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Group Il metabotropic glutamate receptor activation in the
basolateral amygdala mediates individual differences in stress-
induced changes in rapid eye movement sleep
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Abstract

Group Il metabotropic glutamate receptors (mGIuR2/3s) have been implicated in stress and trauma
related disorders including post-traumatic stress disorder (PTSD). PTSD is characterized by
flashbacks, anxiety, and sleep disturbances. While many people are exposed to trauma in their
lifetime, only a small percentage go on to develop PTSD, indicating individual differences in
stress and emotional processing. Wistar strain rats display directionally different rapid-eye
movement sleep (REM) responses to footshock stress, with resilient rats having no change or an
increase in REM and vulnerable rats having a significant reduction in REM compared to baseline.
The basolateral nucleus of the amygdala (BLA\) is key in regulating individual differences in
stress-induced alterations in sleep. Group 1l metabotropic glutamate receptors (mGIuR2/3s)
negatively modulate glutamate and are implicated in fear, fear memory, and sleep. The current
study evaluated the effect of mGIuR2/3 agonist LY 379268 (LY37) in BLA on stress and fear
memory induced changes in sleep, EEG spectra, behavioral fear expression and physiological
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stress. These data indicate that vulnerable rats treated with LY 37 have an attenuation of the REM
reductions generally seen in vulnerable rats. Furthermore, LY 37 altered EEG spectra in the delta
and theta frequency. LY 37 did not impact behavioral fear expression or physiological stress.
Therefore, mGIuR2/3s within BLA are implicated in regulating individual differences in sleep
responses to fear- and stress-related memories.

Keywords

Group Il metabotropic glutamate receptor; basolateral amygdala; REM sleep; PTSD; stress
resilience and vulnerability

1. Introduction

Post-traumatic stress disorder (PTSD) is a stress and trauma related disorder characterized
by flashbacks, hypervigilance, nightmares and sleep disturbances, and it is thought to arise
from impairments in fear neurocircuitry (American Psychiatric Association, 2013).
However, only a small percentage of those who experience or witness a traumatic event go
on to develop PTSD, indicating individual differences in how stress is processed. Attempts
to increase the validity of PTSD models include separating animals into resilient and
vulnerable categories based on directionally different responses to stressors. Several studies
have demonstrated individual differences in stress responses in rats (Dulka et al., 2015; Pfau
& Russo, 2015; Rana et al., 2016; Sweis et al., 2013); for example, rats bred for a low
novelty response were more sensitive to chronic unpredictable mild stress measured by
suppressed feeding behavior (Rana et al., 2016). Outbred, Wistar strain rats display variable
responses to the elevated plus maze, a behavioral measure of anxiety, with one subset of rats
spending more time in the open arms, suggesting resilience, and the other subset spending
more time in the closed arms, suggesting vulnerability (Rao & Sadananda, 2016). These
findings suggest that understanding individual differences in behavioral responses to fear,
fear memories and stress in animal models may provide insight into the factors underlying
stress-and trauma-related disorders in humans.

Experimental conditioned fear is one of the primary models used for studying fear memory
and disorders related to impaired fear circuitry. In contextual fear conditioning, an
association is formed between a situational context and an aversive stimulus, usually
footshock (Davis, 1992). Afterwards, the fear context alone can evoke fear and produce
behavioral and physiological outcomes similar to those produced by the original aversive
stimulus. Changes in sleep can be fear conditioned: fearful memories can produce changes
in subsequent sleep, especially rapid-eye movement sleep (REM), that are similar to those
following the initial aversive stimulus (Sanford et al., 2003; Tang et al., 2005; Wellman et al.
2008, 2014). These changes are important as REM has been implicated in emotional
processing and is known to be disrupted or fragmented in PTSD (Mellman et al., 2002).
Outbred, Wistar strain rats display directionally different REM responses to identical
stressors, with resilient rats having an increase or no change in REM compared to baseline
and vulnerable rats exhibiting significant decreases in REM compared to baseline following
footshock training (Sweeten et al., 2019; Wellman et al., 2017, 2018). When re-exposed to
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the fear context, vulnerable rats continue to exhibit significant reductions in REM compared
to baseline sleep, while resilient animals have similar REM levels across experimental days
(Wellman et al., 2016, 2017). The individual differences seen in this outbred strain may
better model the variability in post-stress sleep and fear processing seen in the human
population and provide insights into the factors that regulate stress resiliency and
vulnerability.

