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BASIC SCIENCE

Individual Differences in Animal Stress Models: Considering Resilience,
Vulnerability, and the Amygdala in Mediating the Effects of Stress and

Conditioned Fear on Sleep
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Sleep Research Laboratory, Department of Pathology and Anatomy, Eastern Virginia Medical School, Norfolk, VA

Study Objectives: To examine the REM sleep response to stress and fearful memories as a potential marker of stress resilience and vulnerability and to
assess the role of the basolateral amygdala (BLA) in mediating the effects of fear memory on sleep.

Methods: Outbred Wistar rats were surgically implanted with electrodes for recording EEG and EMG and with bilateral guide cannulae directed at the BLA.
Data loggers were placed intraperitoneally to record core body temperature. After recovery from surgery, the rats received shock training (ST: 20 footshocks,
0.8 mA, 0.5-s duration, 60-s interstimulus interval) and afterwards received microinjections of the GABAx agonist muscimol (MUS; 1.0 uM) to inactivate BLA
or microinjections of vehicle (VEH) alone. Subsequently, the rats were separated into 4 groups (VEH-vulnerable (VEH-Vul; n = 14), VEH-resilient (VEH-Res;
n = 13), MUS-vulnerable (MUS-Vul; n = 8), and MUS-resilient (MUS-Res; n = 11) based on whether or not REM was decreased, compared to baseline, during
the first 4 h following ST. We then compared sleep, freezing, and the stress response (stress-induced hyperthermia, SIH) across groups to determine the
effects of ST and fearful context re-exposure alone (CTX).

Results: REM was significantly reduced on the ST day in both VEH-Vul and MUS-Vul rats; however, post-ST MUS blocked the reduction in REM on the CTX
day in the MUS-Vul group. The VEH-Res and MUS-Res rats showed similar levels of REM on both ST and CTX days. The effects of post-ST inactivation of
BLA on freezing and SIH were minimal.

Conclusions: Outbred Wistar rats can show significant individual differences in the effects of stress on REM that are mediated by BLA. These differences in

REM can be independent of behavioral fear and the peripheral stress response, and may be an important biomarker of stress resilience and vulnerability.
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Significance

disorders such as posttraumatic stress disorder.

Stress-induced disturbances in sleep have been linked to the development of psychopathology, but have been difficult to examine because of the wide
range of effects that stress can have on sleep as well as differences in responsivity to stress. Here we report individual differences in sleep responses
to an identical stressor and to memories formed during stress, and that the amygdala mediates how stress-related memories impact future sleep. These
findings demonstrate that complex sleep responses to stress and stressful memories as well as their neurobiological bases can be studied in animal
models. This provides the potential for assessing the role of sleep in mediating stress resilience and vulnerability which can provide better models for

INTRODUCTION
In conditioned fear, an association is formed between an explicit
neutral stimulus (generally a light or auditory stimulus) or situ-
ational context and an aversive stimulus (usually footshock).!?
Afterwards, the explicit stimulus or context can evoke fear and
produce behavioral and physiologic outcomes similar to those
produced by the aversive event. Evoking fearful memories can
also produce changes in subsequent sleep that are similar to
those that occur after the initial fearful stressor. These quali-
ties have resulted in fear conditioning becoming one of our
most important experimental models for understanding the
mechanisms underlying posttraumatic stress disorder (PTSD)
as well as of other anxiety disorders.*®

The relative effects of conditioned fear may depend on
the genetic predisposition of individual animals or strains.*!
These differences in stress resilience and vulnerability are
likely very important for models related to PTSD, as only 20%
to 30% of individuals who experience traumatic events de-
velop PTSD, whereas others do not appear to suffer significant
long-lasting effects.'"'> Attempts to develop animal models that
better represent individual differences in clinical populations
have included selecting low and high responders to stressors
in genetically heterogeneous outbred strain rats.':'? Another
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approach is to compare inbred strains, which are genetically
identical within strain but which vary genetically and pheno-
typically across strain, to identify animals that vary in level
of responsiveness to conditioned fear and other stressors. Our
work in mice demonstrated that strains that exhibited greater
anxiety-like behaviors in response to challenges in wakeful-
ness exhibited correspondingly greater and longer duration
alterations in sleep after shock training, and after fearful cues
and contexts.”'* In general, more “anxious” mouse strains
also showed greater decreases in sleep in situations with un-
learned responses including after exposure to an open field,'
after cage change and after novel objects were placed in the
home cage.”” These findings led us to suggest that mouse
strains that have greater emotional responses when faced with
various types of environmental challenges also have greater
reductions in subsequent sleep.'>!5-"7

