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1. Introduction 

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 

plasma glucocorticoid concentrations (Smith et al., 2016; Staton et al., 
2018; Yaeger et al., 2022). Production of two easily identified pheno

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 [CRF1] 
antagonist antalarmin, orexin 1 receptor [Orx1R] antagonist SB-674042, 
and orexin 2 receptor [Orx2R] agonist [Ala11, ᴅ-Leu15] OrxB) promote 
Escape behavior in Stay animals (Smith et al., 2016; Staton et al., 2018; 
Yaeger et al., 2022). Alternatively, anxiogenic drugs (Yohimbine, an 2 
adrenoreceptor antagonist, and Orx2R 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 

Abbreviations 

aCSF artificial cerebrospinal fluid 
[Ala11, D-Leu15] OrxB a modified OrxB peptide used as an Orx2 

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 
CamkII Ca /Calmodulin Kinase type 2 alpha gene 
CD1, Hsd ICR retired breeder mice used as aggressors 
CeA central amygdala 
CR conditioned response 
CRF1 corticotropin releasing factor 1 receptors 
CS conditioned stimulus 
DMSO dimethylsulfoxide; 
DV dorsal-ventral 
EC50 half-maximal effective concentration 
ERK1 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 
GAD1 glutamate decarboxylase 1 
Gad1 glutamate decarboxylase 1 gene 
GPCR G-protein-coupled receptor 
Gq G-protein associated with the phospholipase C 2nd 

messenger system 
Hcrt orexin/hypocretin 
Hcrt1 orexin A/hypocretin 1 
Hcrt2 orexin B/hypocretin 2 

Hcrtr1 orexin 1 receptor gene 
Hcrtr2 orexin 2 receptor gene 
IC50 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 Orx2 
antagonist 

ML, medial-lateral 
mm millimeter 
NIH National Institutes of Health 
NIMH National Institute of Mental Health 
OF open field test 
Orx orexin/hypocretin 
OrxA orexin A/hypocretin 1 
OrxB orexin B/hypocretin 2 
Orx1R orexin 1 receptors 
Orx2R orexin 2 receptors 
Pvalb parvalbumin gene 
PTSD post-traumatic stress disorder 
s seconds 
SAM Stress Alternatives Model 
SB-674042 orexin 1 receptor [Orx1R] antagonist 
SIP social interaction/preference test 
Stay socially defeated submissive mice; 
US, unconditioned stimulus 
YNT-185 an Orx2R agonist  
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(i ntr a- B L A) i nj e cti o n of a n Or x 1 R a nt a g o ni st ( Y a e g er et al., 2 0 2 2 ). 

Or e xi n s ( h y p o cr eti n s) ar e c o m pri s e d of t w o p e pti d e s, Or x A ( H C rt 1 ) 

a n d O r x B ( H C rt 2 ), cl e a v e d f r o m t h e s a m e pr o- p e pti d e, pr o d u c e d i n e q u al 

pr o p orti o n s i n t h e l at er al, d or s o m e di al h y p ot h al a m u s p erif or ni c al ar e a 

( L H- D M H / P e F) (Br o b er g er et al., 1 9 9 8 ; N a m b u et al., 1 9 9 9 ). W hil e Or x A 

h a s e q u all y hi g h bi n di n g af fl nit y f or t h e G q -li n k e d G P C R Or x1 a n d O r x 2 

r e c e pt o r s,  t h e  Or x 2 R  r e c e pt o r  bi n d s  Or x A a n d  O r x B wit h  si mil a r  hi g h 

af fi niti e s,  a n d  Or x B bi n d s  O r x 1 R  wit h  s o m e w h at  r e d u c e d  af fi nit y 

(A m m o u n et al., 2 0 0 3 ; S o y a a n d S a k ur ai, 2 0 2 0 a ). I n t h e B L A, a n d i n 

ot h er  r e gi o n s  s u c h  a s  t h e  p ar a v e ntri c ul ar  t h al a m u s,  t h e  t w o  r e c e pt or 

t y p e s ar e f u n cti o n all y o p p o s e d (Ar e n dt et al., 2 0 1 3 , 2 0 1 4 ; M effr e et al., 

2 0 1 9 ; Y a e g er  et  al.,  2 0 2 0 ).  O ur  r e c e nt  w or k  d e m o n str at e s  si g ni fi c a nt 

o p p o si n g  eff e ct s  of  Or x 1 R  ( p r o- st r e s s)  a n d  Or x 2 R  ( a nti- st r e s s)  o n 

P h e n ot y p e  e x pr e s si o n,  a s  w ell  a s  o n  a s s o ci ati v e  l e ar ni n g  ( c u e d  a n d 

c o nt e xt u al  c o n diti o ni n g),  l e ar n e d  s p ati ot e m p or al  p o siti o ni n g  i n  t h e 

S A M,  a n d  b e h a vi or s  s u c h  a s  l at e n c y  t o  e s c a p e,  m oti v ati o n  t o  e s c a p e, 

s o ci all y-i n d u c e d  fr e e zi n g  (i n  r e s p o n s e  t o  a g gr e s si o n),  s o ci al 

a p pr o a c h / a v oi d a n c e (i n t h e SI P t e st), st artl e, a n d d e pr e s si v e i m m o bilit y 

(i n  f or c e d  s wi m  t e st)  (Ar e n dt  et  al.,  2 0 1 3 , 2 0 1 4 ; St at o n  et  al.,  2 0 1 8 ; 

S u m m er s et al., 2 0 2 0 ; Y a e g er et al., 2 0 2 0 , 2 0 2 2 ). W e s u s p e ct t h er ef or e, 

t h at s p e ci fi c r e c e pt or bi n di n g i s d e fi n e d b y c ell ul ar l o c ali z ati o n (Y a e g er 

et  al.,  2 0 2 2 ),  s u c h  t h at  ulti m at el y,  f u n cti o n s  of  t h e  Or x  r e c e pt or s  ar e 

d et er mi n e d b y t h e o ut p ut of t h e n e ur o n al t y p e s i n w hi c h e a c h pri m aril y 

e xi st s. 

D uri n g  e x p eri m e nt s  e x a mi ni n g  t h e  a nti- str e s s  pr o p erti e s  of  Or x 1 R 

a nt a g o ni s m  i n  t h e  B L A,  it  b e c a m e  cl e ar  t h at  t h e  cl a s si c al  f e ar 

c o n diti o ni n g w e e x p e ct e d f or str e s s- s u s c e pti bl e a ni m al s al o n e ( C ar p e n -

t er  a n d  S u m m er s,  2 0 0 9; S mit h  et  al.,  2 0 1 6 )  w a s  m or e  c o m pl e x  t h a n 

ori gi n all y h y p ot h e si z e d ( Y a e g er et al., 2 0 2 2 ). I n st e a d of cl a s si c al f e ar 

c o n diti o ni n g  b ei n g  li mit e d  t o  s u s c e pti bl e  St a y  mi c e,  b ot h  St a y  a n d 

E s c a p e  mi c e  e x hi bit  c u e d  C R s.  M or e o v er,  St a y  mi c e  al s o  e x hi bit 

e n h a n c e d  c o nt e xt u al  c o n diti o ni n g  (fr e e zi n g  pri or  t o  t o n e  i n  o p a q u e 

di vi d er)  d uri n g  t h e  s a m e  S A M  pr ot o c ol  ( Y a e g er  et  al.,  2 0 2 2 ).  A d di-

ti o n all y,  i ntr a- B L A  i nj e cti o n  of  a n  Or x1 R  a nt a g o ni st  a n d  i ntr a -

c er e br o v e ntri c ul ar (i c v) d eli v er y of a n Or x 2 R a g o ni st r e d u c e c u e d f e ar 

c o n diti o ni n g  ( St at o n  et  al.,  2 0 1 8 ; Y a e g er  et  al.,  2 0 2 2 ).  Alt h o u g h  i n-

di vi d u al s  t h at  E s c a p e  e x p eri e n c e  si g ni fi c a ntl y  r e d u c e d  str e s s-r el at e d 

n e ur al,  e n d o cri n e,  a n d  b e h a vi or al  r e a cti vit y  t o  str e s s,  c o m p ar e d  t o 

St a y a ni m al s ( C ar p e nt er a n d S u m m er s, 2 0 0 9 ; S mit h et al., 2 0 1 6 ; St at o n 

et  al., 2 0 1 8 ),  t h e y  al s o  u n d er g o  Or x R  m e di at e d cl a s si c al  ( c u e d,  t o n e) 

c o n diti o ni n g. T h u s, St a y mi c e pr o d u c e e n h a n c e d fr e e zi n g u n d er 3 c o n -

diti o n s:  1.  I n  r e s p o n s e  t o  c u e d  c o n diti o ni n g  ( gr e at er  r e s p o n s e  t h a n 

E s c a p e mi c e), 2. I n r e s p o n s e t o c o nt e xt u al c o n diti o ni n g ( n ot e vi d e nt i n 

E s c a p e mi c e), a n d 3. I n r e s p o n s e s t o s o ci al a g gr e s si o n i n t h e S A M ( al s o 

gr e at er t h a n E s c a p e mi c e). T h u s, w hil e t h e p h e n ot y p e s ar e f u n d a m e n -

t all y  diff er e nt  i n  t h e  m a g nit u d e  of  r e s p o n s e s  ( s u c h  a s  fr e e zi n g),  f e ar 

l e ar ni n g d e v el o p s i n b ot h v ul n er a bl e ( St a y) a n d r e sili e nt ( E s c a p e) a ni-

m al s ( Y a e g er et al., 2 0 2 2 ). 

