin 2 (Orx,R) receptors via
opposing functions. In BLA, inhibition of Orx R or activation of OmzR ameliorate stress responsiveness and
behawvior. We discovered that most Orx;,R™ cells also express CamElln, while a majority of Orx;R™ cells are
colocalized with GADGT. Further, Orx, R gene Hertr] expression was positively cormrelated, and Orx; B gene Herir2
expression was negatively correlated, with freezing in a phenotype-dependent fazhion (Escape wz Stay) in the
Stress Alternatives Model (SAM). The S5AM consistz of 4-dayz of zocial interaction between test mice and nowvel
larger aggrezzors. Exits positioned at opposite ends of the SAM owval arena provide opportunites to actively avoid
aggression. By Day 2, mice commit to behavioral phenotypes: Ezcape or Stay. Pharmacologically manipulating
Orx receptor activity in the BLA, before Day 3 of the SAM, was followed with standard testz of anxiety: Open
Field {(OF) and Elevated Pluz Maze (EPM). In Stay mice, freezing in response to social conflict and locomotion
during SAM interaction (not home cage locomotion) were generalized to OF, and blocked by intra-BLA Orx;R
antagonizm, but not Orx;R antagonizm Moreover, patterns of social avoidance for Ezcape and Stay mice were
recapitulated in OF, with generalization mediated by OB and OrxzR antagonizm, plus OrxzR stimulation.
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1. Introduction
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plasma glucocorticoid concentrations (Smith et al., 2016; Staton et al.,
2018; Yaeger et al., 2022). Production of two easily identified pheno-

Abbreviations

aCSF artificial cerebrospinal fluid
[Ala'!, p-Leu'™ Orxp a modified Orxp peptide used as an Orx,
receptor agonist

AP anterior-posterior
BDNF brain-derived neurotrophic factor
Bdnf brain-derived neurotrophic factor gene

BLA basolateral amygdala

C57BL/6NHsd a strain of black mice used for stress testing
CAMKII calcium-calmodulin kinase two-alpha

Camkll Ca /Calmodulin Kinase type 2 alpha gene

CD1, Hsd ICR retired breeder mice used as aggressors

CeA central amygdala

CR conditioned response

CRF; corticotropin releasing factor 1 receptors

CS conditioned stimulus

DMSO  dimethylsulfoxide;

DV dorsal-ventral

ECso half-maximal effective concentration

ERK; extracellular signal-regulated kinase 1 also mitogen-
activated protein kinase 3

EPM elevated plus maze, Escape, mice that respond to social
stress by leaving

g gram(s)

ga gauge

GABA or GABAergic -aminobutyric acid

GAD, glutamate decarboxylase 1

Gadl glutamate decarboxylase 1 gene

GPCR G-protein-coupled receptor

Gq G-protein associated with the phospholipase C 2nd
messenger system

Hert orexin/hypocretin

Herty orexin A/hypocretin 1

Hert, orexin B/hypocretin 2

Hcrtrl orexin 1 receptor gene

Hcrtr2  orexin 2 receptor gene

1Cso half-maximal inhibitory concentration

icv intracerebroventricular

ItC intercalated region of the amygdala

L, liter

LH-DMH/PeF the perifornical area of the lateral, dorsomedial

hypothalamus

Mapk3  extracellular signal-regulated kinase 1 gene
L, microliter

mg/kg  milligrams per kilogram

min minute(s)

MK-1064 5 -chloro-N-[(5,6-dimethoxy-2-pyridinyl)methyl]-
[2,2 :5,3 -terpyridine]-3 -carboxamide - an Orx,

antagonist
ML, medial-lateral
mm millimeter
NIH National Institutes of Health
NIMH  National Institute of Mental Health
OF open field test
Orx orexin/hypocretin
Orxp orexin A/hypocretin 1
Orxp orexin B/hypocretin 2
Orx;R orexin 1 receptors
OrxyR orexin 2 receptors
Pyalb parvalbumin gene
PTSD post-traumatic stress disorder

S seconds
SAM Stress Alternatives Model
SB-674042 orexin 1 receptor [Orx;R] antagonist

SIP social interaction/preference test
Stay socially defeated submissive mice;
Us, unconditioned stimulus

YNT-185 an OrxyR agonist

Fear learning plays an important role in many psychological disor-
ders, including anxiety, depression, and post-traumatic stress disorder
(PTSD). In these disorders, particularly PTSD (and related animal
models), fear-associated memories and behavior are often expressed in
contexts and/or environments that are distinctively different from those
in which they are generated, a learning process known as generalization
or transference (Armony et al., 1995, 1997; Baker et al., 2019; Baldi
et al., 2004; Kaczkurkin et al., 2017; Thome et al., 2018).

Animal responses in the Stress Alternatives Model (SAM) provide a
window onto development of anxious and depressive behavior, and the
mechanisms of decision-making that produce resilient and susceptible
phenotypes. As such, this model reflects characteristics of PTSD, such as
1. Trauma 2. Primarily generated from a social structure that 3. Pro-
duces specific phenotypes, with some 4. Individuals displaying social
avoidance and withdrawal, potentially including 5. Behavioral
dysfunction, and 6. Generalization of behavior to other contexts as a part
of recurrent memory of trauma (Blanchard et al., 2013; Robertson et al.,
2015; van der Kolk, 2006; Yehuda and LeDoux, 2007). In an oval SAM
arena with apical escape routes, novel larger aggressive individuals
interact with smaller adult test subjects (Fig. 1). Test animals self-select
one of two phenotypes: Escape or Stay, which exhibit stress-resilient
(social engagement) and susceptible (social avoidance) responses to
social interaction/preference tests (SIP) and differences in reactive

types via a simple dichotomous choice, as occurs in the SAM, results in
distinctively different behaviors, and neurochemical responses, which
develop over a short time course (Robertson et al., 2015; Smith et al.,
2014; Yaeger et al., 2022), and are dependent on specific types of
learning (Carpenter and Summers, 2009; Smith et al., 2016; Yaeger
et al., 2020). Resilient status is confirmed for Escape animals, because
anxiolytic drugs (corticotropin releasing factor type 1 receptor [CRF;]
antagonist antalarmin, orexin 1 receptor [Orx;R] antagonist SB-674042,
and orexin 2 receptor [OrxpR] agonist [Alau, p-Leu'®] Orxg) promote
Escape behavior in Stay animals (Smith et al., 2016; Staton et al., 2018;
Yaeger et al., 2022). Alternatively, anxiogenic drugs (Yohimbine, an »
adrenoreceptor antagonist, and OrxsR antagonist MK-1064) promote
Stay behavior in Escape phenotype mice, clearly suggesting that Stay
responses represent stress-susceptible behavior. Behaviors reflecting
motivation to escape the SAM are also modified by stress-related neu-
romodulatory events (Staton et al., 2018; Yaeger et al., 2022). A fear
conditioning protocol, during which a tone (conditioned stimulus [CS])
precedes aggressive interaction (unconditioned stimulus [US]), also
produces associative learning in the SAM. Although a trace period is
used between the CS (cue tone) and US (aggression), this association
yields Pavlovian conditioning, which occurs concomitantly with
contextual conditioning. The cued response (CR  freezing) to tone
alone in conditioned Stay mice is reduced by intra-basolateral amygdala
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Fig. 1. The Stress Alternatives Model (SAM) results in phenotype establishment
after two dayzs of zocial stress. A) The SAM iz a 4-day paradigm in which test
mice are conditioned to a tone (middle) before an opaque cylinder iz lifted and
animalz must decide whether to Ezcape from (left) or submit to (Stay, right) a
large social aggrezzor. By the end of Day 2, test mice commit to the Ezcape or
Sy behavioral phenotype. B) Experimental dezign for behavioral trials inchode
stereptade surgeries for cannula implantation followed by a recovery and
handling period before the beginning of the SAM. On Day 3, 1 h before SAM
exposure, mice were administered Orx receptor targeting drugs into the BLA
Following SAM =zocial interaction on Day 4, mice were exposed to the Open
Field (OF) Test and on Day 5 they were introduced to the Elevated Plus
Maze (EPM].