The amygdala, a key region of the fear circuit, exhibits hyperactivity in patients with PTSD
and during fear conditioning (Greco & Liberzon, 2016). Specifically, the basolateral nucleus
of the amygdala (BLA) has been implicated in the acquisition, expression and extinction of
fear learning (Davis, 1992). BLA regulates stress-induced changes in REM as inhibition of
BLA with muscimol, a GABAA receptor agonist, prior to footshock training blocks stress-
induced changes in REM and the expression of behavioral fear, measured by freezing
behavior (Wellman et al., 2014). BLA mediates individual differences in fear conditioned
REM responses as inhibition of BLA after footshock training (Wellman et al., 2016) and
prior to context re-exposure (Wellman et al., 2017) attenuates fear memory-induced
decreases in REM in vulnerable rats while freezing behavior and increases in core body
temperature (stress-induced hyperthermia (SIH), a measure of physiological stress (Olivier
et al., 2003)) remain similar across both vulnerable and resilient groups. However, the
signaling processes and/or molecular mechanisms in BLA that regulate these differences in
REM are not well understood.

Glutamate is the primary excitatory neurotransmitter in the central nervous system (CNS)
and glutamate hyper-excitability is implicated in PTSD and other anxiety and stress-and
trauma-related disorders (Cortese & Phan, 2005). Metabotropic glutamate receptors
(mGIuRs) regulate glutamate signaling in the CNS, and specifically group Il mGIuRs
(mGIuR2/3s) negatively modulate glutamate neurotransmission pre-and post-synaptically
(Conn & Pin, 1997). Group Il mGIuRs are highly expressed in regions implicated in PTSD
including the amygdala, hippocampus and prefrontal cortex (Muly et al., 2007). While group
Il mGIuRs have been implicated in anxiety-based disorders, their possible role in regulating
individual differences in processing stress has not been examined. Furthermore, glutamate
also plays a central role in regulating sleep and arousal. Systemic administration of the
group Il mGIuR agonist, LY379268 (LY37), results in a dose-dependent suppression of
REM, while systemic administration of the group Il mGIuR antagonist, LY 341495 (LY 34)
increases arousal (Feinberg et al., 2002). Microinjection of mGIuR 2/3 agonist LY 37 into
BLA dose-dependently decreases REM without altering non-rapid eye movement sleep
(NREM) or total sleep, while mGluR2/3 antagonist LY 34 suppresses NREM and total sleep
(Dong et al., 2012). However, microinjection of either mGIluR2/3 agonist LY 37 or
mGIuR2/3 antagonist LY 34 into the central nucleus of the amygdala (CNA), the primary
output nucleus of the amygdala, did not impact sleep (Dong et al., 2012). To date, it is
unknown how glutamate signaling is involved in regulating individual differences in fear or
fear memory induced changes in sleep.

In this study, we microinjected mGIuR 2/3 agonist LY 37 into BLA of Wistar rats prior to
fear context re-exposure and evaluated sleep, EEG spectra, freezing, and core body
temperature to assess SIH. Our goal was to determine whether activation of group Il
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mGIuRs in BLA is important for mediating individual differences in fear memory recall as
measured by behavior, the stress response and sleep.

2. Materials and Methods

2.1 Animal Procedures

The subjects were 43, ninety-day-old, male Wistar strain rats obtained from Envigo
laboratories (Dublin, VA). Upon arrival, the rats were individually housed in polycarbonate
cages and given ad /ib access to food and water. The rooms were kept on a 12:12-h light/
dark cycle with lights on from 0700-1900 h. Light intensity 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. All experimental manipulations were conducted during the 4 h
of the light period such that sleep recording would begin at the start of the 51 h. This
resulted in 8 h of light period recording and 12 h of dark period recording for a total of 20 h
on each experimental day. Home cages were changed at least 3 days prior to sleep recording
or behavioral testing. The same room was used for animal housing and sleep recording.
Behavioral testing was conducted in a separate room from that used for recording.