I n  a d diti o n  t o  t h e  Or x1 R  a nt a g o ni s m  r e d u ci n g  t h e  pl a s m a  str e s s 

h or m o n e c orti c o st er o n e i n b ot h v ul n er a bl e ( St a y) a n d r e sili e nt ( E s c a p e) 

mi c e, s p e ci fi c alt er ati o n s of si g n ali n g-r el at e d g e n e e x pr e s si o n o c c urr e d 

(Y a e g er et al., 2 0 2 2 ). S p e ci fi c all y, i n hi biti o n of Or x 1 R i n B L A pr o m ot e d 

i n cr e a s e d  Or x2 R  ( H crtr 2 )  g e n e  e x pr e s si o n  i n  n o n- gl ut a m at er gi c,  ( a n d 

b e c a u s e m o st B L A n e ur o n s n ot e x pr e s si n g C a m KII e x pr e s s G A D 1 ) p r e-

s u m a bl y  G A B A er gi c  n e ur o n s  ( Y a e g er  et  al.,  2 0 2 2 ).  I n  B L A,  f oll o wi n g 

Or x 1 R i n hi biti o n, li k el y i n p yr a mi d al n e ur o n s, t h er e w a s al s o a si g ni fi -

c a nt i n cr e a s e i n E R K 1 (M a p k 3 ) a n d B r ai n- D eri v e d N e ur otr o p hi c F a ct or 

(B d nf ) tr a n s cri pt s. W e p o sit t h at t h e s e g e n e e x pr e s si o n c h a n g e s o c c ur i n 

c ell s  c o nt ai ni n g  Or x 2 R,  b e c a u s e  Or x 2 R  r e m ai n  sti m ul at e d  b y  n ati v e 

Or x A / O r x B e v e n  w hil e  Or x 1 R  a r e  bl o c k e d.  A d diti o n all y,  w e  pr e s u m e 

c ell s n ot c o nt ai ni n g Or x R, ar e n ot dir e ctl y aff e ct e d b y Or x r el at e d e v e nt s. 

T hi s si g ni fi c a nt p ot e nti al cr o s s- n e ur o n sti m ul ati o n of Or x 2 R, E R K 1 , a n d 

B D N F  m R N A  pr o d u cti o n  w a s  o nl y  e vi d e nt  i n  v ul n er a bl e  St a y  mi c e 

f oll o wi n g  i ntr a- B L A  a d mi ni str ati o n  of  a n  Or x1 R  a nt a g o ni st.  T h e  d at a 

s u g g e st t h e Or x  s y st e m n ot o nl y m o di fi e s b e h a vi or al a cti vit y t hr o u g h 

a cti o n s i n t h e B L A, it al s o a ct s t o s hift t h e si g n ali n g s y st e m s t h at u n d erli e 

t h o s e b e h a vi or s (Y a e g er et al., 2 0 2 2 ). W e s ur mi s e d t h at if b e h a vi or a n d 

si g n ali n g s y st e m s w er e b ot h alt er e d f oll o wi n g i ntr a- B L A Or x 1 R a nt a g o -

ni s m,  t h e n  t h e  l e ar ni n g  a n d  m e m or y  s y st e m s  t h at  all o w  a n d  s u p p ort 

t h o s e b e h a vi or s mi g ht al s o b e c h a n g e d. 

A s i n hi biti o n of Or x 1 R i n t h e B L A c orr e s p o n d e d wit h tr a n s cri pti o n al 

c h a n g e s i n Or x r e c e pt or s a n d c o n diti o n e d f e ar r e s p o n s e s ( Y a e g er et al., 

2 0 2 2 ), w e fir st pr e di ct e d t h at m R N A l e v el s of Or x r e c e pt or s i n t h e B L A 

w o ul d  b e  r el at e d  t o  p h e n ot y p e- d e p e n d e nt  s o ci all y  i n d u c e d  fr e e zi n g 

b e h a vi or i n t h e S A M ar e n a. A d diti o n all y, w e n oti c e d a d a pti v e a dj u st -

m e nt  of  s p e ci fi c  s elf- p o siti o ni n g  str at e gi e s,  d uri n g  a v oi d a n c e  of  t h e 

a g gr e s s or, a p p e ar d uri n g S A M tri al s ( w hi c h al w a y s f oll o w s c o nt e xt u al 

i s ol ati o n a n d C S tr e at m e nt). T h at i s t o s a y, r e sili e nt E s c a p e mi c e s e e m e d 

t o m a k e m or e u s e of S A M ar e n a e d g e s p a c e o n t h e w a y t o u si n g a n e s c a p e 

t u n n el  at  t h e  a pi c al  e d g e,  e v e n  t h o u g h  t h e  C D 1  a g gr e s s or s  pri m aril y 

p atr ol t h er e. N ot s ur pri si n gl y, s u s c e pti bl e St a y mi c e m a k e gr e at er u s e of 

c e nt er ar e a s. T h o s e o b s er v ati o n s l e d u s t o e x a mi n e if t h e d e v el o p m e nt of 

u ni q u e  E s c a p e  a n d  St a y  c o pi n g  str at e gi e s  w er e  b ei n g  tr a n sl at e d  i nt o 

e q ui v al e nt b e h a vi or i n s u b s e q u e nt tri al s u si n g alt er n ati v e t e sti n g m o d el s 

p o st-tr e at m e nt. A s t h e O p e n Fi el d ( O F) a n d El e v at e d Pl u s M a z e ( E P M) 

t e st s h a v e u ni q u el y d e fi n e d m o v e m e nt str at e gi e s t h at h a v e b e e n a s s o -

ci at e d  wit h  a n xi o u s  r e s p o n s e s  ( H all er  et  al.,  2 0 1 3 ; Pr ut  a n d  B el z u n g, 

2 0 0 3 ; W alf a n d Fr y e, 2 0 0 7 ), o ur s ur pri si n g r e s ult s s u g g e st t h at t y pi c all y 

r e d u c e d  ti m e  s p e nt  i n  c e nt er  ( O F),  or  o p e n  ar m s  ( E P M),  i n 

str e s s- s u s c e pti bl e a ni m al s m a y b e dr a m ati c all y s hift e d b y g e n er ali z ati o n 

of l e ar n e d a d a pti v e r e s p o n s e s i n a s o ci al s etti n g ( S A M). T h er e a p p e ar t o 

b e  si mil ariti e s  wit h  P T S D,  b e c a u s e  S A M  g e n er ali z ati o n s  o c c ur  aft er 

Fi g. 1. T h e Str e s s Alt er n ati v e s M o d el ( S A M) r e s ult s i n p h e n ot y p e e st a bli s h m e nt 

aft er t w o d a y s of s o ci al str e s s. A ) T h e S A M i s a 4- d a y p ar a di g m i n w hi c h t e st 

mi c e ar e c o n diti o n e d t o a t o n e ( mi d dl e ) b ef or e a n o p a q u e c yli n d er i s lift e d a n d 

a ni m al s m u st d e ci d e w h et h er t o E s c a p e fr o m ( l eft) or s u b mit t o ( St a y, ri g ht) a 

l ar g e s o ci al a g gr e s s or. B y t h e e n d of D a y 2, t e st mi c e c o m mit t o t h e E s c a p e or 

St a y b e h a vi or al p h e n ot y p e. B ) E x p eri m e nt al d e si g n f or b e h a vi or al tri al s i n cl u d e 

st er e ot a xi c  s ur g eri e s  f or  c a n n ul a  i m pl a nt ati o n  f oll o w e d  b y  a  r e c o v er y  a n d 

h a n dli n g p eri o d b ef or e t h e b e gi n ni n g of t h e S A M. O n D a y 3, 1 h b ef or e S A M 

e x p o s ur e, mi c e w er e a d mi ni st er e d Or x r e c e pt or t ar g eti n g dr u g s i nt o t h e B L A. 

