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Abstract

Identifying the neurobiological mechanisms that underlie differential sensitivity to stress is critical
for understanding the development and expression of stress-induced disorders, such as post-
traumatic stress disorder (PTSD). Preclinical studies have suggested that rodents display different
phenotypes associated with extinction of Pavlovian conditioned fear responses, with some rodent
populations being resistant to extinction. An emerging literature also suggests a role for orexins in
the consolidation processes associated with fear learning and extinction. To examine the
possibility that the orexin system might be involved in individual differences in fear extinction, we
used a Pavlovian conditioning paradigm in outbred Long-Evans rats. Rats showed significant
variability in the extinction of cue-conditioned freezing and extinction recall, and animals were
divided into groups based on their extinction profiles based on a median split of percent freezing
behavior during repeated exposure to the conditioned cue. Animals resistant to extinction (high
freezers) showed more freezing during repeated cue presentations during the within trial and
between trial extinction sessions compared with the group showing significant extinction (low
freezers), although there were no differences between these groups in freezing upon return to the
conditioned context or during the conditioning session. Following the extinction recall session,
activation of orexin neurons was determined using dual label immunohistochemistry for cFos in
orexin positive neurons in the hypothalamus. Individual differences in the extinction of cue
conditioned fear were associated with differential activation of hypothalamic orexin neurons.
Animals showing poor extinction of cue-induced freezing (high freezers) had significantly greater
percentage of orexin neurons with Fos in the medial hypothalamus than animals displaying
significant extinction and good extinction recall (low freezers). Further, the freezing during
extinction learning was positively correlated with the percentage of activated orexin neurons in
both the lateral and medial hypothalamic regions. No differences in the overall density of orexin
neurons or Fos activation were seen between extinction phenotypes. Although correlative, our
results support other studies implicating a role of the orexinergic system in regulating extinction of
conditioned responses to threat.
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1.0 Introduction

The formation of aversive memories following exposure to stressful or harmful stimuli is a
natural and necessary process for survival. However, when fear memories take on excessive
salience or extinction of learned fear is dysregulated, trauma or stress-related disorders, such
as post-traumatic stress disorder (PTSD), can manifest. While somewhere between 50 and
84% of the general population will experience a traumatic event, most individuals are
resilient to these stressors, and estimates suggest that somewhere around 10% of the
population will go on to develop PTSD [1-4]. This suggests that there are individual
neurobehavioral differences that contribute to either resiliency from or susceptibility to the
long-term negative effects of stress. Animal models of fear extinction have emerged as a
tenable way to understand the neurobiological, genetic, and epigenetic mechanisms that
drive individual differences in risk and resilience following traumatic stress [5, 6]. Moreover,
PTSD patients show impaired fear extinction learning and retention responses (see [5-9] for
review), and emerging evidence suggests that individual differences in extinction of learned
fear may predict susceptibility to stress disorders such as PTSD [10, 11].

Preclinical studies have described an analogous variability in extinction learning and recall
among rodents [6, 12-17], making them a potentially useful model for examining the
individual neurobiological differences that may underlie susceptibility to long term
consequences of traumatic stress. In fear conditioning procedures animals are conditioned
by pairing a neutral stimulus, such as a tone (the conditioned stimulus or CS) with an
aversive stimulus such as a footshock (the US or unconditioned stimulus). The pairing of the
CS and US enables both the context and the CS (the tone), even when the CS is presented in
a novel context, to elicit a defensive response such as freezing [18]. Repeated re-exposure to
the context or the CS in the absence of the US results in the extinction of the response [19].
A variety of studies have demonstrated key roles for plasticity in the amygdala,
hippocampus and prefrontal cortex in driving these conditioned fear and extinction
responses [5, 18, 19]. Moreover, studies suggest that extinction learning involves distinct
neuronal populations and signaling processes from the original learning of the contextual or
cue-conditioned responses [20, 21], and extinction of contextual or cued fear responses
appears to involve prefrontal-amygdalar and prefrontal-hippocampal circuits (see [19, 22,
23)).

Another system that has emerged as an additional modulator of not only arousal and
attention, but fear learning and extinction, is the orexin system [24-29]. The orexin/
hypocretin family of neuropeptides were discovered in the late 1990s [30, 31] and has a
well-established role as a physiological integrator in the control of sleeping and homeostatic
regulation, as well as attention, arousal, and stress responses [25, 26, 32—-35]). Two peptides,
orexinA/hypocretinl [OxA] and orexinB/hypocretin2 [OxB] are produced by the
preproorexin gene, and act on two G protein-coupled receptors. The orexin/hypocretin 1
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receptor [Ox1R/HcrtR1] is selective for OxA, while the orexin 2 receptor [Ox2R/HcrtR2]
binds both OxA and OxB with high affinity [31]. Although restricted to the hypothalamus,
orexin neurons have extensive projections throughout the central nervous system [36] and
orexin receptors are found throughout the brain [26, 37-39]). Orexin projections are
particularly dense to several brain regions known to be critical in fear learning and
extinction, including the locus coeruleus (LC), amygdala, prefrontal cortex (PFC), and
paraventricular thalamus (PVT) [36]. Orexin neurons also receive afferent projections from
many of these same brain regions, in addition to projections from the brainstem [40, 41].