It should also be noted that the relationship between fear
conditioning and sleep is complex, and that neither fear con-
ditioning nor the stress response are predictive of subsequent
alterations in sleep. For example, extensive training using in-
escapable shock (IS) as the aversive stimulus can result in sig-
nificant reductions in rapid eye movement sleep (REM), and
training with escapable shock (ES) can result in significant
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increases in REM,®!” whereas indices of fear (freezing) and
stress (stress-induced hyperthermia [SIH]) are similar for both
conditions.”® These studies demonstrate that the interpretive
context in which stress is experienced, or the perception of
stress, can be a significant factor in determining post-stress
sleep. In general, however, the relative roles of individual resil-
ience and vulnerability in mediating the effects of conditioned
fear on sleep are poorly understood.

Understanding the neural processes by which fear and stress
can produce directionally different alterations in sleep is likely
key to understanding sleep disturbances in disorders such as
PTSD, which are viewed as arising from abnormal functioning
in the brain’s fear system.”” The amygdala, medial prefrontal
cortex, and hippocampus have established roles in fear con-
ditioning and fear extinction and are central to current con-
cepts of PTSD.? Of these regions, the amygdala, especially
its basolateral nucleus (BLA), has an established role in regu-
lating fear- and stress-induced alterations in sleep, especially
REM sleep, as well as in the acquisition and consolidation
of fear conditioning.**** BLA also appears to play a critical
role determining how fear memories impact sleep. For ex-
ample, administration of antalarmin, a corticotropin releasing
factor antagonist, into BLA of rats prior to shock training
(ST) blocked both ST-induced reductions in REM sleep and
the formation of memories that alter sleep without blocking
fear memory as indicated by contextual freezing.” By com-
parison, global inactivation of BLA with microinjections of the
GABA 4 agonist, muscimol (MUS), prior to ST, blocked the
post-training reduction in REM sleep seen in vehicle treated
rats and attenuated contextual freezing and subsequent reduc-
tions in REM.!® Together, these data indicate that BLA plays a
significant role in regulating the initial effects of stress and fear
on sleep, and in mediating the subsequent effects of fearful
memories.

Several studies have reported stable and robust inter-indi-
vidual differences in anxiety-like behavior in Wistar rats that
have been exploited to examine anxiety-related behavior and
neurobiology,*** as well as to generate high and low anxiety
strains.* High and low anxiety-like behavior on the elevated
plus maze was also positively related to fear conditioned be-
havior and vocalizations.’” As an outbred strain, we have also
noted inter-individual variability in ST-induced and condi-
tioned alterations in sleep and behavior. Over the last few years,
we have noted that a large number of Wistar rats exhibit in-
creased REM in the post-stress and post-context period instead
of the significant decreases our lab'*!*4%4! and others*** have
typically reported for uncontrollable ST. Given the important
linkages between stress-induced alterations in sleep and the
development of psychopathology,***¢ we systematically exam-
ined these differences in the REM response to ST to establish
their consistency and to explore their potential neurobiological
basis. We separated Wistar rats into high-REM and low-REM
responders (as potential models of stress-resistant and stress-
vulnerable individuals), based on REM amounts in the first 4
hours after ST, and examined stress-induced and conditioned
changes in sleep across subgroups. In a subset of animals,
we inactivated BLA with microinjections of MUS immedi-
ately after ST to determine whether it had a role in mediating
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individual differences in ST-induced and conditioned changes
in sleep. Additionally, we recorded core body temperature in
order to assess SIH as an index of the stress response and we
examined behavioral freezing as an index of fear memory.

METHODS

Subjects

The subjects were 46 seventy-day-old Wistar rats obtained
from Harlan Laboratories (Frederick, MD). Upon arrival, the
rats were individually housed in polycarbonate cages and given
ad lib access to food and water. The rooms were kept on a 12:12
light-dark cycle with lights on from 07:00 to 19:00. Light in-
tensity during the light period was 100—110 lux and less than
1 lux during the dark period. Ambient room temperature was
maintained at 24.5 + 0.5 C.

Surgery

Beginning one week following arrival, the rats were anesthe-
tized with isoflurane (5% induction; 2—-3% maintenance) and
implanted with skull screw electrodes for recording their elec-
troencephalogram (EEG), and stainless steel wire electrodes
sutured to the dorsal neck musculature for recording their elec-
tromyogram (EMG). Leads from the recording electrodes were
routed to a 9-pin miniature plug that mated to one attached to
a recording cable. Bilateral guide cannulae (26 g) for micro-
injections into BLA were implanted with their tips aimed 1.0
mm above BLA (A 2.6, ML + 4.8, DV 8.0%7). The recording
plug and cannulae were affixed to the skull with dental acrylic
and stainless steel anchor screws. During the same surgery,
temperature recorders (SubCue Standard Dataloggers, Cana-
dian Analytical Technologies Inc. Calgary, Alberta, Canada)
were implanted intraperitoneally. Ibuprofen (15 mg/kg) was
made available in their water supply for relief of postopera-
tive pain. All procedures were conducted in accordance with
the National Institutes of Health Guide for the Care and Use
of Experimental Animals and were approved by Eastern Vir-
ginia Medical School’s Animal Care and Use Committee
(Protocol # 13-003).