F oll o wi n g  S A M  s o ci al  i nt er a cti o n  o n  D a y  4,  mi c e  w er e  e x p o s e d  t o  t h e  O p e n 

Fi el d  ( O F)  T e st  a n d  o n  D a y  5  t h e y  w er e  i ntr o d u c e d  t o  t h e  El e v at e d  Pl u s 

M a z e ( E P M). 
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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 Orx1R inhibition 
or Orx2R 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 
a recovery 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 Orx1R 
antagonist SB-674042 (N 20; IC50 3.76 nM for Orx1R; 

MedChemExpress, Monmouth Junction, NJ) and the Orx2R antagonist 
MK-1064 (N 17; IC50 0.5 nM for Orx2R; MedChemExpress). For Orx 
receptor stimulation groups, mice were administered OrxA (N 13; 
EC50 20 nM for Orx1R & Orx2R; ToCris, Minneapolis, MN), a 
concoction of OrxA & MK-1064 (N 19; for biased Orx1R activation), or 
the Orx2R agonist YNT-185 (N 12; EC50 28 nM for Orx2R; 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 Orx2R 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 OrxA was selected and adjusted based 
on icv administrations that produced anxious behaviors in mice (Suzuki 
et al., 2005). As the Orx1R antagonist SB-674042 and the Orx2R agonist 
YNT-185 have lower binding affinities compared to the Orx2R 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, CaCl2, 0.16 MgCl2, 0.124 g NaH2PO4, 0.199 g Na2HPO4/L H2O) 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 
et al., 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 (Orx1R antago
nist: SB-674042, Orx2R antagonist: MK-1064, OrxA, concoction of OrxA 
& MK-1064 [for biased stimulation of Orx1R], and Orx2R 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 Orx1R (Hcrtr1) and Orx2R (Hcrtr2) receptors, 
Ca /Calmodulin Kinase type 2 alpha (CamkII ), Glutamate Decar
boxylase (Gad1), and parvalbumin (Pvalb). 

2.6. Quantitative reverse transcription PCR (RT-qPCR) 

Purchased assays (Thermo Fisher Scientific, Waltham, MA) for the 
PCR analyses included Hcrtr1 (4351370, Mm01185776_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 Taqman 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 Ct 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 
in cold (4 C) 10% formalin for 20 min and then washed (2x for 1 min) in 
1x phosphate buffer solution (PBS). Dehydration of tissue was 

performed by sequentially washing the sections in ethanol (50%, 70%, 
and 100%; 5 min each) followed by a final ethanol (100%) wash over
night in a 20 C freezer. 

Proteins were digested in the tissue sections the next day with a 
protease treatment before being rinsed in distilled H2O. Bathing of tissue 
in RNAscope (Advanced Cell Diagnostics, Newark, CA) probes (Hcrtr1, 
Cat. No. 466631; Hcrtr2, Cat. No. 581631; Gad1, Cat No. 400951; 
CamkII , 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 (Hcrtr1 & Hcrtr2), SAM socially 
induced freezing, SAM-dependent behavioral responses (Day 4), or OF 
Test behaviors (Day 4). Comparisons between two treatments (Vehicle, 
Orx1R Ant., Orx2R Ant., OrxA, Orx1R Stim, or Orx2R 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; t56 3.825, p 0.001). This freezing exhibits 
phenotype specific positive (Escape mice) and negative (Stay) regression 
relationships with Hcrtr1 (Escape; Fig. 2B; F1,8 7.8, p 0.0233) and 
Hcrtr2 (Stay; Fig. 2C; F1,12 9.7416, p 0.0088) respectively. The 
Orx1R and Orx2R 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 Orx1R effects on 
freezing in Escape mice (Fig. 2E G; Interaction Effect: F2,30 37.4, p 

J.D.W. Yaeger et al.                                                                                                                                                                                                                            



N e ur o p h ar m a c ol o g y 2 1 5 ( 2 0 2 2 ) 1 0 9 1 6 8

6

0. 0 0 1), a n d li k el y G A D 6 7- p o siti v e G A B A er gi c n e ur o n s f or Or x 2 R r el a -

ti o n s hi p wit h fr e e zi n g i n St a y mi c e (Fi g. 2 H – J; E x pr e s si o n Eff e ct: F 1, 2 4 =

3 2 2. 9, p < 0. 0 0 1; I nt er a cti o n Eff e ct: F 2, 2 4 = 7 3. 3, p < 0. 0 0 1). 

3. 2.  Or x r e c e pt or- d e p e n d e nt g e n er ali z ati o n of fr e e zi n g a n d l o c o m oti o n 

ar e p h e n ot y p e s p e ci fl c 

I m p ort a ntl y,  fr e e zi n g  i n  r e s p o n s e  t o  s o ci al  c o n fii ct  i n  t h e  S A M  i s 

g e n er ali z a bl e t o t h e O F t e st f or v e hi cl e-tr e at e d St a y mi c e ( Fi g. 3 A a n d B; 

S A M: Dr u g Eff e ct, F 5, 7 0 = 9. 6, p < 0. 0 0 1; P h e n ot y p e Eff e ct, F 1, 7 0 = 1 7. 6, 

p < 0. 0 0 1; O F: Dr u g Eff e ct, F 5, 7 0 = 3. 3, p ≤ 0. 0 1 1; P h e n ot y p e Eff e ct, 

F 1, 7 0 = 2 1. 4, p < 0. 0 0 1).  T h e s e  St a y  mi c e  e x hi bit  si g ni fi c a ntl y  m or e 

s o ci all y  i n d u c e d  fr e e zi n g  t h a n  E s c a p e  mi c e  ( Fi g.  3 A;  t 1 9 = 2. 6 7, p ≤

0. 0 1 5). T h e di sti n cti v e p h e n ot y p e diff er e n c e i n b e h a vi or i s eli mi n at e d 

b y Or x 1 R a nt a g o ni st tr e at m e nt, b ut n ot b y Or x 2 R a nt a g o ni st ( Fi g. 3 A; t 1 1 

= 3. 8, p < 0. 0 0 1 f oll o wi n g t w o- w a y A N O V A a b o v e). F urt h er, p h e n ot y p e 

diff er e n c e s  ar e  a b oli s h e d  wit h  Or x A sti m ul ati o n  a s  a  r e s ult  of  E s c a p e 

mi c e di s pl a yi n g m or e fr e e zi n g, a n d aft er Or x 2 R a g o ni st a s b ot h p h e n o -

t y p e s e x p eri e n c e a r e d u cti o n i n fr e e zi n g (Fi g. 3 A; t 1 7 = 3. 3, p ≤ 0. 0 0 4). 

Sti m ul ati o n of Or x 2 R i n t h e B L A o n d a y 3 al s o r e d u c e d d a y 4 O F T e st 

fr e e zi n g i n St a y mi c e c o m p ar e d t o mi c e i n t h e Or x2 R A nt a g o ni st (t 1 1 =

2. 7, p ≤ 0. 0 0 4)  or  Or x 1 R  Sti m ul ati o n  (t 1 3 = 2. 4, p ≤ 0. 0 3 4)  gr o u p s 

(Fi g.  3 B).  A s  pr e di ct e d,  i ntr a- B L A  Or x 2 R  i n hi biti o n  el e v at e d  O F  T e st 

fr e e zi n g  b e h a vi or  r el ati v e  t o  E s c a p e  mi c e  t h at  u n d er w e nt  t h e  s a m e 

tr e at m e nt (Fi g. 3 C; t 1 1 = 2. 5, p ≤ 0. 0 2 9). F urt h er, t h e s e St a y mi c e t h at 

w er e a d mi ni st er e d a n Or x 2 R a nt a g o ni st e x p eri e n c e d i n cr e a s e d fr e e zi n g 

i n t h e O F T e st c o m p ar e d t o v e hi cl e- (t1 9 = 3. 0, p ≤ 0. 0 0 8) a n d Or x 1 R 

A nt.-t r e at e d mi c e ( Fi g. 3 B; t 1 5 = 3. 1, p ≤ 0. 0 0 8). T hi s el e v at e d O F T e st 

fr e e zi n g  i n  St a y  mi c e  w a s  al s o  o b s er v e d  i n  t h o s e  mi c e  i n  t h e  Or x1 R 

Sti m ul ati o n gr o u p ( Fi g. 3 B; V e hi cl e v s Or x 1 R Sti m.: t 2 1 = 3. 4, p ≤ 0. 0 0 3; 

Or x 1 R A nt. v s O r x 1 R Sti m.: t 1 7 = 3. 4, p < 0. 0 0 1). I nt er e sti n gl y, a si g -

ni fi c a nt a n d p o siti v e a s s o ci ati o n b et w e e n S A M a n d O F T e st fr e e zi n g w a s 

o b s er v e d  i n  v e hi cl e-tr e at e d  St a y  a ni m al s  ( Fi g.  3 C;  F 1, 1 1 = 8. 7, p ≤

0. 0 1 3 1). 