Several lines of evidence implicate orexins and orexin receptors in the threat circuit in
mediating defensive responses in unconditioned behavioral tasks, as well as serving a
modulatory role in the consolidation of fear memories and fear extinction. Activation of
these neurons and orexin effects, however, seems to be more associated with stressors that
induce arousal and attentional processes associated with environmental stimuli [42-44].
Administration of orexins or optogenetic stimulation of these neurons produce defensive
responses or anxiogenic effects in several tasks [45-51]. Studies examining expression of
immediate early genes, such as cfos, have demonstrated that orexin neurons are activated by
anxiety-related or threat stimuli, or anxiogenic drugs such as FG-7142 or caffeine [25, 52,
53]. Acute unconditioned stressors [27, 33, 42, 54-57], as well as chronic unpredictable
stress [58] and sodium lactate infusions that precipitate a panic-like state [59] induce
activation of orexinergic neurons particularly in the dorsomedial or perifornical [60]
hypothalamic regions. Activation of orexin neurons following exposure to a conditioned
context has been seen in some, but not all studies [27, 42, 55], and extinction training with
repeated exposures to the conditioned context or cues also activates orexin neurons [24, 61].
Pharmacological studies suggest that administration of OXA attenuates fear extinction [24],
while orexin receptor antagonists or orexin receptor genetic ablation block the consolidation
of fear learning and accelerate fear extinction [24, 26, 28, 29]. These studies have also
demonstrated unique roles for Ox1 and Ox2 receptors in different brain areas in these
processes [26]). Individual differences in expression of preproorexin mRNA following
footshock are also correlated with freezing during re-exposure to the conditioned context,
and these changes in preproorexin gene expression are more pronounced in animals that
show enhanced response to novel sound cues after footshock stress [27]. Human studies
have also demonstrated amygdalar orexin release is associated with emotional arousal [62].

Therefore, the aim of this study was to determine if there are correlations between activation
of orexin neurons in the hypothalamus, and individual differences in extinction learning or
recall. Using outbred Long-Evans rats, we examined neuronal activation using cfos (Fos)
protein expression in OxA-positive neurons of the hypothalamus associated with individual
differences in extinction of cue-induced conditioned freezing. Our results indicate animals
showing poor extinction learning and recall (high freezers) had significantly more activation
of orexin neurons in the medial hypothalamus than low freezers, suggesting that greater
orexinergic activity is associated with resistance to fear memory extinction. Our results add
to a growing literature suggesting the orexin system represents a target for understanding the
neurobiological underpinnings of the individual differences in fear extinction, as well as
susceptibility to the long term consequences of traumatic stress.
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2.0 Methods

2.1 Subjects

Adult male Long Evans rats (175-200g; Harlan, Indianapolis, IN) were singly housed and
maintained on a 12-hour light dark cycle (lights on at 7 AM) with ad /ibitum access to food
and water. After arrival in the vivarium, animals were habituated to daily handling for at
least one week before the experiment. All procedures were approved by the University of
South Carolina Institutional Animal Care and Use Committee. Twenty-three animals were
tested in two cadres to provide tissue for immunohistochemical processing. Animals were
tested in a cylindrical chamber for unconditioned freezing and other behaviors one week
prior to fear conditioning (data not shown).

2.2 Fear Conditioning and Extinction

For examining conditioned fear and extinction, a protocol modified from Likhtik et al.
(2008) was used [63]. For acquisition of conditioned fear, male Long-Evans rats (N=23)
were placed in a shock box (Context A; Med Associates, Inc) within a sound-attenuating
box containing a ventilation fan and a house light. Unconditioned freezing was recorded for
3 minutes. Rats were then conditioned with three 10 second tones (80 dB, 2 KHz) co-
terminating with a 1 mA foot shock (1 sec) presented at 60 second intervals. The shock box
chamber was cleaned with mild (7%) ammonium hydroxide solution between animals. On
day two (24 hours post-acquisition) rats were returned to the shock box (Context A) for 8
minutes without tone or shock for assessing context-conditioned freezing. On day 3 (48
hours post-acquisition) to assess cue-conditioned freezing and extinction learning, animals
were placed in a completely different context in a sound-attenuated box in a separate testing
room (Context B) that consisted of a clear Plexiglas bowl with distinct visual and olfactory
cues (20 pL lemon extract) compared to the conditioning context A, and context B was
cleaned with 70% ethanol between animals (rather than ammonium hydroxide). After
assessing unconditioned freezing in context B for 3 minutes, rats were presented with twenty
10 second tones (80 dB, 2 KHz) at 60 second intervals. This long trial of cue presentations
was used to assess cue-conditioned freezing and within trial extinction of cue-induced fear
behaviors [63]. On day 5 (96 hours post-acquisition) animals were again placed in Context B
and presented with an additional twenty 10 second tones to assess extinction recall. In all
trials, freezing behavior was assessed in one minute bins using Freezescan software
(CleverSys, Inc, Reston VA), and parameters were set to detect freezing as the absence of
movement other than breathing. Data are presented as the percent of freezing during each
one minute bin, beginning at the initiation of each 10 second tone in trials having an
auditory stimulus (trials A, C, and D). Thus, the data represent freezing during the entire
trial, not just during the tone presentations.

2.3 Immunohistochemistry

Two hours after the start of the extinction recall trial, animals were deeply anesthetized using
isoflurane (5%) inhalation. This time point was selected as optimal for seeing changes in Fos
protein and assessing neuronal activation following a challenge [64]. Rats were
transcardially perfused with ice cold 0.1M phosphate buffered followed by 4%
paraformaldehyde in 0.1M phosphate buffer (pH 7.4). Brains were removed from the skulls
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and post-fixed for 24 hours in 4% paraformaldehyde. Brains were transferred to 15%
sucrose in 0.1M phosphate buffer and stored at 4°C until sectioning. Coronal brains sections
(45um) were cut on a microtome (Microm, Waldorf, Germany) and stored in anti-freezing
solution (30% sucrose/30% ethylene glycol in 0.1M phosphate buffer) at —20°C until
processing for immunohistochemistry.