Drugs

MUS (muscimol hydrobromide, S5-aminomethyl-3-hydroxy-
isoxazole) was obtained from Sigma-Aldrich, St. Louis, MO,
USA. It was prepared in pyrogen-free distilled water as a ve-
hicle (VEH; 1.0 pM) and was sonicated for 20 min to ensure
that the drug was dissolved completely. A fresh solution was
prepared for each experimental day.

Procedures
A general outline of the experimental timeline is presented
in Figure 1. All experimental manipulations were conducted
during the fourth hour of the light period, such that sleep re-
cording would begin at the start of the fifth hour. This resulted
in 8 h of light period recording on each experimental day.
Home cages were changed at least 3 days prior to each treat-
ment day. The same room was used for animal housing and
sleep recording. The microinjections and behavioral testing
were conducted in a separate room from that used for recording.
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Sleep Recording

For recording sleep, each animal, in its
home cage, was placed on a rack out-

fitted for electrophysiological recording
and a lightweight, shielded cable was
connected to the miniature plug on the

rat’s head. The cable was attached to a
commutator that permitted free move-

Time Pre-Study Day 1 Day 6 Day 13
Manipulations | surgery, habituation | baseline shock training (ST) Context (CTX)
(cable hookup & —
handling) post-training drug
Data Collected sleep sleep sleep
temperature temperature temperature
freezing (pre shock - | freezing
- 5 minutes) (30 minutes)
Figure 1—Outline of experimental time frame, manipulations and data collection.

ment of the rat within its cage. EEG
and EMG signals were processed by a
Grass, Model 12 polygraph equipped with model 12A5 ampli-
fiers and routed to an A/D board (Model USB-2533, Measure-
ment Computing) housed in a personal computer. The signals
were digitized at 256 Hz and collected in 10 s epochs using the
SleepWave (Biosoft Studio) data collection program.

The rats were allowed a post-surgery recovery period of
14 days prior to beginning the experiment. Once recovered,
the animals were randomly assigned to 1 of 2 groups: MUS
after ST (MUS; n = 19) or VEH after ST (VEH; n = 27) for
studies of its effects on ST and fear. All rats were habituated
to the recording cable and chamber over 3 consecutive days.
Then the rats were habituated to the 5 min handling proce-
dure necessary for microinjections over 2 consecutive days
and a baseline following handling (BH) was recorded on day
1 of study.

Microinjections

For microinjections, injection cannulae (33 g) were secured in
place within the guide cannulae, and projecting 1.0 mm be-
yond the tip of the guide cannulae for delivery of drug into the
target region. The injection cannulae were connected to one
end of a section of polyethylene tubing that had the other end
connected to 5.0 pL Hamilton syringes. The injection cannulae
and tubing were prefilled with the solution to be injected. Once
the cannulae were in place, 0.5 pL of either drug or vehicle was
bilaterally infused over 3 min. The cannulae were left in place
one min pre- and post-injection to allow for maximal absorp-
tion of the solution.

Fear Conditioning
On day 6, animals were subjected to a ST session lasting 30
min. During this procedure, individual rats were placed in
shock chambers (Coulbourn Habitest cages equipped with
grid floors [Model E10-18RF] that were housed in Coulbourn
Isolation Cubicles [Model H10-23]) and were allowed to freely
explore for 5 min. Over the next 20 min, they were presented
with 20 footshocks (0.8 mA, 0.5 s duration) at 1.0-min inter-
vals. Shock was produced by Coulbourn Precision Regulated
Animal Shockers (Model E13-14) and presented via the grid
floor of the shock chamber. Five min after the last shock, the
rats were injected with either MUS or vehicle, as noted above,
then returned to their home cages.

On day 13 (7 days after training), the rats were placed back
in the shock chambers and allowed to explore freely for 30
min (no shock presented) before being returned to their home
cage. This context re-exposure (CTX) was used to test for fear
memory (assessed by behavioral freezing) and for post-expo-
sure alterations in sleep.
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The shock chamber was thoroughly cleaned with diluted
alcohol following each session. Each session was videotaped
using mini video cameras (Weldex, WDH-2500BS, 3.6 mm
lens) attached to the center of the ceiling of the shock chamber
for subsequent visual scoring of freezing.