2.2 Surgery

One week following arrival, the rats were anesthetized with isoflurane (5% induction: 2-3%
maintenance). The rats were then implanted with skull screw electrodes for recording their
electroencephalogram (EEG) and stainless-steel wire electrodes were sutured to the dorsal
neck musculature for recording their electromyogram (EMG). One of the skull screw
electrodes was placed over the hippocampus which we have found produces pronounced
EEG theta activity during REM. Leads from the recording electrodes were routed to a 9-pin
miniature plug that mated to one attached to a recording cable. Bilateral cannulae (26 ga.)
for microinjections into BLA were implanted with their tips aimed 1.0 mm above BLA (AP
2.6, ML *+ 4.8, DV 8.0) (Paxinos & Watson, 1998). The recording plug and cannulae were
affixed to the skull with dental acrylic and stainless-steel anchor screws. During the same
surgery, animals were implanted intraperitoneally with SubCue Standard Dataloggers
(Canadian Analytical Technologies Inc., Calgary, Alberta, Canada) for recording of body
temperature at 15 min intervals during study. Ibuprofen (15 mg/kg) was made available in
their water supply 24-48 h prior to surgery and for a minimum of 72 h after surgery for
relief of post-operative pain. Animals were assigned to drug or vehicle groups immediately
following their 14-day recovery period. 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 Virginia Medical School’s Institutional Animal Care and Use
Committee (Protocol # 16-002).

2.3 Microinjections

LY 37 was obtained from Tocris. A 1.0 nM solution was prepared in sterile PBS and
sonicated for 30 min to ensure that the drug was dissolved completely. The drug dosage was
determined based on our previous work (Dong et al., 2012); as this dose did not impact total
REM.. A fresh solution was prepared for each experimental day.
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For microinjections, injection cannulae (33ga.) were secured in place within the guide
cannulae and projected 1.0 mm beyond 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 which was connected to 5.0 pL Hamilton syringes. The injection
cannulae and tubing were prefilled with LY37 or vehicle alone. Once the cannulae were in
place, 0.5 pL of LY37 or vehicle was bilaterally infused over 3 min. The cannulae were left
in place one min pre- and post-injection to allow for maximal absorption of the solution.
Following microinjections, rats were returned to their home room for 30 minutes.

2.4 Sleep Recording

For recording sleep, each animal, in its home cage, was placed on a rack outfitted 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
movement of the rat within its cage. EEG and EMG signals were processed by a Grass
Model 12 polygraph equipped with model 12A5 amplifiers and routed to an A/D board
(Model USB-2533, Measurement 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 at
least 14 days prior to the beginning of experiments. Once recovered, the rats were habituated
to handling procedures necessary for microinjections and the sleep recording cable over 3
days and baseline sleep (Base) was recorded on the 4t day.

2.5 Fear Conditioning

On experimental day 1, 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
intervals. Shock was produced by Coulbourn Precision Regulated Animal Shockers (Model
E13-14) and presented via the grid floor of the shock chamber. Five minutes following the
last shock, animals were returned to their home cage for sleep recording. The shock training
session (ST) lasted 30 minutes.

On experimental day 7, rats were microinjected as described above. They were then allowed
to freely explore the shock chamber for 30 min without shock presentation then returned to
their home cage for subsequent sleep recording. This context re-exposure (CTX) was used to
test for the effects of fear memory recall on immediate behavior (assessed by freezing), the
physiological stress response as indicated by SIH and post-exposure alterations in sleep.

The shock chambers were 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 behavior.
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2.6 Data Analysis

2.6.1 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, and tonic EMG levels. NREM was characterized 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 15t 4 h of sleep (B1), the total 8 h light period (light), the 12
h dark period (dark), and total 20 h recording. The following sleep parameters were
examined in the data analyses: total REM (min), total NREM (min) and total sleep (REM +
NREM) (min).

Subsequent to assignment to drug or vehicle groups immediately following recovery from
surgery, the rats were further separated into 4 groups based on distinct sleep responses after
ST: vehicle-vulnerable (Veh-Vul; n=11), vehicle-resilient (Veh-Res; n=15), LY37-vulnerable
(LY37-Vul; n=7), and LY37-resilient (LY37-Res; n=10). The groups were formed based on
whether, compared to baseline (Base), the rats showed a 50% or greater decrease in REM
during B1 following ST (Wellman et al., 2016). The sleep data were analyzed with two-way
mixed factors (Treatment (MVeh-Vul; Veh-Res; LY 37-Vul; LY 37-Res) X Condition (Base; ST;
CTX)) ANOVAs with repeated measures on Treatment. The Tukey method was used to
determine differences among means as appropriate. Statistical power was evaluated and
reached a minimum of 0.8 for all reported comparisons. P-values < 0.05 were considered
significant.