G e n er ali z ati o n of l o c o m oti o n i s al s o tr a n sf er a bl e fr o m S A M t o O F f or 

E s c a p e mi c e ( Fi g. 4 ; Dr u g Eff e ct, F5, 7 0 = 2. 6, p ≤ 0. 0 3 3; P h e n ot y p e Ef -

f e ct, F1, 7 0 = 1 1. 9, p < 0. 0 0 1; O F: P h e n ot y p e Eff e ct, F 1, 7 0 = 1 2. 6, p <

0. 0 0 1),  wit h  si g ni fi c a nt  p o siti v e  r e gr e s si o n s  b et w e e n  O F  a n d  S A M 

l o c o m oti o n  i n  mi c e  tr e at e d  wit h  Or x1 R  a nt a g o ni st  ( F 2, 3 = 1 5. 9, p ≤

0. 0 2 8),  b ut  al s o  f or  Or x A ( F 2, 2 = 4 9. 4, p ≤ 0. 0 2)  a n d  Or x 2 R  a g o ni st 

Fi g.  2. Str e s s-i n d u c e d  a n d  p h e n ot y p e- 

d e p e n d e nt  fr e e zi n g  b e h a vi or  i s  bi dir e cti o n -

all y  c orr el at e d  wit h  Or x 1 R  ( H crtr 1 ), 

e x pr e s s e d  pr e d o mi n a ntl y  i n  gl ut a m at er gi c 

n e ur o n s,  a n d  Or x 2 R  ( H crtr 2 ),  m or e  pr o mi-

n e nt i n G A B A er gi c n e ur o n s, g e n e e x pr e s si o n 

i n  t h e  B L A.  A)  P h e n ot y p e  ( E s c a p e & St a y) 

di sti n cti o n s i n S A M- d eri v e d s o ci all y i n d u c e d 

fr e e zi n g  ar e  si g ni fi c a nt  a n d  m o st  pr o-

n o u n c e d o n D a y 4 (t 5 6 = 3. 8, * p < 0. 0 0 1). B ) 

I n  E s c a p e  mi c e,  i ntr a- B L A  Or x1 R  ( H crtr 1 ) 

tr a n s cri pti o n  i s  p o siti v el y  a s s o ci at e d  wit h 

s o ci all y  i n d u c e d  fr e e zi n g  ( s o ci al  str e s s- 

r el at e d  fr e e zi n g)  i n  t h e  S A M  ( F 1, 8 = 7. 8, 

R 2 = 0. 4 9 4 6, p ≤ 0. 0 2 3 3), b ut t hi s r e gr e s si o n 

i n st a y mi c e i s n ot si g ni fi c a nt (Fi g. S 2 A ). C ) 

C o n v er s el y,  s o ci all y  i n d u c e d  fr e e zi n g 

b e h a vi or i n t h e S A M i s n e g ati v el y r el at e d t o 

Or x 2 R  ( H crtr 2 )  m R N A  l e v el s  i n  t h e  B L A  of 

St a y  mi c e  ( F 1, 1 2 = 9. 7,  R 2 = 0. 4 4 8 1, p ≤

0. 0 0 8 8), a n d n ot si g ni fi c a nt i n E s c a p e mi c e 

(Fi g.  S 2 B ).  W hil e  Or x  r e c e pt or s  ar e  a s s o ci -

at e d t o p h e n ot y p e a n d fr e e zi n g b e h a vi or, D ) 

o nl y a s m all p er c e nt a g e of t h e t ot al n u m b er 

of  B L A  c ell s  c o nt ai n  Or x 1 R,  O r x 2 R,  o r  b ot h 

r e c e pt or s u bt y p e s ( F 3, 4 4 = 1 3 4. 0, p < 0. 0 0 1; 

si g ni fi c a n c e  i s  b y  u ni q u e  s y m b ol,  e. g.  A  i s 

si g ni fi c a ntl y diff er e nt fr o m B, C, & D). E & 

F ) I n t h e B L A, Or x1 R ( g r e e n), b ut n ot Or x 2 R 

( w hit e),  ar e  hi g hl y  c o- e x pr e s s e d  wit h  t h e 

gl ut a m at er gi c  c ell  m ar k er  C a m KII α (r e d; 

s o m e  of  t h e  o b s er v e d  c ol o c ali z ati o n s  ar e 

i n di c at e d wit h s oli d gr e e n arr o w s = Or x 1 R
+

+ C a m KII α + , s oli d w hit e arr o w = Or x 2 R
+ +

C a m KII α + ,  a n d  u n fill e d  w hit e  arr o w s =

Or x 2 R
+ + C a m KII α − ).  (G )  T h e  n u m b er  of 

B L A Or x 1 R
+ c ell s e x p r e s si n g C a m KII α i s o v er 

6 0 % w hil e Or x 2 R
+ c ell s c o- e x pr e s s  t h e gl u -

t a m at er gi c  m ar k er  ~ 3 0 %  of  t h e  ti m e,  a n d 

a b o ut  5 0 %  of  t h e  s m all  pr o p orti o n  of  B L A 

c ell s t h at e x pr e s s b ot h Or x 1 R a n d O r x 2 R al s o 

e x p r e s s C a m KII α . H & I ) E x pr e s si o n of Or x 2 R 

( w hit e)  o v erl a p s  wit h  G A D 6 7  (r e d)  m or e 

t h a n  Or x2 R  ( g r e e n)  i n  t h e  B L A  ( a  f e w 

o b s er v e d c ol o c ali z ati o n s ar e i d e nti fi e d wit h u n fill e d gr e e n arr o w s = Or x 1 R
+ + G A D 6 7 -, s oli d w hit e arr o w = Or x 2 R

+ + G A D 6 7 + , a n d u n fill e d w hit e arr o w s = Or x 2 R
+

+ G A D 6 7 -). J ) A n al y s e s r e v e al Or x 2 R a r e e x p r e s s e d i n G A B A n e ur o n s i n a gr e at er pr o p orti o n t h a n Or x 1 R o r c ell s t h at c o- e x pr e s s Or x 1 R & O r x 2 R. 
_p ≤ 0. 0 5 f o r 

c o m p ari s o n s t o C a m KII α − / G A D 6 7 - c ell s i n t h e s a m e r e c e pt or ( Or x 1 R
+ o r O r x 2 R

+ ) g r o u p; + p ≤ 0. 0 5 f o r c o m p ari s o n s t o Or x 1 R
+ of t h e s a m e C a m KII α + / G A D 6 7 + p r o fil e; 

# p ≤ 0. 0 5 f o r c o m p ari s o n s t o Or x 2 R
+ of t h e s a m e C a m KII α + / G A D 6 7 + p r o fil e. C e A = c e ntr al a m y g d al a; I T C = i nt er c al at e d c ell s of t h e a m y g d al a.   
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tr e at e d mi c e (Fi g. 4 C – F; F 2, 1 = 3 5 1. 5, p ≤ 0. 0 3 4). E s c a p e mi c e ( v e hi cl e- 

tr e at e d) e x hi bit si g ni fl c a ntl y m or e l o c o m oti o n i n t h e S A M (t 1 9 = 2. 2, p 

≤ 0. 0 3 4) a n d O F ( Fi g. 4 A a n d B; t 1 9 = 2. 2, p ≤ 0. 0 3 2), b ut n ot i n t h e 

h o m e c a g e ( Fi g. S 7 ). T hi s p h e n ot y pi c di sti n cti o n i s pr e v e nt e d b y Or x 1 R 

(i n b ot h S A M a n d O F) b ut n ot Or x 2 R a nt a g o ni s m (i n S A M o nl y), a n d n ot 

b y Or x 1 R sti m ul ati o n (i n S A M o nl y; Fi g. 4 A a n d B; S A M: t 1 3 = 2. 3, p ≤

0. 0 2 5; O F: t 1 3 = 2. 3, p ≤ 0. 0 2 6). 

3. 3.  G e n er ali z ati o n of p h e n ot y pi c b e h a vi or p att er ns ar e m o d ul at e d b y 

Or x r e c e pt ors 

A s fr e e zi n g a n d l o c o m oti o n i n r e s p o n s e t o s o ci al c o n fii ct ar e g e n er -

ali z a bl e fr o m S A M a p p ar at u s t o O F, w e s o u g ht t o u n d er st a n d w h et h er 

t h e b a si c p att er n s of p h e n ot y pi c r e s p o n s e ( St a y a n d E s c a p e), w o ul d b e 

r e fi e ct e d i n st a n d ar d t e st s of a n xi o u s r e s p o n si v e n e s s, s u c h a s O F or E P M. 

T h er e  w a s  a  g e n er ali z ati o n  eff e ct  of  p h e n ot y pi c  b e h a vi or  i n  O F 

( P h e n ot y p e Eff e ct, F 1, 4 3 = 1 5. 0, p < 0. 0 0 1), h o w e v er, t hi s tr a n sf er e n c e 

w a s  stri ctl y  d e p e n d e nt  f or  dr u g  tr e at e d  mi c e,  o n  m o v e m e nt  p att er n s 

l e ar n e d d uri n g 4 d a y s i n t h e S A M. E s c a p e mi c e, w hi c h u s e d t h e e d g e s of 

t h e S A M t o l o c at e a pi c al e s c a p e r o ut e s l o c at e d o n t h e e d g e, al s o f a v or e d 

e d g e s  i n  t h e  O F  ( Fi g.  5 D  t o p).  I n  c o ntr a st,  St a y  mi c e  fr e q u e nt e d  t h e 

c e nt er of t h e S A M a p p ar at u s t o a v oi d p atr olli n g C D 1 a g gr e s s or s ( Fi g. 5 A, 

D b ott o m), a n d m ai nt ai n e d t h at p att er n i n O F ( Fi g. 5 D b ott o m) w h e n 

tr e at e d wit h Or x1 R a nt a g o ni st ( F 1, 8 = 1 6. 8, p ≤ 0. 0 0 3; Fi g. 5 A, B, C), 

Or x 2 R a nt a g o ni st s ( F 1, 5 = 1 3. 5, p ≤ 0. 0 1 4; Fi g. 5 B, D, E), or a n Or x 2 R 

a g o ni st ( F 1, 4 = 4 0. 2, p ≤ 0. 0 0 3; Fi g. 5 A, D, F). 