Data Analyses

Sleep

Computerized EEG and EMG records were visually scored
by trained observers blind to drug condition in 10-s epochs
to determine wakefulness, NREM, and REM. Wakefulness
was scored based on the presence of low-voltage, fast EEG
and high amplitude, tonic EMG levels. NREM was character-
ized by the presence of spindles interspersed with slow waves,
lower muscle tone and no gross body movements. REM was
scored continuously during the presence of low voltage, fast
EEG, theta rhythm, and muscle atonia. Data were collapsed
into two 4-h blocks (Bl and B2) and the total 8-h light pe-
riod. The following sleep parameters were examined in the
data analyses: total NREM (min), total REM (min); total sleep
(REM + NREM), and duration and and number of NREM
and REM episodes (defined as contiguous 10-s epochs of
a given state).

After an initial assessment that revealed 2 distinct sleep
responses after ST and ascertaining that baseline sleep was
not significantly different among groups, the rats were sepa-
rated into 4 groups: VEH-vulnerable (VEH-Vul; n = 14), VEH-
resilient (VEH-Res; n = 13), MUS-vulnerable (MUS-Vul;
n=_8), and MUS-resilient (MUS-Res; n = 11). The groups were
formed based on whether, compared to baseline, individual
rats showed a decrease in REM or either no decrease or an
increase in REM during the first 4 h (B1) following ST. The
designations of vulnerable or resilient were based on accumu-
lating data that REM plays an adaptive role in processing emo-
tional memories (see Discussion for expanded rationale).*8-5
The sleep data were analyzed with 2-way mixed factors (Group
(VEH-Vul; VEH-Res; MUS-Vul; MUS-Res) x Treatment (Bas;
ST; CTX) ANOVAs with repeated measures on Treatment.
The Holm-Sidak method was used to determine differences
among means as appropriate.

Freezing and Core Body Temperature

Videotapes of the ST and CTX sessions were scored for freezing,
defined as the absence of body movement except for respira-
tion.”" Freezing was scored by a trained observer blind to con-
dition in 5-s intervals during 1.0 min observation periods over
the course of the 30 min of the CTX trials. The percentage time
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spent freezing was calculated (FT%: freezing time/observed
time x 100) for each animal for each observation period.

Freezing was scored during the 5-min pre-shock period
to obtain baseline levels prior to ST. Freezing data were ana-
lyzed for the entire 30-min context exposure and compared to
the pre-shock period on the ST day and across groups on the
CTX test day. The freezing data were analyzed with a two-way
mixed factors (Group (VEH-Vul; VEH-Res; MUS-Vul; MUS-
Res) by Treatment (Pre-shock; CTX) ANOVAs with repeated
measures on Treatment.

The Subcue Dataloggers were programmed to record an ani-
mal’s temperature every 15 min over the course of the experi-
ment. To determine the effect of fear and shock on SIH and its
relationship to sleep, temperature data for the time in the shock
chamber and for the first 4 h of the sleep recording period were
compared to the 30-min period immediately prior to ST and
across treatment conditions (ST and CTX). The temperature
data were analyzed with two-way mixed factors (Group (VEH-
Vul; VEH-Res; MUS-Vul; MUS-Res) x Treatment (ST; CTX)
ANOVAs with repeated measures on Treatment. Post hoc com-
parisons were conducted with the Holm-Sidak method.

Histology

To localize the microinjection sites in, brain slices (40 pm) were
made through the amygdala and the sections were mounted on
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slides and stained with cresyl violet. The sections were then
examined in conjunction with a stereotaxic atlas*’ to confirm
cannulae placements. Though there were rostral-caudal varia-
tions in the placements among animals, the histology indicated
that MUS or VEH would have been infused into BLA and ad-
jacent areas in all the rats, and all animals were used in the
data analyses.