(intra-BLA) mmjection of an Orx R antagomst (Yacger of al | 2022).

Orexing (hypocreting) are comprized of two peptides, Orxs (HCrty)
and Orxp (HCrtz), cleaved from the same pro-peptide, produced in equal
proportions in the lateral, dorsomedial hypothalamus perifornical area
(LHB-DMH/PcF) (Broberger et al., 1998; Nambu et al |, 1999). While Orxa
has equally high binding affinity for the G-linked GPCR Orx) and Orxz
receptore, the OrxsR receptor binds Orxs and Orxp with similar high
affinities, and Orxp binds Orx)R with somewhat reduced affinity
(Ammoun et al., 2003; Sova and Sakurai, 2020a). In the BLA, and m
other regions such as the paraventricular thalamues, the two receptor
types are funchonally opposed (Arendt et al |, 2013, 201 4; Meffre et al |
2019; Yaeger et al | 2020). Our recent work demonstrates significant
opposing effects of OrnR (pro-stress) and OrxzR (anti-stress) on
Phenotype expression, as well az on associative leamning (cued and
contextual conditioning), learned spatiotemporal posibioning in the
SAM, and behawvicrs such as latency to escape, motivation to escape,
socially-induced freezing (in  response to  aggression), social
approach/avoidance (in the SIP test), startle, and depressive immobility
(in forced swim test) (Arendt =t al | 2013, 2014; Staton =t al, 2018;
Summers et al , 2020; Yaeger et al, 2020, 2022). We suspect therefore,
that epecific receptor binding i1z defined by cellular localization (Yacz=r
et al, 2022), such that ulbmately, functions of the Orx receptors are
determined by the output of the neurcnal types in which each primanly
existe.

During experiments examining the anti-stress properties of OrgR
antagonism in the BLA, it became clear that the classical fear

Newropharmacology 215 (2022) 109168

conditioning we expected for stress-susceptible animals alone [(Carpen-
ter and Summers, 2009; Smith et al., 2015) was more complex than
orginally hypothesized (Yacger ot al, 2022). Instead of classical fear
conditioning being limited to susceptible Stay mice, both Stay and
Escape mice exhibit cued CRs. Moreover, Stay mice also exhibit
enhanced contextual conditioning (freezing prior to tone In opague
divider) during the same SAM protocol (Yacger =t al, 2022). Addi-
tionally, intra-BLA injechon of an OrxBR antagonist and intra-
cerebroventricular (iev) delivery of an OrxzR agonist reduce cued fear
conditioning (Staton =t al, 2018; Yasger et al., 2022). Although in-
dividuals that Escape experience significantly redueed stress-related
neural, endoerine, and behavioral reactivity to stress, compared to
Stay animals (Carpenter and Summers, 2009; Smuth et al | 201 6; Staton
et al., 2012), they alzo undergo OrxR mediated classical (cued, tone)
conditioning. Thus, Stay mice produce enhanced freezing under 3 con-
ditions: 1. In response to cued conditioning (greater response than
Escape mice), 2. In response to contextual conditioning (not evident in
Escape mice), and 3. In responses to social aggression in the SAM (also
greater than Escape mice). Thus, while the phenotypes are fundamen-
tally different in the magmitude of responses (such as freezing), fear
learning develops in both vulnerable (Stay) and resilient (Escape) ani-
male (Yacger et al., 2022).

In additon to the OrxR antagonism reducing the plasma stress
hormone corticosterone in both sulnerable (Stay) and resilient (Ezcape)
miee, specific alterations of signaling-related gene expression oceurred
(Yacger et al | 2022). Specifically, mhibition of Orx; R in BLA promoted
inereased OrxsR (Hertr2) gene expression in non-glutamatergie, (and
because most BLA neurons not expressing CamEll express GADy) pre-
sumably GABAergic neurons (Yacger «f al | 2022). In BLA, following
OrxyR mhibition, hikely in pyramidal neurons, there was also a signifi-
cant increase in ERE; (Mapk3) and Brain-Derived Neurotrophie Factor
(Bdnf) transcripts. We poeit that these gene expression changes oceur in
celle containing OrxsR, because OrxsR remain etimulated by native
Orxs/Orxg even while OrxR are blocked. Additionally, we presume
celle not containing OrxR, are not directly affected by Orx related events.
This significant potential eross-neuron stimulation of OrxsR, EREK;, and
BDNF mRNA production was only evident in vuolnerable Stay mice
following intra-BLA administration of an Orx)R antagonist The data
suggest the Orx system not only modifies behavioral activity through
actions in the BLA| it alzo acte to shift the signaling syeteme that underlie
those behaviors (Yacger of al., 2022). We surmized that if behavior and
signaling systems were both altered following intra-BLA Orx)R antago-
nizm, then the leaming and memory systems that allow and support
those behaviers might also be changed.

Az inhibition of Orx R in the BLA corresponded with transeriptional
changes in Orx receptors and conditioned fear responses (Vacser et al |
2022), we first predicted that mRMNA levels of Orx reeeptors in the BLA
would be related to phenotype-dependent socially induced freezing
behavior in the SAM arena. Addibionally, we noticed adaptive adjust-
ment of specific self-posiboning strategies, during avoidance of the
aggressor, appear during SAM trials (which alwayzs follows contextual
izolation and CS treatment). That is to eay, resilient Escape mice seemed
to make more use of SAM arena edge space on the way to using an escape
funnel at the apical edge, even though the CD1 aggressors primarily
patrol there. Mot surprisingly, susceptible Stay mice make greater use of
center areas. Those observations led us to examine if the development of
unique Escape and Stay coping strategies were being translated into
equivalent behavior in subsequent trials using alternative testing models
post-treatment. As the Open Field (OF) and Elevated Plus Maze (EPM)
teste have uniquely defined movement strategies that have been asso-
ciated with anxious responses (Haller et al., 2013; Prut and Belzung,
2003; Walf and Frye, 2007), our surprising results suggest that typically
reduced time spent in center (OF), or open arms (EPM], in
stress-susceptible animals may be dramatically shifted by generalization
of learned adaptive responses In a social setting (SAM). There appear to
be similanties with PTSD, becausse SAM generalizations oceur after
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social interaction stress, and involve trauma avoidance with persistent
behavioral dysfunction (Kaczkurkin et al., 2017; van der Kolk, 2006;
Yehuda and LeDoux, 2007). Complementary to these findings, we hy-
pothesized that social stress-induced fear freezing behavior will be
generalized to a novel OF Test environment, and that Orx;R inhibition
or OrxyR stimulation would mute this learning response. As intra-BLA
Orx receptors are important for generalization of fearful responses, we
also hypothesized that specific learning of environmental
self-positioning strategies in the SAM, such as avoiding/frequenting the
primary larger mouse patrolling lane along the edges (learned by
receiving aggression when wandering into that lane by stress-vulnerable
Stay mice, or by using the edge as a landmark to find the tunnel by
stress-resilient Escape mice), may be transferred/generalized to the
non-social OF Test following pharmacological manipulation of Orx re-
ceptor activity. Finally, we proposed that measures of anxious behavior
in the classical EPM after social stress and behavioral testing may be
unreliable and inconsistent with results from preceding SAM and OF
Test learning trials.

2. Methods
2.1. Subjects and housing

Adult male C57BL/6NHsd mice (6 8 weeks old) weighing ~22 28 g
were obtained from Envigo (Indianapolis, IN; N  194) and acclimated
for a 5-day period in groups of five, after which animals were singly
housed in rooms held at 22 C and 35% relative humidity for the
remainder of the experiments. Food and water were provided ad libitum.
For studies involving pharmacological manipulations (N 109), bilat-
eral stereotaxic surgeries were performed where guide cannula (26 ga
cut to 4.0 mm) were directed at the basolateral amygdala (intra-BLA). A
separate set of retired male breeder Hsd:ICR mice (CD1, N 30)
weighing ~50 g (Envigo) were individually housed, and used to initiate
aggression in the Stress Alternatives Model (SAM; Fig. 1A).