Dual label immunohistochemistry for Fos and OxA was used to determine neuronal
activation in orexinergic neurons in sections from hypothalamus as described previously
[65]. Sections were washed in Tris-buffered saline prior to free-floating
immunohistochemical processing. Two hypothalamic sections from each brain within each
cadre of rats were processed together. Sections were agitated with rabbit anti-Fos antibody
(1:8000; Millipore, Billerica, MA), followed by biotinylated donkey anti-rabbit secondary
antibody (1:1000; Jackson ImmunoResearch, Inc, West Grove, PA) and horseradish
peroxidase (HRP)-streptavidin (1:1600; Jackson ImmunoResearch, Inc). Labeling was
visualized using nickel/cobalt-enhanced diaminobenzidine (DAB) to produce a blue-black
precipitate confined to the nucleus of Fos immunoreactive neurons. For visualizing Fos in
orexin neurons, sections were then incubated with goat anti-OxA antibody (1:1000; Santa
Cruz, Dallas, TX), followed by unlabeled donkey anti-goat secondary antibody (1:200;
Jackson ImmunoResearch, Inc) and goat peroxidase anti-peroxidase (1:250; Jackson
ImmunoResearch, Inc). Labeling was visualized with DAB to produce a brown precipitate in
OrexinA immunoreactive neurons.

Analysis of cell counts was done using a number code for animals to insure the investigator
was blinded to the animal’s treatment group. All sections were viewed at 10X-40X
magnification under brightfield illumination (Nikon, Melville, NY). Images were acquired
using a digital camera and immunoreactivity was quantified using Neurolucida MicroBright
Field System (MBF Biosciences, Williston, VT). The number of Fos-positive, orexin A-
positive, and dual labelled neurons were counted in two rostrocaudal sections of the lateral
and medial hypothalamic regions defined by a vertical line bisecting the fornix as described
in previous publications (see Figure 2; Bregma -2.80mm to —3.30mm) [65, 66]. Since the
perifornical area is considered a transition zone between the medial and lateral
hypothalamus it was not counted as a distinct region. Two sections from similar anterior-
posterior planes were analyzed per hypothalamus, and counts from right and left of all
sections/subregion within the hypothalamus were averaged for each animal. Results are
expressed as average density of Fos positive, orexin positive, and dual-labeled neurons in the
medial and lateral banks of hypothalamic orexin neurons based on area (mm?2) of each
subregion, as well as the percentage of orexin A-positive neurons containing Fos (total
number of dual labeled neurons divided by total number of orexin A positive neurons).

2.4 Statistical Analyses

Freezing during each trial was analyzed as percent freezing in each one-minute bin,
objectively calculated by the FreezeScan software (Clever Sys, Inc, Reston VA). For
reliability and scientific rigor, data were collected from two separate cadres of rats run at
separate times during the year, and data were grouped for final analysis. Analysis of the
behavioral data in the 23 animals during the extinction trial suggested that the data were not
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normally distributed (Shapiro-Wilk normality test, P<0.004). A frequency distribution
analyzing the average percent freezing during the last 10 tone presentations of the first
extinction trial suggested distinct groups of subjects within the population, similar to
differences in extinction learning/recall seen by other groups [12, 13]. Therefore, for
analysis purposes, animals were divided into high and low freezers based on a median split
of the average percent freezing duration during the last 10 minutes of the cue trial (within
trial extinction) on day 3 of the protocol. This extinction learning trial was chosen (rather
than extinction recall) for the median split since it will permit comparison of changes
immediately following extinction learning (after the cue trial) in future studies, as well as
extinction recall (in present study), using the same method of segregating the animals based
on extinction behaviors. Animals with an average freezing duration greater than the median
(23%) during this period were classified as high freezers (poor extinction), while animals
with an average freezing duration less than the median during this period were classified as
low freezers (good extinction). Freezing behavior during each trial was recorded as percent
freezing per one minute time bin and high and low freezers were compared by one-way
analysis of variance (ANOVA; high versus low freezing) with repeated measures. If main
effects were seen in ANOVA, comparisons at each time bin were done using a post-hoc
Bonferroni analysis. Densities of Fos+, orexin+, and dual-labeled neurons in the lateral
versus medial hypothalamus, and percentage of activated orexin neurons, were compared in
high and low freezers using a one-way ANOVA (high versus low freezers) with subregion as
a repeated measure, with Bonferroni post-hoc analyses to determine the source of main
effects. Average freezing behaviors during separate trials (acquisition, context exposure, cue
presentation, and extinction recall) were correlated with densities of Fos+, orexin+, and
dual-labeled neurons in the lateral and medial hypothalamus to assess the overall
relationship between neuronal activation and freezing behaviors. All significance levels were
set to P<0.05.