RESULTS
Sleep

Rapid Eye Movement Sleep

As indicated in the Methods section, the rats were grouped
based on differences in REM amounts in Bl after ST and the
subsequent analysis compared these groups during baseline,
ST and CTX. The groups did not significantly differ in base-
line REM amounts (Mean + SEM; Dw-Res: 17.2 + 1.8; Dw-Vul:
13.6 = 1.5; Mus-Res: 15.4 £ 2.1; Mus-Vul: 14.1 + 2.4, P = 0.49)
and, because of selection, during Bl of ST, the VEH-Res and
MUS-Res groups showed significantly greater REM than the
VEH-Vul and MUS-Vul groups, and the collective Res and Vul
groups did not differ (Figure 2A). However, on Bl of the CTX
day, REM amount was decreased in the VEH-Vul group com-
pared to that recorded in the VEH-Res (P < 0.001), MUS-Res
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Figure 3—Parameters of non-rapid eye movement sleep after shock training (ST) and context re-exposure (CTX). ST: (A) total NREM; (B) NREM episode
number; (C) average episode duration. CTX: (D) total NREM; (E) NREM episode number; (F) average episode duration. Parameters of non-rapid eye
movement sleep after ST and CTX for the two 4-h blocks (B1, B2) during the 8-h light recording periods in rats receiving distilled water vehicle (VEH) or
muscimol (MUS) microinjected into the basolateral amygdala immediately after ST. VEH-Vul, distilled water-vulnerable; VEH-Res, distilled water-resilient;
MUS-Vul, muscimol-vulnerable; MUS-Res, muscimol-resilient. #P < 0.05 compared to VEH-Res; °P < 0.05 compared to VEH-Vul; °P < 0.05 compared to
MUS-Res; ¢P < 0.05 compared to MUS-Vul.

(P <0.01) and MUS-Vul (P < 0.05) groups, which did not sig-
nificantly differ due to MUS inactivation of BLA blocking the
reduction in REM expected in the MUS-Vul group (Figure 2D).
There were mostly parallel changes in the number of REM epi-
sodes (Figure 2B, 2E) whereas there was no significant altera-
tion in REM episode duration in either ST or CTX (Figure 2C,
2F). In B2, REM amount did not differ between ST and CTX,
and both ST and CTX were greater compared to baseline, but
did not significantly differ among the groups.

Non-Rapid Eye Movement Sleep

The only significant alterations in NREM amounts were found
in comparisons of the VEH-Vul rats to the other groups. NREM
amount was reduced in VEH-Vul rats compared to MUS-Res
(P <0.01) and MUS-Vul (P < 0.01) rats during Bl of both ST
and CTX (Figure 3A, 3D). There also was a significant differ-
ence in NREM episode duration in VEH-Vul rats compared to
MUS-Res (P <0.05) and MUS-Vul (P <0.05) rats during B1 of
both ST (Figure 3C). There were no differences across days, or
any significant differences between the VEH-Res, MUS-Res
or Mus-Vul groups.

Freezing

None of the animals showed freezing during the pre-shock pe-
riod, and all showed freezing during the context re-exposure.
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However, there were no significant differences among the
groups in the amount of freezing behavior exhibited during
re-exposure to the context (Figure 4).

Temperature

We examined temperature 60 minutes prior to ST and CTX
as a baseline. Temperature during this time period did not
vary across groups or days (VEH-Res: ST: 36.73 + 0.10; CTX:
36.75 £ 0.08; VEH-Vul: ST: 36.96 + 0.10; CTX: 36.98 + 0.08;
MUS-Res: ST: 36.73 + 0.10; CTX: 36.85 = 0.06; MUS-Vul: ST:
36.66 + 0.12; CTX: 36.86 = 0.10; data are mean = SEM). Sub-
sequently, we examined temperature in two 15-min periods
during exposure to the shock chamber on the ST and CTX
days and we examined temperature hourly for 4 h on each day
after sleep recording had begun. Each was also compared to
their respective baselines.

Each of the groups showed similar increases in temperature
during both 15-min ST periods, and core body temperature was
greater on ST than on baseline and CTX, and greater on CTX
than on baseline for all groups (Figure 5). On the CTX day, tem-
perature was greater in the VEH-Vul group compared to VEH-
Res (P < 0.001), MUS-Res (P < 0.01), and MUS-Vul (P < 0.05)
for the first 15 minutes in the shock context. Temperature in the
VEH-Res, MUS-Res, and MUS-Vul groups did not differ. There
was no difference among groups for the second 15-min period.

Conditioned Fear and Sleep—Wellman et al.
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Figure 4—Behavioral freezing. Freezing plotted as percentage for the
pre-shock time in the chamber averaged for all rats and for context
re-exposure (CTX) in rats receiving distilled water vehicle (VEH) or
muscimol (MUS) microinjected into the basolateral amygdala after shock
training. VEH-Vul, distilled water-vulnerable; VEH-Res, distilled water-
resilient; MUS-Vul, muscimol-vulnerable; MUS-Res, muscimol-resilient;
*P < 0.05 compared to pre-shock.

For each of the hourly periods, temperature on ST and CTX
were greater than on baseline and ST was greater than on CTX.
There were no significant differences between groups for any
hourly period (Figure 6).