Mice were subjected to a 12:12 light-dark cycle (lights off at 6 p.m.),
and behavioral experiments were performed during the animals active
phase (scotophase). Two days (48 h) after surgeries, test subjects
(C57BL/6NHsd mice) were handled daily for 5 days before SAM expo-
sure and behavioral testing the five proceeding days (Fig. 1B). All pro-
cedures (surgery and behavioral testing) were performed in a manner
that minimized suffering. The number of animals used was in accor-
dance with the National Institutes of Health s Guide for the Care and Use
of Laboratory Animals (NIH Publications No. 80-23) and approved by
the Institutional Animal Care and Use Committee of the University of
South Dakota.

2.2. Stereotaxic surgeries

Mice were anesthetized using isoflurane (2% at 1.0 L/min flow rate)
before bilateral intra-BLA guide cannula (PlasticsOne, Roanoke, VA; 26
ga cut to 4.0 mm) implantation. Following surgery, mice were provided
arecovery period (7 days) before behavioral testing. Cannula placement
was performed using the following stereotaxic coordinates: 1.35 mm AP,

3.30 ML, and 4.90 mm DV. During surgery and for ~45 min post-
surgery, mice were kept on a warming pad to maintain core body tem-
perature. Immediately following surgery and 24 h after surgical pro-
cedures, mice were provided pain relief in the form of subcutaneous
injections of the analgesic ketorolac (5 mg/kg).

2.3. Drugs & drug administration

As several drugs were used to activate or inhibit intra-BLA Orx re-
ceptors, we broke the assessments into two broad categories: Orx re-
ceptor antagonist groups and Orx receptor stimulation groups. The Orx
receptor antagonist groups consisted of mice treated with the Orx;R
antagonist SB-674042 (N 20; ICsg 3.76 nM for OrxiR;
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MedChemExpress, Monmouth Junction, NJ) and the Orx;R antagonist
MK-1064 (N 17;1Cs9 0.5 nM for OrxaR; MedChemExpress). For Orx
receptor stimulation groups, mice were administered Orxay (N  13;
ECso 20 nM for OrxjR & OrxyR; ToCris, Minneapolis, MN), a
concoction of Orxp & MK-1064 (N  19; for biased Orx;R activation), or
the OrxyR agonist YNT-185 (N 12; EC5p 28 nM for OrxaR; Wako
Chemicals, Richmond, VA). Drug effects were compared to vehicle-
treated (N 28; artificial cerebrospinal fluid; aCSF 25% DMSO)
control animals that underwent cannula implantation surgeries and
were exposed to the same testing conditions and procedures as drug-
treated mice. On Day 3 of the behavioral design (Fig. 1B), mice were
infused bilaterally in the BLA (300 nL/side) with their designated
treatment an hour before social interaction in the SAM.

All drug treatments were diluted using a 3:1 ratio of aCSF to dime-
thylsulfoxide (DMSO); and all treatments, excluding SB-674042 and
YNT-185, were brought to a 0.1 nmol/0.3 L concentration. The dose for
the OrxyR antagonist, MK-1064, was 3x lower than previously used
concentrations that produced anxiogenic effects when administered to
the whole brain (intracerebroventricularly; icv) (Staton et al., 2018).
Similarly, the intra-BLA dose for Orxs was selected and adjusted based
on icv administrations that produced anxious behaviors in mice (Suzuki
et al., 2005). As the Orx;R antagonist SB-674042 and the Orx,R agonist
YNT-185 have lower binding affinities compared to the Orx;R antago-
nist (MK-1064), we chose a slightly higher doses (0.3 nmol/0.3 L for
SB-674042 and 10 nmol/0.3 L for YNT-185) in order to compensate for
these differences.

Artificial cerebrospinal fluid (aCSF; 8.59 g NaCl, 0.201 g KCl, 0.279
g, CaCly, 0.16 MgCly, 0.124 g NaH2PO4, 0.199 g NapHPO4/L H,0) was
mixed and brought to a physiological pH (~7.33) using NaOH before
being filtered, degassed, and stored at 4 C. Drugs were infused using
injector cannulae (33 ga cut to 4.9 mm, extending 0.9 mm below each
guide cannula) placed into implanted guide cannulae, and injecting with
a 1.0 L digital syringe (Model 7101 Zero Dead Volume, Knurled Hub
2.75 , 22 GA Needle; Hamilton Company, Reno, NV) at a rate of 0.5 L/
min. After drug administration, the injector and syringe were left in
place for 90 s. Home cage mobility was measured briefly (~3 min) after
SAM interaction on Day 3 in order to note changes in locomotion that
resulted, not from social stress, but instead from drug interactions.

2.4. Social stress and decision-making paradigm

In the SAM paradigm (Fig. 1A), social conflict between a larger novel
CD1 mouse and smaller C57BL/6NHsd male mouse takes place for 5 min
each day, over four days, during which test animals may shorten
interaction with the aggressor by escaping through size-limited tunnels
at the ends of an oval open field arena. Prior to the social interaction, a
tone given as a conditioned stimulus (CS) during isolation in the SAM
apparatus allows for Pavlovian Conditioning of test subjects to the up-
coming social interaction (unconditioned stimulus, US). As distinct and
stable phenotypes (active avoidance (Escape) and accepting confronta-
tion (Stay); determined over 45 experiments with 98% reliability
(Robertson et al., 2015; Yaeger et al., 2022)) are established on Day 2,
drug manipulation on Day 3 allows for within-sample and between
group behavioral comparisons for phenotypes and drug controls
(vehicle) during the SAM (Days 3 & 4) (Robertson et al., 2015; Smith
etal., 2014, 2016; Staton et al., 2018; Yaeger et al., 2022) and in tests of
anxiety that follow SAM exposure (Open Field and Elevated Plus Maze)
(Yaeger et al., 2022). In this model unique behavioral patterns and
phenotypes develop over time. The design allows for within sample
before and after treatment comparisons, which allow for identification
of pre- and post-traumatic neuromodulatory plasticity. These qualities
of the SAM present development of specific phenotypes, one (Stay) of
which is associated with failure to recover from trauma, as with PTSD
(Yehuda and LeDoux, 2007). All procedures were performed in accor-
dance with the Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23) and approved by the USD Institutional Animal
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Care and Use Committee.
2.5. Experimental design (see also supplemental information)

For these experiments, Orx receptor-targeting drugs (Orx;R antago-
nist: SB-674042, Orx,R antagonist: MK-1064, Orxa, concoction of Orxp
& MK-1064 [for biased stimulation of Orx;R], and OrxyR agonist: YNT-
185) were directed at the BLA 1h prior (based on previous and pre-
liminary experimentation (Yaeger et al., 2020; Yaeger et al., 2022) to
SAM interaction on Day 3 (Fig. 1B). After SAM interaction on Day 4,
mice were exposed to the OF Test (Day 4) and EPM (Day 5). Behavioral
measurements were taken during the active phase (dark cycle), and
include freezing (socially induced, which is usually associated with
aggressive conflict [SAM] and generalized [OF Test]), locomotion (SAM,
OF Test, and home cage), time spent in center area (SAM and OF Test),
and standard EPM measurements (time in open/closed arms and inter-
section zone). Brains were collected and used for visual representations
of mRNA (using RNAscope) or relative changes in gene expression
(rt-qPCR) of Orx;R (Hertrl) and OrxpR  (Hertr2) receptors,
Ca /Calmodulin Kinase type 2 alpha (CamkIl ), Glutamate Decar-
boxylase (Gadl), and parvalbumin (Pvalb).