3.0 Results

3.1 Individual Differences in Fear Extinction

As seen by others in rat strains [12, 13, 17], Long Evans rats showed significant individual
differences in the extinction of cue-conditioned freezing. For analysis purposes, animals
were divided into high and low freezing groups based on a median split of the average
percent freezing observed during the last 10 minutes of the cue (within trial extinction)
session. Using this distribution, Figure 1 shows percent freezing during acquisition (a),
context re-exposure (b), cue re-exposure (c) and extinction recall (d) trials in high and low
freezing groups. Overall, high freezers showed significantly more freezing behavior than low
freezers during cue exposure (panel ¢; F[1,462]=70.5; p<0.0001). Both groups showed
significant changes in freezing behavior over time (F[22,462]=36.1; p<0.0001), and a
significant interaction (F[22,462]=6.9; p<0.0001) was detected by 2-way repeated measures
ANOVA. Post-hoc Bonferroni analysis indicated high and low groups started to diverge
significantly after the presentation of the third tone (time bin 7) until the end of the trial.
Similar differences were seen in freezing behaviors between high and low freezers during
the extinction recall trial (panel d), with high freezers expressing significantly more freezing
behavior in response to cue presentation than low freezers (F[1,420]=14.3; p<0.005). Two-
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way repeated measures ANOVA also detected a significant change in freezing over time
(F[20,420]=9.1; p<0.0001) and a significant interaction (F[20,420]=4.19; p<0.0001) for the
extinction recall trial. Post-hoc analysis indicated freezing in high and low groups differed
significantly in response to tones 2-9; the response to the first tone was not statistically
different due to large variations particularly in the low freezing group (see Figure 1d).
Although significant differences were seen in extinction of cue-induced freezing and
extinction recall in high and low freezing groups, no significant group differences were
detected in freezing behaviors during acquisition of cue-conditioned fear (panel a) or context
re-exposure to the conditioning context (panel b). Two-way ANOVA did detect significant
changes in freezing behaviors over time during both acquisition (F[5,105]=47.7; p<0.0001)
and context re-exposure (F[7,147]=11.7; p<0.0001) trials. In addition, the first three minutes
of the cue trial in the novel arena (Context B) did not show any difference between these
groups in unconditioned freezing responses (F[1,42] = 0.24, p=0.63 for group difference).

3.2 Individual differences in Neuronal Activation

Dual-label immunohistochemistry was used to examine neuronal activation of OxA positive
neurons in medial and lateral hypothalamus after extinction recall in animals showing high
or low freezing during the last 10 tones of extinction training (cue trial, day 3). There was a
high correlation (r=0.71, R2 =0.5, P=0.0002) between freezing during the last ten tones of
extinction training (cue trial) and the first 10 tones of extinction recall. High freezers had a
significantly higher percentage of Fos-labeled OxA-positive neurons in the medial
hypothalamus, as compared to low freezers (Figure 2a). ANOVA showed that there was
significant main effect of group (high versus low freezers; F[1,21]=8.43; p<0.009) and
subregion (F[1,21]=117; p<0.0001), as well as an interaction (F[1,1]=10.6; p<0.0004). Post-
hoc Bonferroni analysis indicated that the percent of orexin neurons with Fos differed
between high and low groups in the medial but not lateral hypothalamus. In addition, the
percentage of Fos-labeled OxA-positive neurons was positively correlated with percent
freezing behavior during the last 10 minutes of the cue trial in both the medial (r=0.53;
R2=0.29; p<0.01) and lateral (r=0.45; R2=0.21; p<0.05) hypothalamic regions (Figure 2b).
The density of dual Fos+/OxA+ neurons was also positively correlated with percent freezing
behavior during the last 10 minutes of the cue trial in both the medial (r=0.51; R2=0.26;
p<0.05) and lateral (r=0.53; R2=0.28; p<0.01) hypothalamic regions (data not shown). In the
medial region, there was also a correlation of the density of dual labeled Fos-OxA neurons
with freezing during the first five tones of extinction recall (r=0.43, R?=0.19; P=0.04), but
this was not significant in the lateral hypothalamus (r=0.35, R2=0.12; P=0.10). Neither
overall Fos density (Figure 2c; F[1,21]=2.2; p=0.16 for high-low comparison) nor overall
orexin neuron density (Figure 2d; F[1,21]=1.6; p<0.22 for high-low comparison) were
significantly different in high and low freezing animals in either subregion region. The
density of Fos+ neurons was greater in the medial compared to the lateral hypothalamus
(F[1,21]=168; p<0.0001), but there was no difference in the density of OxA+ neurons
between the two subregions (F[1,21]=3.34; p=0.08). Although there was no difference
between the number of OxA+ neurons between high and low freezers in lateral (289+15
versus 270+18) or medial (349+27 versus 319+36) hypothalamus (F[1,21]=0.7, P=0.42),
there were more total OxA+ neurons in medial than lateral subregions (F[1,21]=8.7,
P=0.007). Representative photomicrographs showing dual Fos- and OxA-positive staining in
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the medial and lateral regions of the hypothalamus in low (Figure 2e) and high freezers
(Figure 2f), and an enlargement (Figure 2g) showing single labeled Fos neurons (white
arrows), single labeled OxA neurons (black arrows), and dual labeled Fos/OxA neurons
(gray arrows).

4. 0 Discussion

Like other rodent studies, we show Long-Evans rats extinguish cue conditioned fear at
variable rates, and we demonstrate that these individual differences in the extinction of cue
conditioned fear are associated with differential activation of hypothalamic orexin neurons.
Animals showing poor extinction of cue-induced freezing (high freezers) had a significantly
greater percentage of orexin neurons with Fos in the medial hypothalamus than animals
displaying significant extinction and good extinction recall (low freezers). Further, the
percent of freezing during extinction learning was positively correlated with the percentage
of activated orexin neurons in both the lateral and medial hypothalamic regions. Although
correlative, our results support other studies implicating a role of the orexinergic system in
regulating extinction of conditioned responses to threat [24, 26, 61]. These individual
differences appear to be related to differential extinction learning and recall processes, since
the groups with distinct extinction learning profiles showed similar acquisition of fear
learning, similar contextual fear responses, and similar freezing during the initial cue
presentations.