T h e E P M r e s ult s f oll o wi n g 4 d a y s of S A M i nt er a cti o n di d n ot pr o d u c e 

a p h e n ot y pi c di sti n cti o n b et w e e n E s c a p e a n d St a y mi c e f or o p e n ar m, 

cl o s e d ar m, or i nt er a cti o n z o n e ti m e s ( Fi g. S 8 ). S ur pri si n gl y, a n xi o u s, 

str e s s- v ul n er a bl e  St a y  mi c e  ( S mit h  et  al.,  2 0 1 6 ; Y a e g er  et  al.,  2 0 2 0 ), 

e x hi bit e d si g ni fi c a ntl y m or e ti m e i n o p e n ar m s f oll o wi n g Or x 1 R sti m u -

l ati o n (Fi g. S 8 A ); o p p o sit e of t h e e x p e ct e d fi n di n g r el ati v e t o a n xi et y. 

4.  Di s c u s si o n 

T h e  pr o c e s s  of  p h e n ot y p e  d e v el o p m e nt  i n  t h e  S A M  r e q uir e s 

n u m er o u s  l e ar ni n g  p h a s e s,  a s  d o e s  p h e n ot y p e  d e v el o p m e nt  i n  P T S D 

(All e n et al., 2 0 1 9 ; C ar p e nt er a n d S u m m er s, 2 0 0 9 ; Li s s e k a n d v a n M e ur s, 

2 0 1 5 ; Y e h u d a a n d L e D o u x, 2 0 0 7 ). D e ci si o n- m a ki n g f or str e s s- v ul n er a bl e 

i n di vi d u al s ( St a y) i n t h e S A M p ar a di g m s hift s t o r e sili e nt ( E s c a p e) r e-

s p o n s e s aft er a n xi ol yti c dr u g s or b e h a vi or al m o di fi c ati o n s ( s u c h a s e x -

er ci s e) ar e a d mi ni st er e d ( S mit h et al., 2 0 1 4 , 2 0 1 6 ). T hi s i s al s o tr u e aft er 

i ntr a- B L A Or x1 R i n hi biti o n or i c v Or x 2 R sti m ul ati o n ( St at o n et al., 2 0 1 8 ; 

Y a e g er et al., 2 0 2 2 ). C o n v er s el y, d e ci si o n s i n t h e S A M s wit c h fr o m str e s s 

r e sili e nt r e s p o n s e s t o str e s s s u s c e pti bl e r e s p o n s e s i n E s c a p e p h e n ot y p e 

a ni m al s f oll o wi n g a n xi o g e ni c tr e at m e nt s t h at i n cl u d e Or x 2 R a nt a g o ni s m 

(S mit h  et  al.,  2 0 1 6 ; Y a e g er  et  al.,  2 0 2 2 ).  W h at  i s  m or e,  s o ci al 

a g gr e s si o n- b a s e d c o nt e xt u al a n d c u e d f e ar c o n diti o ni n g ar e r e d u c e d b y 

i ntr a- B L A Or x1 R a nt a g o ni s m a n d b y i c v Or x 2 R sti m ul ati o n ( St at o n et al., 

2 0 1 8 ; Y a e g er et al., 2 0 2 2 ), w hi c h s u g g e st e d t o u s t h at a m y g d al ar Or x 

r e c e pt or s m o dif y a s s o ci ati v e l e ar ni n g r el at e d t o f e ar b e h a vi or. A cti v a -

ti o n of t h e Or x s y st e m a m e n d s p erf or m a n c e i n n o v el o bj e ct r e c o g niti o n, 

w hil e r e d u ci n g s o ci al i nt er a cti o n f oll o wi n g d ef e at ( E a cr et et al., 2 0 1 9 ), 

f urt h er s u g g e sti n g t h at Or x a n d str e s s-r el at e d b e h a vi or t o g et h er m o dif y 

t h e  c o n diti o n s  f or  l e ar ni n g.  E m oti o n all y  s ali e nt  i nf or m ati o n  a cti v at e s 

Or x n e ur o n s, p ot e nti ati n g fr e e zi n g b e h a vi or, a s w ell a s Or x 1 R a cti vit y i n 

l o c u s c o er ul e u s ( L C) a n d B L A (S o y a et al., 2 0 1 7 ). T o g et h er t h e y m o d u -

l at e c u e- d e p e n d e nt f e ar m e m or y a n d r etri e v al (S o y a et al., 2 0 1 3 ; Y a e g er 

et al., 2 0 2 2 ), s u g g e sti n g t h at t h e s e s y st e m s ar e li k el y t o b e i n v ol v e d i n 

P T S D s y m pt o m ol o g y. 

I n  t h e  S A M,  f oll o wi n g  t h e  C S  c u e  f or  f e ar  c o n diti o ni n g,  s o ci all y 

i n d u c e d  fr e e zi n g  i n  r e s p o n s e  t o  a g gr e s si v e  c o nt a ct  al s o  t a k e s  ti m e  t o 

l e ar n, a n d a p p e ar s m o st c o n si st e ntl y aft er 4 d a y s of tr ai ni n g (Fi g. 2 A). 

I m p ort a ntl y, S A M-i n d u c e d b e h a vi or al c h a n g e s, li k e fr e e zi n g, aft er a c ut e 

p h ar m a c ol o gi c al i nt er v e nti o n ( D a y 3) i s oft e n m a nif e st l at er ( D a y s 4 & 

5) ( S mit h et al., 2 0 1 6 ; St at o n et al., 2 0 1 8 ; Y a e g er et al., 2 0 2 2 ). S o ci al 

a g gr e s si o n-i n d u c e d, p h e n ot y p e- d e p e n d e nt fr e e zi n g b e h a vi or o n D a y 4 i s 

Fi g. 3. S o ci all y i n d u c e d fr e e zi n g b e h a vi or i n t h e S A M 

i s tr a n sf err e d t o t h e n o n- s o ci al O F T e st i n St a y mi c e. 

A ) St a y  mi c e  tr e at e d  wit h  i ntr a- B L A  i nf u si o n  of  a n 

Or x 2 R  a nt a g o ni st,  b ut  n ot  a n  Or x 1 R  a nt a g o ni st, 

e x p eri e n c e  e n h a n c e d  fr e e zi n g  i n  t h e  S A M  ( Dr u g  Ef -

f e ct, F5, 7 0 = 9. 6, p < 0. 0 0 1; P h e n ot y p e Eff e ct, F 1, 7 0 =

1 7. 6, p < 0. 0 0 1).  F urt h er,  mi c e  i n  Or x A a n d  O r x 1 R 

sti m ul ati o n  gr o u p s  e x hi bit  e n h a n c e d  fr e e zi n g,  w hil e 

a ni m al s  tr e at e d  wit h  a n  Or x 2 R  a g o ni st  d e m o n str at e 

si g ni fi c a ntl y r e d u c e d fr e e zi n g i n t h e S A M. B ) A nt a g -

o ni s m of Or x 1 R r e c e pt o r s i n t h e B L A r e d u c e d g e n er -

ali z e d  O F  T e st  fr e e zi n g  i n  E s c a p e  mi c e  o nl y,  w hil e 

Or x 2 R a nt a g o ni st tr e at m e nt i n cr e a s e d O F fr e e zi n g i n 

St a y  a ni m al s  ( Dr u g  Eff e ct,  F 5, 7 0 = 3. 3, p ≤ 0. 0 1 1; 

P h e n ot y p e  Eff e ct,  F 1, 7 0 = 2 1. 4, p < 0. 0 0 1).  A d di -

ti o n all y,  fr e e zi n g  i n  t h e  O F  T e st  w a s  i n cr e a s e d  i n 

Or x 1 R  sti m ul ati o n  gr o u p  mi c e,  w hil e  i ntr a- B L A a g o -

ni s m of Or x 2 R r e d u c e d f r e e zi n g i n b ot h p h e n ot y p e s. 