2.6. Quantitative reverse transcription PCR (RT-qPCR)

Purchased assays (Thermo Fisher Scientific, Waltham, MA) for the
PCR analyses included Hcrtrl (4351370, MmO01185776_m1), Hcrtr2
(4351370, Mm01179312_m1), and Gapdh (4453320, Mm99999915_g1)
as the housekeeping gene. A master mix for each PCR target was created
using a one-step RT-qPCR kit (Cat. No. 4392653) before being mixed
with RNA samples from BLA tissue in individual PCR tubes (MIDSCI,
Valley Park, MO; Pryme Ergonomic PCR Tubes; Cat. No. B77201). The
PCR tubes were then loaded into Applied Biosystems QuantStudio 3 No.
B77201 thermal cycler (Thermo Fisher Scientific, Waltham, MA; Cat.
No. A28131) and, as per Tagman Assay vendor recommendations, were
run through 40 cycles at the following conditions: reverse transcription
(48 C, 15 min), DNA polymerase activation (95 C, 10 min), denatur-
ation (95 C, 15 s), and annealing & extension (60 C, 1 min).

No enzyme and no template control PCR sample tubes were created
to rule out the possibility of contamination during PCR runs. Individual
samples from non-stressed cage control mice (N  6), Escape mice (N
10), and Stay mice (N  14) were used for PCR analysis. Duplicates for
each sample were run and the average Ct value was subtracted from the
average housekeeping gene (Gapdh) Ct to give the Ct for analysis.
Determination of relative gene expression levels was made using the
2 “method (Livak and Schmittgen, 2001), which was then compared
to the average Ct of the non-stressed cage controls. Regression curves
were made for these data where average fold change is correlated to
SAM freezing behavior. The calculated fold change values are based on
the experimental design, in which the mean Ct value (gene of interest
Ct-housekeeping gene [GAPDH] gene) of the cage control group, and
this value is used to derive the  Ct for experimental groups (experi-
mental Ct control Ct) as well as for the cage controls. As each cage
control animal  Ct is based on the average Ct for the control group,
the  Ct value for each individual of the control group is a non-zero
value. Therefore, when calculating the 2 Ct value, the mean fold
change value for the control group is always close but never precisely
one.

2.6.1. In situ hybridization (RNAscope)
Fresh frozen brains (N 12) of C57BL/6NHsd mice (9 10 weeks old)
not exposed to social stress or behavioral testing were sectioned into 20
m coronal sections and positioned on slides (Fisher Scientific, Pitts-
burgh, PA; Superfrost Plus, Cat. No. 12-550-15). Tissue that incorpo-
rated the BLA from AP -1.50 to 1.80 relative to bregma was incubated
incold (4 C) 10% formalin for 20 min and then washed (2x for 1 min) in
1x phosphate buffer solution (PBS). Dehydration of tissue was
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performed by sequentially washing the sections in ethanol (50%, 70%,
and 100%; 5 min each) followed by a final ethanol (100%) wash over-
nightina 20 C freezer.

Proteins were digested in the tissue sections the next day with a
protease treatment before being rinsed in distilled H,O. Bathing of tissue
in RNAscope (Advanced Cell Diagnostics, Newark, CA) probes (Hcrtr1,
Cat. No. 466631; Hcrtr2, Cat. No. 581631; Gadl, Cat No. 400951;
CamklII , Cat. No. 445231; Pvalb, Cat. No. 421931) took place at 40 C
for 2 h in a specially designed hybridization oven (ACD HybEZ II oven,
Cat. No. 321711). Next, sequential washes (RNAscope Wash Buffer Re-
agents [310091]: Wash Buffer 50x diluted to 1x) and bathing with
amplification buffers (RNAscope Fluorescent Multiplex Detection Re-
agents [320851]: AMP1 [320852], AMP2 [320853], AMP3 [320854],
AMP4 ALT A [320855], AMP4 ALT B [320856]) was performed to bind
fluorophores and enhance the signaling of target mRNA. Lastly, the
sections were stained with DAPI (20 s) and placed using a mounting
medium (Fisher Scientific; Prolong Gold Antifade Mountant, Cat. No.
P10144) before being coverslipped and stored at 4 C in the dark until
imaging.

Section visualization was performed using a Nikon A1 (10 /0.30
Plan Fluor or 20x/0.75 Plan Apo VC Nikon objectives) confocal micro-
scope system with NIS Elements software for image acquisition. Areas of
interest were selected from images and analyzed and counted for fluo-
rescence using ImageJ software. The colocalization of fluorescence-
tagged mRNA were identified as overlap of signal or as puncta of
different fluorescence clustering on the same DAPI signaling, which
would suggest that the mRNA expression is in a single cell.

2.7. Statistical analyses

Experimental designs and statistical analyses and were based on a
priori hypotheses, for the purpose of avoiding combinatorial exponential
expansion of error from multiple tests (Veazie, 2006). This statistical
pre-planning allows for a wider range of multiple comparison analyses
across hypothetical designs. Analysis made use of two-way ANOVA for
Orx drug x Phenotype (Stay x Escape) designs, one-way ANOVA
drug-dependent home cage locomotor activity, and regression for cor-
relations between gene expression (Hcrtrl & Hcrtr2), SAM socially
induced freezing, SAM-dependent behavioral responses (Day 4), or OF
Test behaviors (Day 4). Comparisons between two treatments (Vehicle,
Orx;R Ant., OrxgR Ant., Orxa, Orx;R Stim, or OrxaR Stim within a given
phenotype (Escape or Stay) were investigated by Student s t-tests. The
results are reported without adjustment (Feise, 2002; Jennions and
Moller, 2003; Moran, 2003; Nakagawa, 2004; Perneger, 1998; Rothman,
1990) based on a priori hypothesis driven exclusion from combinatorial
effects (Veazie, 2006). Significant effects between groups for one-way
analyses were examined with Student Newman Keuls post hoc ana-
lyses (to minimize Type I error) and Duncan s Multiple Range Test (to
minimize Type II error).

3. Results

3.1. Social stress-induced freezing linked to specific Orx receptors in
specific neurons

Freezing in response to social conflict is common, differentiated by
Stay or Escape phenotype, and most pronounced on Day 4 of the SAM
paradigm (Fig. 2A; ts¢  3.825, p  0.001). This freezing exhibits
phenotype specific positive (Escape mice) and negative (Stay) regression
relationships with Hcrtrl (Escape; Fig. 2B; F1 g 7.8,p  0.0233) and
Hcrtr2 (Stay; Fig. 2C; Fii12 9.7416, p 0.0088) respectively. The
Orx;R and OrxsR are found in a minority of BLA neurons (Fig. 2D; F3 44

134.0,p 0.001), suggesting that the strong functional relationship to
freezing is determined by specific neurocircuits, presumably including
CamKII-positive glutamatergic pyramidal cells for Orx;R effects on
freezing in Escape mice (Fig. 2E G; Interaction Effect: Fo 39 37.4,p
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D Flg. 2. Smess-induced and phenotype-
dependent freezing behavior iz bidirection-
= o ally comelated with OmgBR  (Hererl),
: expressed predominantly in ghitamatergic
neurons, and OroB (Heortr?), more promi-
nent in GABAergic neurons, gene expression

% Orx Recaptor Cells

) T| %] in the BLA A) Phenotype (Escape & Stay)

- A e distinctions in SAM-derived socially induced
e freezing are zignificant and most pro-

nounced on Day 4 (tse = 3.8, *p < 0.001). B)