Individual differences in fear extinction have been seen in outbred rats or mice, animals
selectively breed for fear behaviors, and between inbred strains of rodents (see [6] for
review). Quirk and colleagues showed a bimodal distribution in extinction recall, with high
fear animals showing greater freezing during recall (50-60%) as opposed to <50% freezing
in the low fear group [14, 15]. Similarly, Herry et al. (2004) showed low and high recovery
groups during extinction recall, although these animals did not show differences in
extinction learning [16]. LeDoux and colleagues demonstrated a similar level of variation in
outbred Sprague Dawley rats, with a divergence during extinction training and recall [12,
17]. In their initial study they used the top 20 percent and lower 20 percent as cutoffs for
their reactivity groups, but subsequent evaluation using a Latent Class Growth Analysis
(LCGA) yielded three groups of rats characterized as rapidly extinguishing, slow
extinguishing, and failing to extinguish [12, 17]. A comparison of the extinction curves
during twenty tone presentations during extinction learning in these two studies look
remarkably like our data with Long Evans rats, with the Failure to Extinguish group
representing ~10% of their population appearing highly analogous to our “high freezers”
[17]. Another comparison using Long Evans rats by Shumake et al. (2014) indicated their
robust learners were freezing 25% or less during extinction recall, while poor learners were
freezing 75% or more [13]. These results are similarly analogous to ours, although we
utilized a simple median split (at ~23% freezing) rather than freezing cutoffs for defining
groups, and used the last cue presentations during extinction learning rather than recall [13].
Our results appear quite similar to these previous studies, since rats showed differences
during extinction learning and recall, but not in acquisition of learned fear or contextually-
conditioned freezing. The study by Shumake and colleagues (2014) indicated these innate
differences were moderately heritable and associated with the level of ultrasonic
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vocalizations during acquisition [13]. This could suggest that vocalizations will provide a
unique method of identifying extinction resistant phenotypes before extinction trials, but that
remains to be determined.

Several previous studies have also demonstrated that variable levels of extinction learning
and recall are associated with differences in neuronal activation using immediate early genes
(IEG) and neuronal responses, particularly in the prefrontal cortex and amygdala. In general
these studies demonstrate that impaired extinction is associated with decreased IEG
expression in the infralimbic prefrontal cortex as well as regions of the amygdala, including
the lateral, basolateral, and lateral central nuclei and some of the intercalated cell clusters.
Other regions, such as the prelimbic cortex are hyper-activated in animals with poor
extinction [6, 16, 67-69]. Further, animals with different fear phenotypes during extinction
recall also show physiological differences in the prelimbic or infralimbic cortex [14-16].
Although our studies did not demonstrate an overall difference in Fos activation in the
medial or lateral hypothalamus (Figure 2c), we instead found a differential activation of a
specific neuronal population, namely orexin neurons, associated with variability in
extinction learning and recall. Further, given the fact that less than 30% of the orexin
neurons in the region were dual-labeled with Fos following this extinction trial, this may
have diminished our ability to detect an overall increase in Fos density if the other, non-
orexinergic populations were not differentially activated during extinction recall, as orexin
neurons comprise only a minority of neurons in this area. It is also possible that low freezers
have higher neuronal activation in another neuronal population than high freezers, such as
the neurotensin/corticotropin releasing factor (CRF) phenotype that are distinct from orexin
positive neurons, yielding no net change in overall Fos density.

Other studies using Fos as a marker of neuronal activation have indicated orexinergic
neurons in the hypothalamus are activated by various types of anxiety-related or threat
stimuli, and especially following procedures such as extinction or habituation that reduce
conditioned fear. Acute unconditioned stressors including novelty, restraint, immobilization,
cold, and footshock [27, 33, 42, 54-57], as well as chronic unpredictable stress [58],
anxiety-provoking drugs [52], and sodium lactate infusions that induce a panic-like state
[59] show activation of orexin neurons, particularly in the dorsomedial or perifornical (PeF)
hypothalamic regions (but see [42]). The discrepancies might be due to differences between
mice and rats, and/or differences in the length and intensity of the stressor. Some studies
have demonstrated activation of orexin neurons in the medial hypothalamus, as well as
increased OxA in the cerebrospinal fluid, following exposure to a fearful context [27, 42],
although other studies have failed to see activation of orexin neurons associated with
exposure to a conditioned context [55]. In addition, the study by Chen and colleagues (2014)
showed similar increases in Fos activation of orexin neurons in the dorsomedial, but not
lateral, hypothalamus after exposure to both the conditioned context and a novel chamber. A
recent report also showed that orexin neurons in the dorsomedial and PeF, but not lateral,
hypothalamus were activated during suppression of freezing behavior induced by both
extinction training with repeated cue presentations and habituation to the unconditioned
stimulus, which in this case was a loud (120 dB) white noise burst [61]. Similarly, orexin
neurons in both the lateral hypothalamus and the dorsomedial-PeF regions were increased
after repeated exposure to the context during extinction trials; interestingly more activation
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was seen with higher numbers of extinction trials (2 versus 5) [24]. Our studies similarly
demonstrate that orexin neurons are activated after an extinction trial, although we saw
higher levels of activation in animals that were resistant to extinction and showed enhanced
freezing responses despite repeated cue presentations. This may have been related to
differences in cued versus context extinction processes, or a different pattern of extinction
training, since our studies used longer extinction trials with more within trial presentations
of the cue. Others, however have demonstrated that contextual fear conditioning with a
robust shock paradigm enhances the expression of preproorexin mRNA for at least 14 days,
and that this increase is correlated with freezing in the context. Furthermore, the increase in
preproorexin mRNA is seen in a population of rats that freezes significantly more to a novel
sound stimulus (high responders) compared to low responders to the novel tone, or non-
shocked controls [27]. Like our studies, this suggests that divergent changes in the orexin
system may be associated with individual differences in freezing behaviors in response to
tones (either novel or conditioned).