DISCUSSION

This study demonstrated that individual, outbred Wistar strain
rats can show marked differences in post-stress sleep even
though they experienced an identical stressor, and showed
virtually identical stress responses and fear behavior. Differ-
ences were found mainly in REM with some rats showing
marked reductions in post-stress REM and others showing
normal or greater amounts of post-stress REM. Importantly,
the rats showed similar changes in REM to both ST and to
CTX indicating that the respective increases and decreases in
REM were associated with fear memories formed during ST. A
second primary finding of this study was that the BLA plays
a significant role in mediating alterations in sleep associated
with fearful memories and that it can regulate fear-induced
alterations in sleep without altering behavioral fear or the
stress response. This is indicated by the finding that post-ST
inactivation of BLA blocked the reduction in REM expected
following CTX in MUS-Vul animals. Thus, these findings ex-
tend and refine prior work that has focused primarily on the
reduction in REM that occurs after training with inescapable
shock,'>!340-4 but is fully consistent with evidence that stress-
induced alterations in sleep can occur independently of fear
memory (as assessed by freezing) and the stress response (as
assessed by SIH).

Fear Memory, Stress, and Sleep

Greater behavioral freezing in rodents is considered to indi-
cate greater associative learning™ as well as stronger fear re-
actions.’"2%4-56 Sleep has long been thought to play a role in
memory consolidation and several studies have indicated a
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Figure 5—Core body temperature prior to and during the time in the
shock chamber. Body temperature plotted in 15 minute intervals for
the shock training day (ST) and for context re-exposure (CTX) in rats
receiving distilled water vehicle (VEH) or muscimol (MUS) microinjected
into the basolateral amygdala after ST. Pre-Shk/Pre-CTX, 60 min prior
to ST or CTX; B, first 15 min of ST or CTX; B2, second 15 min of ST
or CTX; VEH-Vul, distilled water-vulnerable; VEH-Res, distilled water-
resilient; MUS-Vul, muscimol-vulnerable; MUS-Res, muscimol-resilient.
*P < 0.05 compared to Pre-Shk/Pre/CTX; 2P < 0.05 compared to VEH-
Res; °P < 0.05 compared to MUS-Res; ¢P < 0.05 compared to MUS-Vul.

role for sleep in the consolidation of contextual fear memory
associated with brief or mild fearful experiences™ % (see > for
recent review). However, there is no evidence that sleep is nec-
essary for the formation of contextual fear memory associated
with intensely stressful experiences, such as are modeled by
our experiments. For example, similar freezing is found in both
groups of a yoked escapable and inescapable shock (ES and
IS) paradigm that produces significant differences in REM: IS
significantly reduces REM sleep whereas training with ES can
produce significant increases in REM sleep.'®! In the current
study, there were no significant differences in freezing of rats
that showed significant individual differences in amounts of
REM after ST and CTX.

Both the initial stressor and fearful memories can induce
similar physiological responses including increased body tem-
perature (SIH%¢), HPA activation, and corticosteroid release,
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as well as increases in respiration and heart rate.’ In

this study, we examined SIH as an index of the stress
response. It is rapid and stable across repeated presen-
tations of a stressor.®-%® Psychological SIH persists as
long as psychologically stressful situations last,” and it
has a time course that parallels that of HPA activation.”"
As with prior studies, we found similar SIH responses
occurring in rats with either decreases or increases in
post-stress REM.”> Thus, similar to freezing, SIH does
not predict subsequent changes in sleep’™ and did not dis-
tinguish between rats that showed post-stress increases or
decreases in REM.

There was only one significant group difference in SIH.
In the first 15 min of re-exposure to the shock context,
temperature in the VEH-Vul rats was elevated over that
in the VEH-Res, MUS-Res and MUS-Vul groups, which
did not differ. This suggests that the stress response may
have been slightly reduced in the two Res groups, and
also the possibility that MUS inactivation of BLA may
have attenuated the initial stress response in the MUS-
Vul group. However, SIH did not differ across groups in
the second 15 min in the shock context, and the apparent
elevation in the VEH-Vul rats did not reach significance
for any of the hourly intervals. Thus, there were only
minimal differences between groups with respect to STH
and further work would be required to determine whether
the slight difference in temperature on re-exposure to
CTX has functional significance.