In Escape mice, intra-BLA Orx;B (Hertrl)

f_ transeription iz positively associated with

T+ _+ H socially induced freezing (social stress-

# related freezing) in the SAM (Fyz = 7.8,

+ R*= 0.4046, p < 0.0233), but thiz i
* @ N5 ] regression
in stay mice iz not significant (Fig. S2A). C)
Converzely, socially induced freezing
behawvior in the SAM iz negatively related to
Orx,R (Hertr2) mBNA levels in the BLA of
Stay mice (F1yz = 9.7, B® = 0.4481, p =

e
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0.0088), and not zignificant in Ezcape mice
(Fig. 52E). While Orx receptors are associ-
ated to phenotype and freezing behavior, DY)
only a small percentage of the total number
of BLA cellz contain Orx,R, Omx,R, or both
receptor subtypes (F; 49 = 134.0, p < 0.001;
significance iz by unigue symbol, e.g. A iz
significantly different from B, C, & D). E &
F) In the BLA, Orx,R (green), but not OrcR
(white), are highly co-expressed with the
glutamatergic cell marker CamFlla (red;
some of the observed colocalizations are
indicated with zolid green arrows = Orx;, R~
+ CamFlln~, solid white arrow = OmR™ +
CamKFlln™, and unfilled white ammows =

o ol I.I:(R ol -

Om,R*

GRDET L
O, R°

Orx;B” + CamElla™ ). (G) The number of
BLA Orx,R™ cellz expressing CamEllx is over
60% while OB~ cells co-exprezs the glu-
tamatergic marker ~30% of the time, and
about 50% of the small proportion of BLA
cellz that express both O R and Orx,B also
express CamBIla. H & I) Expreszion of Qo
(white) owerlaps with GADGY (red) more
than OrgR (green) in the BLA (a few

-;:-.,xﬂ‘-"".;r_‘.n-"ﬁ"'
Both

HDE 1{.""-'“""
Orx,R”

obzerved colocalizations are identified with unfilled green arrows = OmyR™ + GADG7", solid white arrow = OB~ + GADG7 ™, and unfilled white arrows = OrxgR™
+ GADG7 ). J) Analyses reveal Orx-R are expressed in GABA peurcns in a greater proportion than Orx;R or cells that co-express OmR & OB p < 0.05 for
comparizons to CamFlln™ /GADGT cells in the zame receptor (Orx, R~ or OB ) group; "p < 0.05 for comparizons to Orx, R of the zame CamElln™ /GADGT ™ profile;
*p < (.05 for comparizons to Orx,R™ of the same CamEllo™/GADG7" profile. CeA = central amygdala; ITC = intercalated cells of the amygdala.

0.001), and likely GADG67-positive GABAergic neurons for OrxsR rela-
tionship with freezing in Stay mice (Fiz. ZH-J; Expression Effect: Fy 24 =
3229, p < 0.001; Interaction Effect: Fy.24 = 73.3, p < 0.001).

3.2, Orx receptor-dependent generalication of freeging and locomotion
are phenotype specific

Importantly, freezing In response to social conflict in the SAM 1=
generalizable to the OF test for vehicle-treated Stay mice (Fiz. 3A and B;
SAM: Drug Effect, Fs.70 = 9.6, p < 0.00]1; Phenotype Effect, Fi,70= 17.6,
P < 0.001; OF: Drug Effect, F57¢ = 3.3, p £ 0.011; Phenotype Effect,
Fi70 = 21.4, p < 0.001). These Stay mice exhibit mgnificantly more
socially indueed freezing than Escape mice (Fiz 3A; tyg = 267, p =
0.015). The distinctive phenotype difference in behavior 12 eliminated
by Orx;R antagonist treatment, but not by Orx;R antagonist (Fiz. 2A; £y
= 3.8, p < 0.00] following two-way ANOVA above). Further, phenotype
differences are abolished with Orx, stmulation as a result of Ezcape
mice displaying more freezing, and after OrxsR agonist as both pheno-
types experience a reduction in freezing (Fiz. 3A; tyy = 3.3, p < 0.004).

Stmulation of Orx;R in the BLA on day 3 also reduced day 4 OF Test

freezing in Stay mice compared to mice in the OrxsR Antagonist (ty; =
2.7, p = 0.004) or OrxyR Stimulation (tj3 = 2.4, p = 0.034) groups
(Fiz. 3B). As predicted, intra-BLA Orx;R inhibition elevated OF Test
freezing behawvior relative to Escape mice that underwent the same
treatment (Fig. 3C; ty; = 2.5, p =< 0.029). Further, these Stay mice that
were administered an OrxsR antagonist experienced increased freezing
in the OF Test compared to vehicle- (t)g = 3.0, p < 0.008) and O R
Ant -treated mice (Fiz. 3B; ty5 = 3.1, p < 0.008). This elevated OF Test
freezing in Stay mice was also observed in those mice In the OrgR
Stimulation group (Fiz. 3B; Vehicle ve O R Stme: £y = 3.4, p < 0.003;
OrxyR Ant. ve OrgR Stme: tyy = 3.4, p < 0.001). Interestingly, a sig-
nificant and positive azsociation between SAM and OF Test freezing was
obeerved in wehicle-treated Stay animals (Fiz. 23C; Py = 87, p <
0.0131).

Generalization of locomotion i= alzo transferable from SAM to OF for
Escape mice (Fiz. 4; Drug Effect, F5pp = 2.6, p < 0.033; Phenotype Ef-
fect, Fi70 = 11.9, p < 0.001; OF: Fhenotype Effect, Fi70 = 12.6, p <
0.001), with significant posibive regressions between OF and SAM
locomotion in mice treated with OooR antagomst (Fzs = 159, p <
0.028), but also for Omxs (Faz = 49.4, p < 0.02) and Orx;R agonist
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treated mice (Fiz. 4C-F; F2,1 = 351.5, p < 0.034). Ezcape mice (vehicle-
treated) exhibit significantly more locomotion in the SAM (tjg = 2.2, p
< 0.034) and OF (Fiz. 4A and B; t1g = 2.2, p < 0.032), but not in the
home eage (Fiz. 57). Thiz phenotypic distinetion iz prevented by Orx R
(in both SAM and OF) but not Orx;R antagonizm (in SAM only), and not
by Orx R etimulation (in SAM only; Fiz. 4A and B; SAM: t15 =23, p =
0.025; OF: ty3 = 2.3, p < 0.026).

3.2. Generalization of phenotypic behavior patterns are modulated by
Orx receptors

As freezing and locomotion in response to social conflict are gener-
alizable from SAM apparatus to OF, we sought to understand whether
the baszic patterns of phenotypic response (Stay and Escape), would be
reflected in standard tests of anxdous responsivenecss, such as OF or EPM.
There was a generalization effect of phenotypic behawvior in OF
(Phenotype Effect, Fy 43 = 15.0, p < 0.001), however, this transference
was ctrictly dependent for drug treated mice, on movement patterns
learmmed during 4 days in the SAM. Escape mice, which uzed the edges of
the SAM to locate apical escape routes located on the edge, also favored
edges In the OF (Fiz. 5D top). In contrast, Stay mice frequented the
center of the SAM apparatus to aveid patrolling CD1 aggressors (Fiz. SA,
D bottom), and maintsined that pattern in OF (Fiz. 5D bottom) when
treated with OrxR antagonist (F1,8 = 16.8, p < 0.003; Fig. 5A, B, C),
OrxgR antagonists (Fy 5 = 13.5, p < 0.014; Fiz. 5B, D, E}, or an OrxzR
agonict { Fi4 = 40.2, p < 0.003; Fiz. 54, D, F)