Studies suggest that functional subdivisions within the orexin neurons of the hypothalamus,
particularly in the medial-lateral dimension, may mediate the diverse array of
neurobiological phenomena associated with this neuropeptide system [32]. For example, the
lateral hypothalamic orexin neurons preferentially regulate reward and motivated behaviors,
including food and drug seeking behaviors, while the PeF-dorsomedial orexin neurons
respond during stress and arousal functions [70, 71]. Thus, cues associated with drugs or
food reward, or reinstatement of drug or alcohol seeking behaviors, significantly increased
Fos accumulation in orexin neurons of the lateral hypothalamus, but cause little change in
dorsomedial regions [66, 70, 72—76]. Further, both context-induced reinstatement of alcohol
seeking, and home-cage ethanol preference, were correlated with the activation of orexin
neurons in the lateral hypothalamus and PeF regions; interestingly the amount of cue-
induced reinstatement of alcohol seeking was not correlated with activation of orexin
neurons in the hypothalamus [72]. Orexin neurons in the dorsomedial and/or PeF regions of
the hypothalamus are preferentially activated during active periods [76] and by various types
of anxiety-related or threat stimuli, including unconditioned acute stressors [27, 42, 54-56],
chronic stressors [58], sodium lactate infusions [59], anxiogenic drugs [52], or conditioned
stimuli [27, 42, 61]. Further, many of these pharmacological and activation studies suggest
that orexin neurons, particularly in the dorsomedial hypothalamus, respond preferentially to
stressors that induce responses associated with arousal and attentional processes toward
salient cues in the environment [42]). Like Furlong et al. (2016,) our results suggested the
greatest difference in activation of orexinergic neurons associated with our extinction recall
phenotypes was seen in the medial portions of the hypothalamus, although significant
correlations between freezing behavior and neuron activation were seen in both the medial
and lateral portions of the hypothalamus. Extinction of sucrose conditioned responding was
also associated with activation in the dorsomedial and PeF regions of the hypothalamus [77],
but extinction to the context activated the dorsomedial-PeF and lateral subregions of the
hypothalamic orexin neurons [24]. Thus, this proposed functional segregation may not be
absolute as suggested by the positive correlation between freezing behavior during the
extinction trial and neuronal activation of orexin neurons in the lateral region, but it may be
related to extinction processes engaging not only stress-arousal brain areas but also
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brainstem nuclei receiving projections from lateral hypothalamic areas. Similarly,
correlations between Fos activation of orexin neurons in the dorsomedial region was
correlated with context-induced reinstatement of alcohol seeking, but not home-cage ethanol
preference [72]. In addition, since the PeF segment seems to be the transition zone it does
not appear that further segregation of the activation into three (rather than two) subregions
would have altered our results. Moreover, studies in humans examining orexin release in the
amygdala using microdialysis suggested that orexin release was associated with transitions
in emotional state, not just “arousal” per se [62].

Studies suggest that activation of the orexin system promotes behavioral, endocrine and
autonomic responses associated with both conditioned and unconditioned forms of stress,
and these effects may be more pronounced with familiar stressors [59, 78]. Administration
of OxA or OxB i.c.v. induced stress-like behavioral responses including locomotion, face
washing or chewing, grooming, rearing, freezing, and burrowing, as well as increased
release of corticosterone [33, 47, 50, 57, 79], activation of CRF-containing neurons of the
paraventricular nucleus and central amygdala [56], and cardiovascular responses associated
with sympathetic activation [43]. Intracerebroventricular administration of OxA or OxB also
decreased startle responses, but did not alter light-potentiated startle responses, suggesting
that orexins may increase alarm, arousal or alerting responses, while decreasing
unconditioned behavioral responses [80]. In fact, i.c.v. administration of OxA, but not OxB,
attenuated extinction during repeated exposure to either the conditioned context or cues [24].
Our results similarly suggest that activation of orexin neurons, presumably enhancing orexin
release in key brain sites, could be attenuating extinction processes in our poor extinguishing
(high freezing) rats.