The Amygdala as a Regulator of Stress- and Fear-Induced

Alterations in Sleep

The relationship between fear memory and sleep is com-
plex. For example, blocking the formation of contextual
fear memory that produces behavioral freezing also
blocks fear memory that alters sleep.”” Additionally, in-
creased REM and normalization of sleep is associated
with extinction of contextual fear arising from extensive
fear training.” However, as discussed above, behavioral
fear can be dissociated from subsequent sleep based on
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Figure 6—Core body temperature. Body temperature plotted hourly for four
hours after shock training and after context re-exposure (CTX) in rats receiving
distilled water vehicle (VEH) or muscimol (MUS) microinjected into the
basolateral amygdala after ST. Pre-Shk/Pre-CTX, 60 min prior to ST or CTX;
H1-4, hourly average for 4 hours after ST or CTX; VEH-Vul, distilled water-
vulnerable; VEH-Res, distilled water-resilient; MUS-Vul, muscimol-vulnerable;
MUS-Res, muscimol-resilient. *P < 0.05 compared to Pre-Shk/Pre-CTX. There
were no differences among groups.

stressor controllability’®!® and neurobiologically such

as with microinjections of antalarmin into BLA of rats
prior to ST which blocked both ST-induced reductions in REM
sleep and the formation of memories that alter sleep without
affecting freezing.”® The current work extends the evidence for
potential dissociation to include individual differences in the
sleep response to fear training.

Subsequent freezing in the shock context also did not ap-
pear to be altered by post-ST inactivation of BLA in either
the MUS-Res or MUS-Vul rats. This indicates that consoli-
dation of memory for behavioral fear was not interrupted by
inactivating BLA. Overtraining can overcome the effects of
BLA lesions on contextual fear,*7® indicating that circuitry
outside BLA can be involved in contextual fear under some
circumstances, though pre-training lesions of BLA have been
reported to impair acquisition with up to 25 training trials.”
Thus, it seems likely that the moderately extensive training
paradigm (with respect to number of trials) we used engaged
other regions involved with memory of contextual fear, and
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was sufficient to produce consolidation of fear memory even
with post-ST inactivation of BLA. However, the current work
does point to BLA as a critical region for mediating the ef-
fects of fear memory on subsequent sleep, though other brain
regions may mediate behavioral fear upon re-exposure to the
shock context.

Consistent with prior studies, the primary effect of ST was
on REM and the changes in NREM were minimal. The only
significant change in NREM we observed were increases rela-
tive to the VEH-Vul rats in the MUS-Res and MUS-Vul rats
on the ST and CTX days. This suggests that inactivation of
BLA may have produced a modest increase in NREM. This
suggestion is supported by findings that bilateral electrolytic
and chemical lesions of BLA increased NREM and total sleep
time without altering REM in rats,”” and that bilateral chemical
lesions of the amygdala in chair-restrained Rhesus monkeys
produced more consolidated sleep.”® However, the effect was
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small and the data do not allow unequivocal conclusions to be
drawn. Indeed, across studies, changes in NREM have been
more variable with some strains showing increases and some
showing overall decreases compared to handling controls.”

The current work also suggests that BLA plays a role in me-
diating individual differences in the effects of stressful memo-
ries on sleep. That is, although the VEH-Res and MUS-Res
rats showed similar sleep on the ST and CTX days, post-stress
inactivation of BLA significantly attenuated the reduction in
REM expected in the MUS-Vul group. The fact that REM was
high or at least at baseline levels in the MUS-Res and DW-Res
animals after both ST and CTX suggests that reduced activity
in BLA may normally be associated with increased or normal-
ized sleep after stress. Consistent with this suggestion is our
recent finding that optogenetic inhibition of glutamatergic neu-
rons in BLA during the presentation of footshock can block
subsequent reductions in REM, again without significantly
altering freezing or SIH (unpublished data). Thus, BLA may
be an important target for understanding the effects of stress-
related pathology on sleep.

Conditioned Fear, Sleep, and Models of Psychopathology
PTSD is characterized by a pathological activation of fear sys-
tems® that is thought to arise from fear learning associated with
a traumatic event.” As such, experimental fear conditioning
would seem to be a natural model for examining processes that
can lead to PTSD and other stress-related mental disturbances.
However, it also is important to note that fear conditioning nor-
mally underlies adaptive behavior that is easily extinguished,
and that only a percentage of individuals who experience trau-
matic stress develop PTSD.®*8 Thus, fear conditioning based
on brief stressful experiences, as typically examined in the
literature, is unlikely to produce pathological processes. Even
strong stressors may produce variable outcomes across animals
given differences in individual resilience and vulnerability.
Our work suggests that standard measures used to measure
fear (freezing) and stress responses (SIH) are not predictive
of different post-stress neurobehavioral outcomes including
post-stress sleep. Together, these lines of evidence indicate that
conceptions of fear memory and fear circuitry will need to be
significantly refined if they are to provide insight into the role
of conditioned fear in psychopathology, which almost always
involves aberrant sleep.