The EPM results following 4 days of SAM intersction did not produce
a phenotypic distinetion between Escape and Stay mice for open arm,
closed arm, or interachon zone times (Fig. 58). Surprisingly, amaous,
stress-vulnerable Stay mice (Smith et al., 2016; Yaeger ot al, 2020),
exhibited sigmificantly more ime In open arme following Orxg R stimu-
lation (Fiz. S2A); opposite of the expected finding relative to anxiety.
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Flg. 3. Socially induced freszing behavior in the SAM
iz transferred to the non-social OF Test in Stay mice.
A) Stay mice treated with intra-BLA infusion of an
Orx,R antagonist, but mot an Orx,B antagonist,
experience enhanced freezing in the SAM (Drug Ef-
fect, Fsyo = 9.6, p « 0.001; Phenotype Effect, Fy o =
17.6, p < 0.001). Further, mice in Orx, and Orx,R
stimulation groups exhibit enhanced freezing, while
animals treated with an Orx;B agonist demonsoate
significantly reduced freezing in the SAM. B) Antag-
onizm of Orx,R receptors in the BLA reduced gener-
alized OF Test freecing in Escape mice only, while
OrxzR antagonist treatment increazed OF freezing in
Stay animals (Drug Effect, Fz oy = 3.3, p < 0.011;
~  Phenotype Effect, Fypp = 214, p < 0.001). Addi-
tionally, freezing in the OF Test was increased in
OrxR stimulation group mice, while intra-BLA ago-
nism of Orx,R reduced freezing in both phenotypes.
C) In wehicle-treated control Stay mice, socially
induced freezing in the SAM iz positively correlated to
OF Test freezing (Fy;; = B.7, B° = 0.4423, p <
0.0131). p < 0.05 for comparizons between pheno-
ypes in the same treamment group; ~p < 0.006 for
comparizons to Vehicle-treated mice of the zame
phenatype; p = 0,006 for comparisons to O R Ant.
group of the same phenotype; *p < 0.006 for com-
parizons to OB Ant group of the zame phenotype;
'p < 0.006 for comparisons to Omx, treatment animals
of the zame phenatype; *p < 0.006 for comparisons to

+
+
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Stm Stm

J mice in the OrmxyR stimulation group of the same

phenotype.

4. Discussion

The process of phenotype development in the SAM requires
numerous learming phases, az does phenotype development in PTSD
(Allen et al., 2019; Carpenter and Summers, 2009; Lizsek and van Meurs,
2015; Yehuda and LeDoux, 2007). Decision-making for etress-sulnerable
individuals (Stay) in the SAM paradigm shifts to resilient (Escape) re-
sponses after anxiolytic drugs or behavioral modifications (such az ex-
erciee) are admimistered (Smith et al., 2014, 2016). This is alse true after
intra-BLA Orx R inlibition or iev OrxaR stimulation (Staton =t al | 201 8;
Yaeger et al., 2022). Conversely, decizions in the SAM switch from stress
resilient responses to stress susceptible responses in Escape phenotype
amimals following anxiogenic treatments that include OrxsR antagonizm

Smith et al, 2016; Yaeger =t al, 2022). What 1= more, social
aggression-based contextual and cued fear conditioning are reduced by
intra-BLA Orx R antagonizm and by iev OrxsR stimulation (Staton et al |
2018; Yaeger et al., 2022), which suggested to us that amygdalar Orx
receptors modify associative learming related to fear behavior. Activa-
tion of the Orx system amends performance in novel object recognition,
while reducing social interaction following defeat (Eacret =t al | 2019,
further suggesting that Orx and stress-related behavior together modify
the conditions for learning. Emotionally ealient information activates
Orx neurcns, potentiating freezing behavior, as well as Orx R activity in
locus eoemuleus (LC) and BLA (Sova et al | 201 7). Together they modu-
late cue-dependent fear memory and retrieval (Sova et al | 201 3; Yaeger
et al, 2022), suggesting that these systems are likely to be involved 1n
PTSD symptomology.

In the SAM, following the CS cue for fear conditioning, socially
induced freezing in response to aggressive contact also takes time to
learn, and appears most consistently after 4 daye of traiming (Fiz. 24).
Importantly, SAM-induced behavioral changes, like freezing, after acute
pharmacological intervention (Day 3) 15 often manifest later (Days 4 &
5) (Smath et al, 2016; Staton et al, 2018; Yacger ot al, 2022). Social
aggression-induced, phenotype-dependent freezing behavior on Day 4 15
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Fig. 4. Social stress-induced locomotion in SAM iz
generalized /transferred to a non-zocial OF Test enwi-
activity in Escape animalz. A) Ezcape mice express
higher locomotor activity compared to Stay animals
during social strezz in the SAM, but thiz phenotype
difference iz not observed after intra-BLA OmgR
antagonizm (Drug Effect, Fgop = 26, p < 0.033;
Phenoiype Effect, Fi7o = 11.9, p < 0.001). Also
infusion in the BLA of an Orx:R agonist enhances
locomotion in the SAM in Stay mice. B) While Escape
animals in the wehicle control group display higher
locomotion compared to Stay mice in the OF Test, this
divergent phenotype responze iz not observed after
intra-BLA Orx;R or Orx-R antagonizm (Drug Effect,
Fgpp =21, p > 0.071; Phenotype Bffect, F) 7, = 12.6,
P < 00001). Similarly, Orxs and OrxB stimulation
eliminates the difference in locomotion between
Ezcape and Stay mice in the OF Test. C) Unlike
wehicle controk: (gray dotted line represents vehicle
control linear regression line, Fy 32 =, B® = 0.0695, p
= 0.5281), a significant positive relationzhip between
SAM and OF Test locomotion iz observed in Escape
mice treated with an Omx R antagonist (Fz3 = 159,
_ R® = 0.8413, p < 0.0282). D) A significant negative
T correlation iz revealed between SAM and OF Test
locomotion in Escape mice treated with an OrR
antagonist (F14 = 11.4, B® = 0.7401, p < 0.0279;
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sociations between locomotor activity in the SAM and
OF Test for Ezcape mice eated with E} Oy, (Fzz =
404, B? = 0.9611, p < 0.02; dotted gray line repre-
sents vehicle control regression line) or F) an OB
agomist (F2,; = 351.5, R® = 0.0972, p < 0.034; dotted
gray line represents wehicle control regression line).
¢ < 0.05 for comparizons between phenotypes in the
zame reatment group; ~p < 0.005 for comparizons to
Vehicle-treated mice of the mame phenotype; p <
0.005 for comparizons to O R Ant group of the
zame phenotype; *p = 0.005 for comparisonz to
OrxzR Ant. group of the same phenotype; 'p < 0.005
for comparizons to O, treatment animalz of the
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bidirectionally correlated, positively for Escape with Herir] and nega-
tively for Stay with Hertr2 gene expression in the BLA (Fiz. 2B and C).
The locations of these receptors are disiinetively orgamized primanly
(>60%) in glutamatergic pyramidal (Hertrl; Fig. 2D-F, 550, F) and
GABAergic neurons (for the majonity of Herer2; Fiz. 2G-1, S5E, F), sug-
gesting separation of eellular function in the stress circuits of the BLA
that are dependent on learning. Simply put, the data suggest that in
Escape mice as OrxyR mENA in BLA (mostly pyramidal neurons) in-
creases, freezing aleo increases. Additionally, the data suggest that as
OrxsR mBRNA increases in Stay BLA (mostly GABA neurons), freezing
alzo decreases. Pyramidal OrxR-containing neurons in the BLA are
located in a larger pro-stress circuitry, and activate anxiogenic and
pro-depressive behaviors and conditioned fear learming (Fim =t al |
2016; Yasger et al., 2022). This circuitry 1z also mnervated by norad-
renergic neurons of the LC, which are modulated by OrxyR and mediate
cuc-dependent fear memories (Sova and Sakural, 2020b; Sova =t al,
20132, 2017). In the BLA, Orx;R-containing GABA neurcns inhibit the
pro-strese eirenitry, but also result in anxiclytic and anti-depressive
behaviors and reduce conditioned-fear learming (Staton =t al | 201 8;
Yasger ef al | 2020, 2022). The data suggest that learned responses are
not only tuned to the Orx receptor type and particular neurocireuitry
element in which they exist, but also reflected by the gene expression

1Le} 12 14 b 18 i ]
SAM (Day 4) Locomotion (cim's)

zame phenotype; *p < 0.005 for comparizons to mice
in the OmyR stmulaton group of the szame

phenotype.

changes that cccur over the 4 daye of training. Surprisingly, the coping
strategies learned in the SAM are transferred to some behavioral tests for
anxiety, such as the open field (OF; Figs. 3-5), but not to others, such as
the elevated plus maze (EPM; Fiz. S2).