Pharmacological, lesion or genetic ablation studies also suggest that the orexin system
regulates distinct physiological and behavioral aspects of conditioning processes, with a
greater role for Ox1R in the consolidation of cued fear learning and extinction, while both
Ox1 and Ox2 receptor systems affect contextual fear learning [24, 26, 29]. Large neurotoxic
lesions of the PeF hypothalamus attenuated contextually conditioned freezing, ultrasonic
vocalizations (USVs), and cardiovascular (heart rate and blood pressure) changes, but not
the responses to restraint stress [81]; unfortunately these studies were confounded somewhat
by the loss of both orexin and melanin concentrating hormone (MCH) neurons in this
region. In addition, Ox1R knockout mice showed reduced freezing during acquisition and
expression of both cue and context dependent conditioning [24, 28], as well as decreases in
neuronal activation in the LC and lateral amygdala [28], while Ox2R knockout mice only
showed deficits in contextual fear responses [28]. Differences were not seen in USVs in
these knockout animals [28], suggesting a divergent regulation of distinct physiological and
behavioral aspects of conditioning processes, as well as differential regulation of Ox1 and
Ox2 receptor systems in conditioning processes associated with cues versus context. In
support of this, systemic administration of the dual Ox1R/Ox2R antagonist almorexant
decreased some cardiovascular measures, but not the behavioral freezing or USVs,
associated with contextual fear and locomotion in a novel environment, and did not alter
measures associated with restraint or cold stress [42]. Acute administration of almorexant
also decreased fear-potentiated startle, but not baseline startle [82], although chronic (3
week) administration of the dual antagonist attenuated generalized avoidance behavior but
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not avoidance to the similar, conditioned environment [83]. Studies using the Ox1R
antagonist SB334867 demonstrated that administration prior to training, but not post-
training or pre-testing, reduced cue-conditioned freezing [29]. In contrast, post-training
administration of SB334867 given immediately, but not four hours, after training decreased
both contextual and cued fear responses [24]. Although post-training administration of the
OX2R antagonist TCS OX2 29 reduced contextual fear responses [24], no effects of
selective Ox2R antagonists are seen in cued fear responses [24, 29], reinforcing the distinct
regulation via OX1R, but not OX2R, in cued fear learning. More relevant to our current
results, administration of SB334867, but not TCS OX2 29, immediately after extinction
trials accelerated extinction to both the context and cues in mice, and similar effects of the
Ox1R antagonist were seen in a strain of extinction resistant mice (11291/svimj) [24].
Administration of SB334867 similarly impaired both acquisition and extinction in an
appetitive conditioning protocol. Interestingly, the antagonist given before the initial
extinction trial failed to affect behavior during the extinction learning phase, but impaired
extinction recall during the second trial, further suggesting a role of OX1 receptors in
consolidation of extinction learning with appetitive cues [84]. Taken together with neuronal
activation of orexin neurons (see above), these results suggest that the orexin system is
engaged during consolidation of conditioned fear responses, as well as extinction learning,
and that cued fear learning and extinction rely more on orexin actions via the OX1R system.
Future pharmacological intervention studies will be needed to determine if orexins or orexin
antagonists can modulate the extinction phenotypes in Long Evans rats.

Although we found correlations between activation of orexin neurons and freezing behavior
during extinction training or recall, the specific role of orexinergic neurons in extinction
learning processes will require additional studies. Evidence suggests the orexin system
participates in behavioral responding during high arousal, aversive situations, since orexin
neurotransmission is associated with stressors and administration of orexin can induce a
variety of stress-like behavioral and physiological effects [25, 33, 85]. Thus activation of
these neurons may merely reflect the behavioral output itself, and differing levels of activity
versus freezing during the twenty minute extinction recall session. This is indeed a
possibility, since single unit recording studies of orexin neurons in freely moving animals
indicate that firing rates are elevated by exploration, grooming, and (to a lesser degree)
sound stimuli [44]. However, since all animals are exposed to the same twenty tones, and
more active behaviors (i.e., less freezing) were correlated with less neuronal activation, our
results are not likely a reflection of the behavioral output alone. It is similarly unlikely that
activation of orexin neurons just induces freezing, since administration of OxA or OxB
increased face washing, grooming, and burrowing behaviors (e.g., active behaviors) rather
than freezing [50, 76], although injections into the PVT can induce freezing in certain
contexts [47] and increased freezing during a defensive burying task induced by sodium
lactate infusion (which activates orexin neurons) could be attenuated by SB334867 in the
BNST [59]. Alternatively, the differential activation of orexin neurons may be a consequence
of the presumably higher level of stress responses in animals showing poor extinction, and
high freezing behaviors. Orexinergic neurons are contacted by CRF terminals in asymmetric,
presumably excitatory synapses, and perfusion of hypothalamic slices with CRF depolarizes
orexin neurons and enhances firing rates [54]. The neuronal activation of orexin neurons by
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restraint or footshock stress is also ablated in CRF receptorl knockout mice [54]. Thus,
activation of orexin neurons could be indirectly related to the activation of the HPA axis, but
that will require further studies.