C ) I n  v e hi cl e-tr e at e d  c o ntr ol  St a y  mi c e,  s o ci all y 

i n d u c e d fr e e zi n g i n t h e S A M i s p o siti v el y c orr el at e d t o 

O F  T e st  fr e e zi n g  ( F 1, 1 1 = 8. 7,  R 2 = 0. 4 4 2 3, p ≤

0. 0 1 3 1). _p ≤ 0. 0 5  f o r  c o m p ari s o n s  b et w e e n  p h e n o -

t y p e s  i n  t h e  s a m e  tr e at m e nt  gr o u p; + p ≤ 0. 0 0 6  f or 

c o m p ari s o n s  t o  V e hi cl e-tr e at e d  mi c e  of  t h e  s a m e 

p h e n ot y p e; ^p ≤ 0. 0 0 6 f o r c o m p ari s o n s t o Or x 1 R A nt. 

g r o u p  of  t h e  s a m e  p h e n ot y p e; # p ≤ 0. 0 0 6  f or  c o m -

p ari s o n s t o Or x 2 R A nt. g r o u p of t h e s a m e p h e n ot y p e; 
!p ≤ 0. 0 0 6 f o r c o m p ari s o n s t o Or x A t r e at m e nt a ni m al s 

of t h e s a m e p h e n ot y p e; $ p ≤ 0. 0 0 6 f o r c o m p ari s o n s t o 

mi c e  i n  t h e  Or x 1 R  sti m ul ati o n  gr o u p  of  t h e  s a m e 

p h e n ot y p e.   
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bi dir e cti o n all y c orr el at e d, p o siti v el y f or E s c a p e wit h H crtr 1 a n d n e g a -

ti v el y f or St a y wit h H crtr 2 g e n e e x pr e s si o n i n t h e B L A ( Fi g. 2 B a n d C). 

T h e  l o c ati o n s  of  t h e s e  r e c e pt or s  ar e  di sti n cti v el y  or g a ni z e d  pri m aril y 

(> 6 0 %)  i n  gl ut a m at er gi c  p yr a mi d al  ( H crtr 1 ;  Fi g. 2 D – F , S 5 D,  F )  a n d 

G A B A er gi c n e ur o n s (f or t h e m aj orit y of H crtr 2 ; Fi g. 2 G – I, S 5 E, F ), s u g-

g e sti n g s e p ar ati o n of c ell ul ar f u n cti o n i n t h e str e s s cir c uit s of t h e B L A 

t h at  ar e  d e p e n d e nt  o n  l e ar ni n g.  Si m pl y  p ut,  t h e  d at a  s u g g e st  t h at  i n 

E s c a p e  mi c e  a s  Or x 1 R  m R N A  i n  B L A  ( m o stl y  p yr a mi d al  n e ur o n s)  i n -

cr e a s e s, fr e e zi n g al s o i n cr e a s e s. A d diti o n all y, t h e d at a s u g g e st t h at a s 

Or x 2 R  m R N A  i n c r e a s e s  i n  St a y  B L A  ( m o stl y  G A B A  n e ur o n s),  fr e e zi n g 

al s o  d e cr e a s e s.  P yr a mi d al  Or x 1 R- c o nt ai ni n g  n e ur o n s  i n  t h e  B L A  ar e 

l o c at e d  i n  a  l ar g er  pr o- str e s s  cir c uitr y,  a n d  a cti v at e  a n xi o g e ni c  a n d 

pr o- d e pr e s si v e  b e h a vi or s  a n d  c o n diti o n e d  f e ar  l e ar ni n g  ( Ki m  et  al., 

2 0 1 6 ; Y a e g er et al., 2 0 2 2 ). T hi s cir c uitr y i s al s o i n n er v at e d b y n or a d -

r e n er gi c n e ur o n s of t h e L C, w hi c h ar e m o d ul at e d b y Or x 1 R a n d m e di at e 

c u e- d e p e n d e nt  f e ar  m e m ori e s  ( S o y a  a n d  S a k ur ai,  2 0 2 0 b ; S o y a  et  al., 

2 0 1 3 , 2 0 1 7 ). I n t h e B L A, Or x 2 R- c o nt ai ni n g G A B A n e ur o n s i n hi bit t h e 

pr o- str e s s  cir c uitr y,  b ut  al s o  r e s ult  i n  a n xi ol yti c  a n d  a nti- d e pr e s si v e 

b e h a vi or s  a n d  r e d u c e  c o n diti o n e d-f e ar  l e ar ni n g  ( St at o n  et  al.,  2 0 1 8 ; 

Y a e g er et al., 2 0 2 0 , 2 0 2 2 ). T h e d at a s u g g e st t h at l e ar n e d r e s p o n s e s ar e 

n ot o nl y t u n e d t o t h e Or x r e c e pt or t y p e a n d p arti c ul ar n e ur o cir c uitr y 

el e m e nt i n w hi c h t h e y e xi st, b ut al s o r e fl e ct e d b y t h e g e n e e x pr e s si o n 

c h a n g e s t h at o c c ur o v er t h e 4 d a y s of tr ai ni n g. S ur pri si n gl y, t h e c o pi n g 

str at e gi e s l e ar n e d i n t h e S A M ar e tr a n sf err e d t o s o m e b e h a vi or al t e st s f or 

a n xi et y, s u c h a s t h e o p e n fi el d ( O F; Fi g s. 3 – 5 ), b ut n ot t o ot h er s, s u c h a s 

t h e el e v at e d pl u s m a z e ( E P M; Fi g. S 8 ). 

W e  h a v e  pr e vi o u sl y  n ot e d  t h at  E s c a p e  a n d  St a y  b e h a vi or  b ot h 

r e q uir e  l e ar ni n g  s o ci al  b e h a vi or al  p att er n s  a n d  a s s o ci ati v e  c u e s,  t o 

ef fi ci e ntl y  mi ni mi z e  v ul n er a bilit y  fr o m  att a c k  w hil e  u si n g  t h e  e s c a p e 

h ol e  or  r e m ai ni n g  i n  t h e  S A M  ar e n a  ( C ar p e nt er  a n d  S u m m er s,  2 0 0 9 ; 

S u m m er s et al., 2 0 1 7 ). E s c a pi n g mi c e utili z e o n e of t h e t w o t u n n el s f or 

e gr e s s wit h pr o gr e s si v el y r e d u c e d l at e n c y, w hil e St a y mi c e di s pl a y s o -

ci all y i n d u c e d fr e e zi n g wit h pr o gr e s si v el y i n cr e a s e d d ur ati o n ( Fi g. 2 A). 

T hi s s u g g e st s t h at b ot h St a y a n d E s c a p e a ni m al s utili z e c o pi n g str at e gi e s 

t h at  i n cl u d e  l e ar ni n g  h o w  t o  mi ni mi z e  v ul n er a bilit y  fr o m  a g gr e s si o n 

m or e ef fi ci e ntl y wit h e a c h tri al. T hi s m e a n s it i s n e c e s s ar y t o m o nit or t h e 

p atr olli n g  p att er n s  of  t h e  d o mi n a nt  a g gr e s si v e  m al e,  t o  a v oi d  t h o s e 

s p a c e s  w hil e  fr e e zi n g  (f or  St a y  a ni m al s),  or  t o  d e v el o p  b alli sti c  or 

s e cr eti v e e s c a p e m o v e m e nt s t o s af el y a c c o m pli s h E s c a p e. A s s u c h, o ur 

m o d el  d e m o n str at e s  m or e  t h a n  o n e  l e ar n e d  a n d  a d a pti v e  r e a cti o n  i s 

p o s si bl e  i n  r e s p o n s e  t o  a n  u n c o n diti o n e d  f e arf ul  sti m ul u s  i n  a  f e ar 

c o n diti o ni n g p ar a di g m. S o ci al d ef e at i s  r e pl et e wit h c o nt e xt u all y ri c h 

sti m uli, i n cl u di n g t h e el e m e nt s of s o ci al r a n k d y n a mi c s, w hi c h i n n at ur al 

s etti n g s  all o w s  f or  m or e  t h a n  o n e  a p pr o pri at e  b e h a vi or al  r e s p o n s e 

Fi g.  4. S o ci al  str e s s-i n d u c e d  l o c o m oti o n  i n  S A M  i s 

g e n er ali z e d /tr a n sf err e d t o a n o n- s o ci al O F T e st e n vi -

r o n m e nt aft er i ntr a- B L A m a ni p ul ati o n of Or x r e c e pt or 

a cti vit y  i n  E s c a p e  a ni m al s. A ) E s c a p e  mi c e  e x pr e s s 

hi g h er  l o c o m ot or  a cti vit y  c o m p ar e d t o  St a y a ni m al s 

d uri n g  s o ci al  str e s s  i n  t h e  S A M,  b ut  t hi s  p h e n ot y p e 

diff er e n c e  i s  n ot  o b s er v e d  aft er  i ntr a- B L A  Or x 1 R 

a nt a g o ni s m  ( Dr u g  Eff e ct,  F 5, 7 0 = 2. 6, p ≤ 0. 0 3 3; 