We have previouszly noted that Escape and Stay behavior both
require learning social behavioral patterns and associative cues, to
efficiently minimize vulnerability from attack while using the escape
hole or remaining in the SAM arena (Carpenter and Summers, 2009;
Summers =t al, 2017). Escaping mice utilize one of the two tunnels for
egress with progressively reduced lateney, while Stay miece display zo-
cially indueed freezing with progressively increased duration (Fig. 24).
This suggests that both Stay and Escape animals utilize coping strategies
that include learming how to minimize vulnerability from ageression
more efficiently with each trial. This means it is necessary to monitor the
patrolling patterns of the dominant aggreseive male, to avoid those
spaces while freezing (for Stay animals), or to develop ballistic or
secretive escape movements to safely accomplish Eseape. As such, our
model demonstrates more than one leamed and adaptive reaction is
poszible In response to an unconditioned fearful stmulus iIn a fear
conditioning paradigm. Social defeat iz replete with contextually rich
stimuli, including the elements of social rank dynamies, which in natural
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Flg. 5. Treatments targeting Orx receptors in the BLA
promote transfer leaming from the SAM to the OF
Test in Stay mice. A) In the BAM, the amount of tme
spent in the center of the arena iz not different be-
tween Ezcape and Stay animals in the vehicle control
group, but phenotype divergence occurs after intra-
BLA Omx;R antagonizsm with Stay mice spending
mare time in the center. Further, Ezcape mice treated
with an OrxzR agonist display increaszed time in the
center of the SAM arena. B) While Escape and Stay
vehicle-treated mice did not show differences in the
amount of time spent in the center of the OF Test,
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intra-BLA Orx;R antagonizm, Orx:R antagonizm, and
Orxy R Stimulation prompted phenotype separation
with Stay animals spending more time in the center of
the OF (Phenotype Effect, Fy 43 = 15.0, p < 0.001). C}
Regreszsion analyziz revealed a sigmificant and posi-
tive relationzhip (F,z = 16.8, R* = 0.6780, p <
0.0034) between time spent in the center of the SAM
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(Blanchard et al., 1995; Blanchard and Blanchard, 1989; Pellman and
Fim, 201 6; Pellman et al, 2017; Robertzon et al |, 2015). Other labe have
demenstrated that Orx activation during social defeat reduces both =o-
cial interaction and recognition learning in defeated mice (Eacret et al |
2019), modifying appropriate behavioral regponses. Thus, the general-
ization or transference of responses (freezing, locomotion, center pref-
erence in Stay ve. edge preference in Escape mice) from the SAM to the
OF arena, suggests behavioral plasticity in coping strategies iz linked to
specific stress phenotypes. The only thing similar between the SAM and
OF arenas iz that they are essentially open, and as such, we do not
believe that the generalization of behavioral atinbutes transferred from
SAM to OF are due to similarities of environment. The shape (oval ve
square), contours (elongate ve equadistant), area (1.44 m® ve 1.6 m2}|,
and structural materiale (smooth Plexiglas and PVC v textured plastic)
are all different between these behavioral testing environments.
Regardless of the eventual phenotype, Escape and Stay mice must
learn the patrolling routines of the novel, larger, agsressive (CD1) mice.
These dominant mice patrol the edges of the SAM, because it is
ecologically safer, but also because they can ecasily block escape this
way, since the tunnele are located on the apical edge. If the open field
were presented prior to SAM social interachons, we suspect that, as has
been found in numerous other experiments, that more anxious mice
would adhere to the periphery. Those anxious mice however, when
placed in the SAM social arena, would find that the large deminant CD1
mouse would patrol the edge epaces where they previously preferred (in
OF) to frequent. Thiz larger aggressive mouse iz a very persuasive

L

SAM [Ty 4) % Time m Cener

(bottom). E} Significant and positive correlatons
exist for time spent in the center of the SAM and tme
spent in the center of the OF Test for Stay mice
treated with an Orx:R antagonist (Fis = 13.5, B® =
0.7283, p < 0.0144; dotted gray line represents
vehicle control regression line) or F} an Orx. R agonist
(Fyq = 40.2, B? = 0.9096, p < 0.0032; dotted gray
line reprezents wehicle control regression line). p <
0.05 for comparizons between phenotypes in the
same treatment group; 'p < 0.05 for comparizons to
Orx, -treated mice of the zame phenotype.

&0 k0

motivational foree, and we believe that these anxious mice would be
driven to frequent the center of the SAM arena. We do not believe that
anxious mice would escape more, because they would not frequent the
gites of the escape tunnels.

Stay mice are understood to be stress-vulnerable, because Stay
behavior can be converted to Escape by means of amdolytic drugs
(antalarmin, diazepam, YNT185, [Ala'}, d-Leu'™]-Orxg, and sB-
674042}, and Stay mice have the highest corticosterone concentra-
tions, az well az demonstrate reduced social interaction (Eacret ot al |
2019) in the SIP test (Staton et al, 2018; Summers et al., 2020). Not
surprisingly, susceptible Stay mice learn to frequent the center of the
SAM arena, to avoid the ageressor. After 4 daye of SAM training, these
anxious, stress-vulnerable Stay mice aleo frequent the center of the OF
arena, which was imnitially surprizing. Conversely, Escape mice are pro-
posed to be stress-resilient, because amdogenic drugs (yohimbine,
ME-1064 and/or Orxg) limit escape, while anxiclytic treatment (exer-
cise, YNT185, antalarmin} makes Escape faster (Smith et al, 2016;
Yaeger ef al., 2020, 2022). They have only moderately elevated corti-
costerone (less than Stay) and they exhibit enhaneed social interaction
in the SIP test. Escape mice seck egress by following the edge of the
arena to the tunnel, and thus in the OF, these stress-resilient (Ezcape)
mice alzo keep close to the edges. Thue, stress-susceptible and -resilient
mice exhibit surprising open-ve-edze behavior in the OF, when it follows
the SAM. Finally, although results of testing prior to the SAM do not
predict Escape or Stay behavior in the SAM (Smath et al, 2014, the
duration of socially induced freezing in the OF iz correlated with prior
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freezing in the SAM, reflecting the learning that occurred there (Fig. 3C).

The behavioral transference or generalization learning observed here
likely results from distinctive Orx;R or OrxR signaling within decision-
making and anxiety/fear neurocircuitries that are inextricably tied to
learning systems (Soya and Sakurai, 2020b; Soya et al., 2013, 2017;
Yaeger et al., 2022). As generalization of trauma to other contexts is a
critical component of PTSD (Kaczkurkin et al., 2017; Thome et al.,
2018), it may be that Orx receptors play an important role. When
decision-making coincides with stress, recruitment of neural networks
that define executive function, including the dorsolateral prefrontal,
anterior cingulate, and orbitofrontal cortices, utilize connections with
the emotion processing system of the amygdala (De Visser et al., 2011a,
2011b), which can be modified by other brain regions, such as the LC
(Soya and Sakurai, 2020b; Soya et al., 2013, 2017). Likewise, learning
events prompted by fear are mediated through potentially distinctive
circuits involving hippocampus, lateral hypothalamus, LC, and amyg-
dala (Soya and Sakurai, 2020b; Soya et al., 2013, 2017). In this way, the
gating of stress-induced learning behavior, like those associated with
transference and generalization, requires amygdalar engagement, also a
likely contributor to PTSD fear memory mechanisms (Debiec et al.,
2011; Debiec and LeDoux, 2006).