REM sleep figures prominently in hypotheses regarding the
processing of emotion including proposals that it functions in
“decoupling” memory from its emotional charge*® and in the
processing of traumatic memories.*>° However, the altera-
tions in REM associated with PTSD have not been clearly de-
lineated. Indeed, there have been various reports of reduced,
normal, enhanced, and fragmented REM sleep following
trauma.”” Mellman et al.**>° have made the point that studies
conducted months, years or even decades after the traumatic
event may be influenced by factors not related to the develop-
ment of PTSD and have recently suggested® that PTSD may
be associated with initial trauma-induced reductions in REM
followed by increases over time as secondary processes pro-
mote REM in ways that may benefit recovery. However, based
on positive correlations of REM amounts with fear recall in
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human subjects, others have suggested that REM sleep depri-
vation be considered as a means to attenuate fear memory as-
sociated with distressing events.?’

These contradictory ideas regarding the role of REM sleep
in the processing of memory and emotion illustrate that de-
lineating the relationship between PTSD and sleep is critical,
both for understanding the etiology of PTSD and the way that
sleep may play into treatments of the disorder. Additionally,
our data indicate that actual fear memory, as typically defined,
is independent of REM. However, REM may well play a role in
mediating the emotional processes regulating subsequent ap-
propriate or inappropriate engagement of fear, including fear
generalization and resistance to extinction. These conceptual
differences point out the need to distinguish adaptive from
non-adaptive responses to fearful and stressful events and to
establish the role of sleep in processing emotion associated
with memories of each. These efforts need to go beyond simply
describing sleep across various stress paradigms as the out-
comes can be impacted by stressor parameters that alter how
stress is perceived as well as by differences in vulnerability
and resilience of the subject pool. Useful insight into the com-
plex relationship between stress, stress-related learning and
sleep are thus unlikely without considering contextual and ge-
netic factors that can impact the perception of stress.

Experimental Design and Interpretation

Wistar rats are an outbred strain and as such we have noted
occasional outliers in responses to conditioned fear training in
our paradigm. This is particularly true as we have reduced the
number of ST sessions to meet the requirements of additional
experimental manipulations. However, over the last few years,
the number of animals showing increased REM after ST and
fearful contexts has dramatically increased. Other investiga-
tors have also recently reported increases in REM in Wistar
rats after relatively intense sessions of inescapable shock.®
Whether these difference are due to genetic drift in the supply
colonies or simply a sampling variance is not known. However,
the present results demonstrate that the Wistar strain contains
distinct phenotypes with respect to sleep outcomes of stress
and stressful memories.

The rats were separated into groups based on changes in REM
after ST, and this limits our conclusions regarding the potential
functional difference between high and low levels of post-stress
REM and the relevance of REM for adaptive coping. However,
a positive role for post-stress increases in REM is supported
by indications that REM plays a role in adaptive processing of
emotional learning and memories,*®* its increase after control-
lable stress,'®! and the fact that REM is increased after fear
extinction relative to animals that continue to show fear* (it is
worth noting that REM-related pontine wave activity may be
critical for extinction®). Additionally, post-stress increases in
sleep have been reported for a variety of stressors (avoidable
footshock %% restraint,®” % water maze, novel object,'™**"!
open field,'*' cage change'®®' and social stress’**) not linked
to enduring psychopathology thereby suggesting that increased
post-stress REM sleep is normal after many mild to moderately
challenging situations. It should be noted however that the na-
ture of sleep in the immediate aftermath of traumatic stress in
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humans is virtually unknown. Nevertheless, disrupted sleep
both before and after significant stress is implicated in stress-
related pathology,**%** and continued sleep disturbances have
been suggested to be a hallmark symptom of PTSD.*!

Developing methods to predict prior to training, perhaps
via performance on an elevated plus maze*>* or other be-
havioral method designed to assess anxiety, which rats will
show increases and which will show decreases in REM after
ST and fearful contexts could increase the ability to exploit
individual differences as an experimental variable. However,
as has been noted in other experimental contexts,” the payoff
for considering differences in the responses of individual ani-
mals will likely be significantly increased validity for models
related to PTSD.

CONCLUSION

The data demonstrate that outbred rats can show significant
individual differences in post-stress sleep that are independent
of behavioral markers of fear and activation of the peripheral
stress system. The differences in sleep and evidence that REM
is involved in the processing of emotional memories suggest
that post-stress REM may be a useful biomarker of resilience
and vulnerability that may enable improved animals models of
PTSD and anxiety disorders. These data also suggest that the
BLA may play a role in regulating differences in sleep, and that
individual differences in amygdalar functioning may be a sig-
nificant factor in resilience and vulnerability to stress. Further
work is needed to clearly delineate the association of increased
or decreased REM in adaptive or non-adaptive stress outcomes,
and the role that the amygdala may play in mediating them.
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