P h e n ot y p e  Eff e ct,  F 1, 7 0 = 1 1. 9, p < 0. 0 0 1).  Al s o, 

i nf u si o n  i n  t h e  B L A  of  a n  Or x2 R  a g o ni st  e n h a n c e s 

l o c o m oti o n i n t h e S A M i n St a y mi c e. B ) W hil e E s c a p e 

a ni m al s  i n  t h e  v e hi cl e  c o ntr ol  gr o u p  di s pl a y  hi g h er 

l o c o m oti o n c o m p ar e d t o St a y mi c e i n t h e O F T e st, t hi s 

di v er g e nt  p h e n ot y p e  r e s p o n s e  i s  n ot  o b s er v e d  aft er 

i ntr a- B L A  Or x1 R  o r  O r x 2 R  a nt a g o ni s m  ( Dr u g  Eff e ct, 

F 5, 7 0 = 2. 1, p ≥ 0. 0 7 1; P h e n ot y p e Eff e ct, F 1, 7 0 = 1 2. 6, 

p < 0. 0 0 1).  Si mil arl y,  Or x A a n d  O r x 2 R  sti m ul ati o n 

eli mi n at e s  t h e  diff er e n c e  i n  l o c o m oti o n  b et w e e n 

E s c a p e  a n d  St a y  mi c e  i n  t h e  O F  T e st. C ) U nli k e 

v e hi cl e  c o ntr ol s  ( gr a y  d ott e d  li n e  r e pr e s e nt s  v e hi cl e 

c o ntr ol li n e ar r e gr e s si o n li n e, F 1, 1 2 = , R2 = 0. 0 6 9 5, p 

≥ 0. 5 2 8 1), a si g ni fi c a nt p o siti v e r el ati o n s hi p b et w e e n 

S A M  a n d  O F  T e st  l o c o m oti o n  i s  o b s er v e d  i n  E s c a p e 

mi c e tr e at e d wit h a n Or x 1 R a nt a g o ni st ( F 2, 3 = 1 5. 9, 

R 2 = 0. 8 4 1 3, p ≤ 0. 0 2 8 2). D ) A si g ni fi c a nt n e g ati v e 

c orr el ati o n  i s  r e v e al e d  b et w e e n  S A M  a n d  O F  T e st 

l o c o m oti o n  i n  E s c a p e  mi c e  tr e at e d  wit h  a n  Or x2 R 

a nt a g o ni st  ( F 1, 4 = 1 1. 4,  R 2 = 0. 7 4 0 1, p ≤ 0. 0 2 7 9; 

d ott e d gr a y li n e r e pr e s e nt s v e hi cl e c o ntr ol r e gr e s si o n 

li n e). Li k e Or x2 R a nt a g o ni s m, si g ni fi c a nt p o siti v e a s -

s o ci ati o n s b et w e e n l o c o m ot or a cti vit y i n t h e S A M a n d 

O F T e st f or E s c a p e mi c e tr e at e d wit h E ) Or x A ( F 2, 2 =

4 9. 4, R 2 = 0. 9 6 1 1, p ≤ 0. 0 2; d ott e d gr a y li n e r e pr e -

s e nt s v e hi cl e c o ntr ol r e gr e s si o n li n e) or F ) a n Or x 2 R 

a g o ni st ( F 2, 1 = 3 5 1. 5, R 2 = 0. 9 9 7 2, p ≤ 0. 0 3 4; d ott e d 

gr a y  li n e  r e pr e s e nt s  v e hi cl e  c o ntr ol  r e gr e s si o n  li n e). 
_p ≤ 0. 0 5 f o r c o m p ari s o n s b et w e e n p h e n ot y p e s i n t h e 

s a m e tr e at m e nt gr o u p; + p ≤ 0. 0 0 5 f o r c o m p ari s o n s t o 

V e hi cl e-tr e at e d  mi c e  of  t h e  s a m e  p h e n ot y p e; ^p ≤

0. 0 0 5  f or  c o m p ari s o n s  t o  Or x 1 R  A nt.  g r o u p  of  t h e 

s a m e  p h e n ot y p e; # p ≤ 0. 0 0 5  f or  c o m p ari s o n s  t o 

Or x 2 R A nt. g r o u p of t h e s a m e p h e n ot y p e; !p ≤ 0. 0 0 5 

f o r  c o m p ari s o n s  t o  Or xA t r e at m e nt  a ni m al s  of  t h e 

s a m e p h e n ot y p e; $ p ≤ 0. 0 0 5 f o r c o m p ari s o n s t o mi c e 

i n  t h e  Or x1 R  sti m ul ati o n  gr o u p  of  t h e  s a m e 

p h e n ot y p e.   

J. D. W. Y a e g er et al.                                                                                                                                                                                                                            
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(Bl a n c h ar d et al., 1 9 9 5 ; Bl a n c h ar d a n d Bl a n c h ar d, 1 9 8 9 ; P ell m a n a n d 

Ki m, 2 0 1 6 ; P ell m a n et al., 2 0 1 7 ; R o b ert s o n et al., 2 0 1 5 ). Ot h er l a b s h a v e 

d e m o n str at e d t h at Or x a cti v ati o n d uri n g s o ci al d ef e at r e d u c e s b ot h s o -

ci al i nt er a cti o n a n d r e c o g niti o n l e ar ni n g i n d ef e at e d mi c e ( E a cr et et al., 

2 0 1 9 ), m o dif yi n g a p pr o pri at e b e h a vi or al r e s p o n s e s. T h u s, t h e g e n er al -

i z ati o n or tr a n sf er e n c e of r e s p o n s e s (fr e e zi n g, l o c o m oti o n, c e nt er pr ef-

er e n c e i n St a y v s. e d g e pr ef er e n c e i n E s c a p e mi c e) fr o m t h e S A M t o t h e 

O F ar e n a, s u g g e st s b e h a vi or al pl a sti cit y i n c o pi n g str at e gi e s i s li n k e d t o 

s p e ci fl c str e s s p h e n ot y p e s. T h e o nl y t hi n g si mil ar b et w e e n t h e S A M a n d 

O F  ar e n a s  i s  t h at  t h e y  ar e  e s s e nti all y  o p e n,  a n d  a s  s u c h,  w e  d o  n ot 

b eli e v e t h at t h e g e n er ali z ati o n of b e h a vi or al attri b ut e s tr a n sf err e d fr o m 

S A M t o O F ar e d u e t o si mil ariti e s of e n vir o n m e nt. T h e s h a p e ( o v al v s 

s q u ar e), c o nt o ur s ( el o n g at e v s e q ui di st a nt), ar e a ( 1. 4 4 m 2 v s 1. 6 m 2 ), 

a n d st r u ct ur al m at eri al s ( s m o ot h Pl e xi gl a s a n d P V C v s t e xt ur e d pl a sti c) 

ar e all diff er e nt b et w e e n t h e s e b e h a vi or al t e sti n g e n vir o n m e nt s. 

R e g ar dl e s s of t h e e v e nt u al p h e n ot y p e, E s c a p e a n d St a y mi c e m u st 

l e ar n t h e p atr olli n g r o uti n e s of t h e n o v el, l ar g er, a g gr e s si v e ( C D 1) mi c e. 

T h e s e  d o mi n a nt  mi c e  p atr ol  t h e  e d g e s  of  t h e  S A M,  b e c a u s e  it  i s 

e c ol o gi c all y  s af er,  b ut  al s o  b e c a u s e  t h e y  c a n  e a sil y  bl o c k  e s c a p e  t hi s 

w a y, si n c e t h e t u n n el s ar e l o c at e d o n t h e a pi c al e d g e. If t h e o p e n fi el d 

w er e pr e s e nt e d pri or t o S A M s o ci al i nt er a cti o n s, w e s u s p e ct t h at, a s h a s 

b e e n  f o u n d  i n  n u m er o u s  ot h er  e x p eri m e nt s,  t h at  m or e  a n xi o u s  mi c e 

w o ul d  a d h er e  t o  t h e  p eri p h er y.  T h o s e  a n xi o u s  mi c e  h o w e v er,  w h e n 

pl a c e d i n t h e S A M s o ci al ar e n a, w o ul d fi n d t h at t h e l ar g e d o mi n a nt C D 1 

m o u s e w o ul d p atr ol t h e e d g e s p a c e s w h er e t h e y pr e vi o u sl y pr ef err e d (i n 

O F)  t o  fr e q u e nt.  T hi s  l ar g er  a g gr e s si v e  m o u s e  i s  a  v er y  p er s u a si v e 

m oti v ati o n al  f or c e, a n d  w e b eli e v e  t h at t h e s e  a n xi o u s mi c e  w o ul d  b e 

dri v e n t o fr e q u e nt t h e c e nt er of t h e S A M ar e n a. W e d o n ot b eli e v e t h at 

a n xi o u s mi c e w o ul d e s c a p e m or e, b e c a u s e t h e y w o ul d n ot fr e q u e nt t h e 

sit e s of t h e e s c a p e t u n n el s. 