Importantly, we demonstrate transference or generalization is
strongly modified by Orx receptor actions in the BLA. Antagonism of Orx
receptors in the BLA impacts spatial memory, specifically during the
consolidation/re-consolidation phase (Ardeshiri et al., 2019); however,
we report a caveat, that Orx influence over BLA-gated learning events
may depend on the anxious state of the individual. For example, in
stress-susceptible and anxious Stay mice (Smith et al.,, 2016),
vehicle-treated individuals trend toward time in the center of the SAM
due to the aggressive CD1 patrolling the edges; though this trend is not
statistically significant. Following intra-BLA Orx;R antagonism there is
statistical evidence for increased time in the center of the SAM arena,
suggesting that this treatment promotes learning of habitual routines of
the CD1 aggressor (patrolling the edges), and adapting behaviorally to
accommodate them and take advantage of movement toward the center
(Fig. 5A, B, C, D). These Orx;R reside predominantly in glutamatergic
pyramidal cells of the BLA (Fig. 2A F, S5F). Interestingly, while OrxoR
inhibition promotes activity in the center of the OF, and is suggestive of
Stay learning of center aggression avoidance in the SAM (Fig. 5A, B, E),
typically BLA Orx;R and Orx,R inhibition have opposite effects on
anxious behaviors in the SAM (Yaeger et al., 2022).

Stress-induced generalization learning requires integration of anxi-
ety elements of neurocircuitry (Asok et al., 2019; Dunsmoor and Paz,
2015), which are also involved in generating PTSD (Bennett et al., 2016;
Sabban et al., 2018; Zhu et al., 2017). Stress-susceptible (Stay) mice
exhibit enhanced socially induced freezing behavior in the SAM
(Fig. 3A), which is carried over (generalized or possibly over-
generalized) to the non-social OF Test arena (Fig. 3C). Uniquely, our
behavioral design incorporates conditioning over four days to a natu-
ralistic fear in the form of social aggression (US ). Our model captures
fear generalization when mice are introduced to a new testing context (i.
e. OF Test), where the absence of the unconditioned stimulus (social
aggressor) should be more immediately distinguishable than the exclu-
sion of a shock, as in less ethologically relevant stress paradigms. While
it is true that timing and layout of experimental design may modify the
intensity of the generalized behavior (Huckleberry et al., 2016), the
transferred fear response observed in our study is tied to additional
learned coping strategies (i.e. time in center and locomotion) when mice
are moved from the SAM to the OF Test. Thus, we posit that
stress-induced generalization learning requires integration of both
learning and anxiety elements of neurocircuitry (Asok et al., 2019;
Dunsmoor and Paz, 2015), similar to the circuits involved in PTSD
(Bennett et al., 2016; Sabban et al., 2018; Zhu et al., 2017).

Like learning how to move (Fig. 4) and identifying safe areas in the
social context of the SAM (Fig. 5), generalization of freezing behavior is
influenced by Orx receptor activity in the BLA (Fig. 3). Activity from
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distinct neuronal populations within the lateral amygdala (LA) support
the expression of generalized fear (Ghosh and Chattarji, 2015), and
likely contribute to the observed transference of freezing behavior re-
ported here. While a relationship of the Orx system and contextual fear
response has been identified through indirect noradrenergic connections
to the LA from the LC (Soya et al., 2017), we provide evidence for a more
direct influence of Orx in the amygdala on fear generalization. In sup-
port of the relationship revealed between OrxsR expression in the BLA
and socially induced freezing in the SAM (Fig. 2C), Stay mice display
enhanced freezing behavior in both the SAM and OF Test environments
after OrxoR antagonism, and reduced freezing with OrxoR stimulation
(Fig. 3A and B). Curiously, Orx, treatment, which activates both Orx;R
and OrxsR, elevated SAM freezing behavior in both Escape and Stay
mice (Fig. 3A). As Orx;R are expressed at higher levels in the BLA
compared to OrxoR (Fig. 2D), it is sensible that Orx, treatment would
disproportionally activate Orx;R over OrxaR. Further, although OF
freezing is roughly equivalent in vehicle-treated Escape and Stay mice,
Orx;R antagonism reduced freezing in the OF Test in Escape animals
(Fig. 3B), perhaps due to this drug s effect on Hertr1 and Hcrtr2 balance
in BLA, though it had little effect on socially induced freezing in the
SAM, beyond eliminating the phenotypic difference (Fig. 3A). Biased
activation of Orx;R enhanced freezing in both SAM and OF Test contexts
in Stay animals (Fig. 3A and B). While generalization of freezing
behavior was apparent in vehicle-treated Stay mice (Fig. 3C), manipu-
lation of intra-BLA Orx receptor activity disrupted this behavior. What is
clear, however, is that Orx receptors in the BLA mitigate freezing
behavior as learned in a social environment and carried over to a
non-social context (Fig. 3), and these receptors appear to do so in a
phenotype-dependent way (Fig. 2B and C).

The EPM results testing for anxiety relationships in vehicle-treated
animals do not show socially induced phenotypic separation (Fig. S8).
This was surprising at first, because both SAM and SIP results suggest a
strong correlation between Escape and resilience, as well as Stay animals
having high stress vulnerability. In the EPM, both Escape and Stay mice
spend most of their time in the closed arms, with significant excursions
into the open arms, which were not affected by either Orx;R or Orx;R
antagonists (Figs. S8A and B), an observation consistent with previous
studies (Rodgers et al., 2013; Staples and Cornish, 2014). Similarly,
animals tested on the EPM before SAM trials, where Escape and Stay
phenotypes develop, also do not exhibit differences in open or closed
arm times (Smith et al., 2014). It may simply be that social and envi-
ronmental stressors provide radically dissimilar results. However, with
application of Orx;R stimulation, phenotypic differences are again
revealed (Figs. S8A, B, C). In the OF, stimulation of Orx;R (Orxs and
Orx;R stimulation) prompted Stay animals to spend more time in the
open (and less in the closed) arms (Figs. S8A and B). Again, the results
seem to have been modified by previous experience in the SAM, which
calls into question the value of both the OF and EPM tests. If the results
of the tests can be dramatically skewed, or reversed, by previous expe-
rience in the SAM, they may also be slanted by additional, perhaps not
obvious, environmental or social stresses in other experimental para-
digms, or by other life experiences before experimentation. However,
several classical tests for anxiety and/or depression (such as Elevated
Plus Maze [EPM] or Open Field [OF] Test) in rodents have failed to
faithfully translate to successful clinical trials (Haller and Alicki, 2012;
Haller et al., 2013). We suggest that more efficacious models, should
carefully include ecologically and ethologically designed applications
(Blanchard et al., 2013; Robertson et al., 2015) that specifically consider
learning in the production of behavioral outcomes and decision-making
(Smith et al., 2014). The clinical translatability of these, and other,
commonly used tests has previously been called into question (Blan-
chard et al., 2013; Haller and Alicki, 2012; Haller et al., 2013), and our
results add reason to question their validity. We urge caution for all
those planning to use EPM or OF, and to consider alternative tests/-
models (such as Social Interaction/Preference test (SIP), Sucrose Pref-
erence test, Novelty-induced Hypophagia (NIH), Light/Dark
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Conditioned Place Preference, Fear Conditioning (Social Fear Condi-
tioning being most relevant, and the SAM).

5. Conclusions

The Orx system interacts with BLA neurons to regulate fear learning
and generalization during social stress, and we suspect that it is playing
an important similar role in PTSD. Additionally, neurons that synthesize
Orx;R and Orx,R in the BLA are mostly distinct. While Orx; R are located
primarily in glutamatergic neurons, a smaller majority of OrxsR are
found in GABAergic interneurons. Although learning strategies are
influenced by anxious state and behavioral phenotype, our results sug-
gest that within the BLA, Orx receptors modulate learning outcomes and
generalization, while concomitantly modifying stress-related behavior.
The intra-BLA Orx receptors bidirectionally balance these learning states
with Orx; R inhibition and, alternatively, Orx,R stimulation contributing
to behavioral transference and a reduction in fear-reactivity. While
orexin s effect over learning extends beyond the BLA, including targets
like the LC and hippocampus, we demonstrate an important role for
intra-BLA Orx receptors to influence learning in a receptor- and anxious
state-dependent manner.
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