Since the behavioral effects of orexin activation appear to be threat-specific [42, 43, 80, 81],
orexin influences on freezing during extinction are likely to depend on actions in distinct
brain regions and might contribute to the individual differences in extinction observed in our
study. Presumably acting via OX1R, the heightened orexin activity might regulate extinction
learning or expression via projections to multiple sites known to be key in the fear extinction
circuit, such as the amygdala, prefrontal cortex, basal forebrain cholinergic system, PVT, or
brainstem nuclei such as the LC. Conversely, orexin neurons also have reciprocal
connections with regions like the amygdala that could serve to activate them during
extinction trials and act as a feedback loop [41]. This would be supported by studies in
humans showing that narcoleptics with cataplexy (and therefore reduced orexinergic
activity), have reduced aversive conditioning responses accompanied by reduced amygdalar
activity and attenuated amygdala-PFC coupling during conditioning [86]. Two elegant
studies have implicated orexin projections to the LC, acting via Ox1R to excite
noradrenergic projections to the lateral amygdala, in the consolidation of cued threat
learning [28, 29]. Studies examining differential Fos activation during early (trial 2) and late
(trial 5) extinction following SB334867 administration also implicated orexin effects in the
infralimbic PFC and basolateral amygdala [24], and microinjection of SB334867 into the
basolateral amygdala, but not the infralimbic cortex or dorsal hippocampus, accelerated
extinction learning to the context [24]. The ability of both OxA and OxB to depolarize and
induce bursting in neurons of the medial central amygdala, an output region for conditioned
fear responses, also suggests direct orexin effects mediated via Ox2 receptors could
influence freezing behaviors [87]. However, it is also possible that orexin activity might
facilitate arousal or attentional processes associated with extinction learning/recall,
particularly in response to a cue [25]. These attentional effects might be mediated via orexin
effects in the basal forebrain cholinergic system, or direct modulation of attentional
processes in regions like the prefrontal cortex [25]. OxB activates basal forebrain cholinergic
neurons [88], and cholinergic regulation influences both consolidation of fear memories and
extinction [89]. OxA injections into the basal forebrain or the PFC enhance acetylcholine
release in the PFC, and either intrabasalis or i.c.v. Ox A attenuates deficits in attentional
processes [25, 90-93]. Systemic and intrabasalis inhibition of Ox1 receptors disrupts
attentional performance [94]. Further, antagonists of the OX1, but not OX2 receptor,
decrease firing and reduce the power of gamma oscillations of putative pyramidal neurons in
the prelimbic prefrontal cortex, suggesting a direct effect of orexins in regulating activity
and potentially synchronous activity of the prefrontal cortex in attentional processes [95].
Although the PVT receives very dense orexin projections, and Ox1R antagonists in the PVT
can prevent stress induced increases in hypothalamic Fos activation with stressors [96],
microinjection of a dual orexin receptor antagonist into the PVT has no effect on either cue
or context conditioned freezing behavior [97]. Thus, the exact nature and neurobiological
effects of orexin activation in mediating these individual differences in fear extinction will
require additional more mechanistic studies aimed at these distinct brain regions.
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A better understanding of individual differences extinction learning and recall has
implications for a variety of anxiety disorders, but particularly PTSD and panic disorders
[26, 71, 85]. PTSD is characterized by four symptom clusters, including re-experiencing,
avoidance, negative cognitions and mood, and arousal/reactivity. Re-experiencing refers to
having spontaneous memories, recurrent dreams, or flashbacks of the traumatic event, or
psychological or physical distress associated with cues related to the event, suggesting fear
learning and extinction may provide a useful model for understanding the risk and resilience
factors for PTSD. While somewhere between 50 and 84% of the general population will
experience a traumatic event, most individuals are resilient to these stressors, and estimates
suggest that somewhere around 10% of the population will go on to develop PTSD [1-4].
Moreover, PTSD patients show impaired fear extinction learning and retention responses
(see [5-9] for review) and emerging evidence suggests that individual differences in
extinction of learned fear may predict susceptibility to PTSD. In a study of Dutch soldiers,
reduced extinction learning prior to deployment was associated with increased PTSD
symptom severity after returning home [10]. Similar results were seen in a study of
firefighters, with reduced extinction learning in cadets associated with more severe PTSD
symptoms after 24 months of active duty [11]. In addition, studies have demonstrated low
OxA levels in cerebrospinal fluid and plasma in PTSD patients compared to normal controls,
and a negative association between orexin concentrations and more severe symptoms in
these combat veterans with PTSD [98]. In contrast, panic patients with anxiety symptoms
show elevated CSF orexin concentrations [59]. The positive correlation between CSF and
blood levels of orexin suggest this may also serve as a biomarker for these disorders [98].

Conclusions

Long-Evans rats exhibit distinct phenotypes in cued fear extinction that are associated with
differential activation of hypothalamic orexin neurons. Animals showing poor extinction of
cue-induced freezing had significantly greater activation of orexin neurons in the medial
hypothalamus than animals displaying significant extinction. Further, freezing during
extinction learning was positively correlated with the percentage of activated orexin neurons
in both the lateral and medial hypothalamic regions. Although correlative, our results
support other studies implicating a role of the orexin system in regulating extinction of
conditioned responses to threat. An enhanced understanding of the role of orexins and their
receptors in individual differences in fear extinction may provide novel insights into the
neurobiological underpinnings of risk or resilience to traumatic stress, and offer new
pharmacologic targets for PTSD or panic disorders.
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Highlights
. Outbred rats show individual differences in cued fear extinction
. Orexin neurons in the medial hypothalamus are activated during fear
extinction
. Greater activation of orexin neurons in hypothalamus is correlated with

freezing during fear extinction
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Acquisition of Conditioning Cue-Conditioned Freezing
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Figure 1.
Individual differences in freezing behavior during fear conditioning and extinction. Animals

were divided into high and low freezing groups based on a median split of the mean percent
freezing during the last ten tone presentations during the extinction learning trial. High (poor
extinction) and low (normal extinction) freezing groups show no differences in percent
freezing during acquisition of conditioned fear (a) or context re-exposure (b). During the
within-trial extinction test (c), high and low freezers showed similar freezing to the initial
three tone presentations (at arrows), indicating similar cue-conditioned freezing, but high
freezers had significantly higher percent freezing than low freezers for subsequent tones
indicating divergent within trial extinction. During the extinction recall test forty-eight hours
later (d), high freezers still showed significantly higher percent freezing than low freezers
during the initial tones. Tone presentations are represented by the arrows. Mean £ S.E.M of
N= 11 low freezers and N=12 high freezers, in a total group of 23 rats. * indicates P<0.05.
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Activation of orexin neurons in the lateral and medial regions of the hypothalamus in high
and low freezers. (a) High freezers with poor extinction recall had a significantly greater
percentage of orexin A positive neurons expressing Fos in the medial hypothalamus than low

freezers. (b) Mean percent freezing during the last ten tone presentations of within trial

extinction was positively correlated with the density of dual labelled neurons in both the

lateral and medial regions of the hypothalamus. No overall differences in Fos positive

neuron density (c) or orexin A positive neuron density (d) between high and low freezers
were observed. Representative photomicrographs showing Fos and orexin A
immunoreactivity in the perifornical region of the hypothalamus in low (e) and high (f)
freezers (20X; scale bar=100 microns) and high magnification (40X) of Fos positive (white
arrows), orexin A positive (black arrows) and dual labelled neurons (gray arrows) in the
medial hypothalamus. Dotted line represents the level of the fornix, separating medial and

lateral hypothalamus. * indicates P<0.05.
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