St a y  mi c e  ar e  u n d er st o o d  t o  b e  str e s s- v ul n er a bl e,  b e c a u s e  St a y 

b e h a vi or  c a n  b e  c o n v ert e d  t o  E s c a p e  b y  m e a n s  of  a n xi ol yti c  dr u g s 

( a nt al ar mi n,  di a z e p a m,  Y N T 1 8 5,  [ Al a 1 1 ,  d- L e u1 5 ] – O r x B ,  a n d  S B- 

6 7 4 0 4 2),  a n d  St a y  mi c e  h a v e  t h e  hi g h e st  c orti c o st er o n e  c o n c e ntr a -

ti o n s, a s w ell a s d e m o n str at e r e d u c e d s o ci al i nt er a cti o n (E a cr et et al., 

2 0 1 9 ) i n t h e SI P t e st (St at o n et al., 2 0 1 8 ; S u m m er s et al., 2 0 2 0 ). N ot 

s ur pri si n gl y, s u s c e pti bl e St a y mi c e l e ar n t o fr e q u e nt t h e c e nt er of t h e 

S A M ar e n a, t o a v oi d t h e a g gr e s s or. Aft er 4 d a y s of S A M tr ai ni n g, t h e s e 

a n xi o u s, str e s s- v ul n er a bl e St a y mi c e al s o fr e q u e nt t h e c e nt er of t h e O F 

ar e n a, w hi c h w a s i niti all y s ur pri si n g. C o n v er s el y, E s c a p e mi c e ar e pr o -

p o s e d  t o  b e  str e s s-r e sili e nt,  b e c a u s e  a n xi o g e ni c  dr u g s  ( y o hi m bi n e, 

M K- 1 0 6 4 a n d / or Or x A ) li mit e s c a p e, w hil e a n xi ol yti c tr e at m e nt ( e x er -

ci s e,  Y N T 1 8 5,  a nt al ar mi n)  m a k e s  E s c a p e  f a st er  ( S mit h  et  al.,  2 0 1 6 ; 

Y a e g er et al., 2 0 2 0 , 2 0 2 2 ). T h e y h a v e o nl y m o d er at el y el e v at e d c orti -

c o st er o n e (l e s s t h a n St a y) a n d t h e y e x hi bit e n h a n c e d s o ci al i nt er a cti o n 

i n  t h e  SI P  t e st.  E s c a p e  mi c e  s e e k  e gr e s s  b y  f oll o wi n g  t h e  e d g e  of  t h e 

ar e n a t o t h e t u n n el, a n d t h u s i n t h e O F, t h e s e str e s s-r e sili e nt ( E s c a p e) 

mi c e al s o k e e p cl o s e t o t h e e d g e s. T h u s, str e s s- s u s c e pti bl e a n d -r e sili e nt 

mi c e e x hi bit s ur pri si n g o p e n- v s- e d g e b e h a vi or i n t h e O F, w h e n it f oll o w s 

t h e S A M. Fi n all y, alt h o u g h r e s ult s of t e sti n g pri or t o t h e S A M d o n ot 

pr e di ct  E s c a p e  or  St a y  b e h a vi or  i n  t h e  S A M  ( S mit h  et  al.,  2 0 1 4 ),  t h e 

d ur ati o n of s o ci all y i n d u c e d fr e e zi n g i n t h e O F i s c orr el at e d wit h pri or 

Fi g. 5. Tr e at m e nt s t ar g eti n g Or x r e c e pt or s i n t h e B L A 

pr o m ot e  tr a n sf er  l e ar ni n g  fr o m  t h e  S A M  t o  t h e  O F 

T e st i n St a y mi c e. A) I n t h e S A M, t h e a m o u nt of ti m e 

s p e nt  i n  t h e  c e nt er  of  t h e  ar e n a  i s  n ot  diff er e nt  b e -

t w e e n E s c a p e a n d St a y a ni m al s i n t h e v e hi cl e c o ntr ol 

gr o u p,  b ut  p h e n ot y p e  di v er g e n c e  o c c ur s  aft er  i ntr a- 

B L A  Or x 1 R  a nt a g o ni s m  wit h  St a y  mi c e  s p e n di n g 

m or e ti m e i n t h e c e nt er. F urt h er, E s c a p e mi c e tr e at e d 

wit h a n Or x 2 R a g o ni st di s pl a y i n cr e a s e d ti m e i n t h e 

c e nt er  of  t h e  S A M  ar e n a. B ) W hil e  E s c a p e  a n d  St a y 

v e hi cl e-tr e at e d mi c e di d n ot s h o w diff er e n c e s i n t h e 

a m o u nt  of  ti m e  s p e nt  i n  t h e  c e nt er  of  t h e  O F  T e st, 

i ntr a- B L A Or x1 R a nt a g o ni s m, Or x 2 R a nt a g o ni s m, a n d 

Or x 1 R  Sti m ul ati o n  pr o m pt e d  p h e n ot y p e  s e p ar ati o n 

wit h St a y a ni m al s s p e n di n g m or e ti m e i n t h e c e nt er of 

t h e O F ( P h e n ot y p e Eff e ct, F1, 4 3 = 1 5. 0, p < 0. 0 0 1). C ) 

R e gr e s si o n  a n al y si s  r e v e al e d  a  si g ni fi c a nt  a n d  p o si -

ti v e  r el ati o n s hi p  ( F1, 8 = 1 6. 8,  R 2 = 0. 6 7 8 0, p ≤

0. 0 0 3 4) b et w e e n ti m e s p e nt i n t h e c e nt er of t h e S A M 

a n d ti m e s p e nt i n t h e c e nt er of t h e O F T e st aft er i ntr a- 

B L A  Or x 1 R  a nt a g o ni s m  i n  St a y  a ni m al s,  b ut  n ot  i n 

v e hi cl e-tr e at e d St a y mi c e ( d ott e d gr a y li n e r e pr e s e nt s 

v e hi cl e  c o ntr ol  r e gr e s si o n  li n e,  F 1, 1 2 = 2. 1,  R 2 =

0. 1 6 3 1, p ≥ 0. 1 7 1 2). D ) E x a m pl e s  of  tr a c ki n g  s oft -

w ar e  m a p s  f or  Or x 1 R  a nt a g o ni st-tr e at e d  St a y  mi c e 

t h at  pr ef er  t h e  e d g e s  of  t h e  S A M  a n d  O F  T e st  (t o p) 

a n d  St a y  t h at  ar e  bi a s e d  t o w ar d  t h e  c e nt er  r e gi o n s 

( b ott o m). E ) Si g ni fi c a nt  a n d  p o siti v e  c orr el ati o n s 

e xi st f or ti m e s p e nt i n t h e c e nt er of t h e S A M a n d ti m e 

s p e nt  i n  t h e  c e nt er  of  t h e  O F  T e st  f or  St a y  mi c e 

tr e at e d wit h a n Or x2 R a nt a g o ni st ( F 1, 5 = 1 3. 5, R 2 =

0. 7 2 9 3, p ≤ 0. 0 1 4 4;  d ott e d  gr a y  li n e  r e pr e s e nt s 

v e hi cl e c o ntr ol r e gr e s si o n li n e) or F ) a n Or x 2 R a g o ni st 

( F1, 4 = 4 0. 2,  R 2 = 0. 9 0 9 6, p ≤ 0. 0 0 3 2;  d ott e d  gr a y 

li n e  r e pr e s e nt s  v e hi cl e  c o ntr ol  r e gr e s si o n  li n e). _p ≤

0. 0 5  f o r  c o m p ari s o n s  b et w e e n  p h e n ot y p e s  i n  t h e 

s a m e tr e at m e nt gr o u p; !p ≤ 0. 0 5 f o r c o m p ari s o n s t o 

Or x A -t r e at e d mi c e of t h e s a m e p h e n ot y p e.   

J. D. W. Y a e g er et al.                                                                                                                                                                                                                            
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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 Orx1R or Orx2R 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 Orx1R 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 Orx1R reside predominantly in glutamatergic 
pyramidal cells of the BLA (Fig. 2A F, S5F). Interestingly, while Orx2R 
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 Orx1R and Orx2R 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 

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 Orx2R 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 Orx2R antagonism, and reduced freezing with Orx2R stimulation 
(Fig. 3A and B). Curiously, OrxA treatment, which activates both Orx1R 
and Orx2R, elevated SAM freezing behavior in both Escape and Stay 
mice (Fig. 3A). As Orx1R are expressed at higher levels in the BLA 
compared to Orx2R (Fig. 2D), it is sensible that OrxA treatment would 
disproportionally activate Orx1R over Orx2R. Further, although OF 
freezing is roughly equivalent in vehicle-treated Escape and Stay mice, 
Orx1R antagonism reduced freezing in the OF Test in Escape animals 
(Fig. 3B), perhaps due to this drug s effect on Hcrtr1 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 Orx1R 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 Orx1R or Orx2R 
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 Orx1R stimulation, phenotypic differences are again 
revealed (Figs. S8A, B, C). In the OF, stimulation of Orx1R (OrxA and 
Orx1R 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 
Orx1R and Orx2R in the BLA are mostly distinct. While Orx1R are located 
primarily in glutamatergic neurons, a smaller majority of Orx2R 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 Orx1R inhibition and, alternatively, Orx2R 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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