2.6.2 EEG Spectral Analysis—EEG spectra were analyzed using a fast Fourier
transformation (FFT) algorithm and subsequently sorted by frequency in 0.5 Hz bins from 0
to 20 Hz and normalized to the total power within 0 — 20 Hz for each hour. Five 4 h blocks
(B1-B5) were compared across groups to analyze the entire 20 h sleep recording time. The
power values in the spectrum of 5-9.5 Hz were summed as an index of relative theta power
(6) during REM, and power values between 0.5-4.5 Hz were summed as an index of relative
delta power (8) during NREM. The power values per h were then averaged within B1-B5.
EEG spectra data were analyzed with a two-way mixed factor (Treatment (\Veh-Vul; \eh-
Res; LY37-Vul; LY37-Res) X Condition (Base; ST; CTX)) ANOVAs with repeated
measures on Treatment. The Tukey method was used to determine differences among means
as appropriate.

2.6.3 Freezing—Videotapes of the ST and CTX sessions were scored for freezing,
defined as the absence of body movement except for respiration (Blanchard & Blanchard,
1969). Freezing was scored by a trained observer blind to condition in 5 s intervals during
1.0 min observation periods over the course of the 5 min pre-ST period (to obtain baseline),
5 min post-ST period and the 30 min of CTX which was separated into three 10 min blocks.
The percentage of time spent freezing was calculated (FT%: freezing time/observed time x
100) for each animal during each observation period. Freezing data were analyzed for the
observation periods described above and compared to the pre- and post-ST periods across
groups. The freezing data were analyzed with a two-way mixed factor ANOVA (Group
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(Veh-Vul; Veh-Res; LY37-Vul; LY37-Res) by Treatment (Pre-shock; post-ST; CTX) with
repeated measures on Treatment. Post-hoc tests were conducted using the Tukey method.

2.6.4 Core Body Temperature—The Subcue Dataloggers were programmed to record
an individual animal’s temperature every 15 min over the course of the experiment. To
determine the effect of fear and shock on SIH and its relationship to sleep, temperature data
for the time in ST, CTX and for the first 4 h of the sleep recording period following testing
were compared to the temperature data collected prior to ST (45 min prior to sleep
recording) or the injection before CTX (90 min prior to sleep recording) and then across
treatment conditions (ST and CTX). The temperature data were analyzed with two-way
mixed factors (Group (Veh-Vul; Veh-Res; LY37-Vul; LY37-Res) X Recording Day (Base,
ST, CTX) ANOVASs with repeated measures on Recording Day. Post hoc comparisons were
conducted with the Tukey method.

2.6.5 Histology—To localize the microinjection sites in BLA, brain slices (40 um) were
made through the amygdala and the sections were mounted on slides and stained with cresyl
violet. The sections were then examined in conjunction with a stereotaxic atlas to confirm
cannulae placements (Paxinos & Watson, 1998). Though there were rostral-caudal variations
in the placements among animals, the histology indicated that LY 37 or vehicle would have
been infused into BLA and adjacent areas in all the rats, and all animals were used in the
data analyses.

3. Results

3.1 Sleep Amounts

3.1.1 mGIuR2/3 agonist LY37 in BLA attenuates fear memory-induced REM
reductions in vulnerable rats—The rats were grouped based on differences in REM
amounts in B1 after ST as described above and the subsequent analysis compared treatment
groups (Veh-Res, Veh-Vul, LY 37-Res and LY37-Vul) across experimental days. Analysis of
B1 REM revealed significant treatment group (F [3, 38] =13.72; p<0.001) and day (F [2, 38]
=16.37; p<0.001) main effects and a significant treatment by day (F [6, 38] =1.97; p<0.05)
interaction effect. Post-hoc analysis indicated that LY 37-Res rats had significantly higher
Base REM amounts compared to Veh-Res rats (p=0.012), LY 37-Vul rats (p=0.003) and Veh-
Wul rats (p=0.018). The other groups did not significantly differ. Due to the higher Base
REM in LY37-Res rats, all subsequent comparisons were made solely within treatment
groups.

Due to selection criteria, Vul rats had significantly lower REM after ST compared to Base
(\Veh: p<0.001; LY37: p<0.001). Veh-Vul rats continued to display significant decreases in
CTX (p=0.003) compared to Base. By comparison, LY 37-Vul rats had similar REM after
CTX compared to Base (p=0.782), indicating an attenuation of the REM response to fear
memory generally seen in Vul rats (Figure 1A). LY37-Res and Veh-Res rats did not display
any significant differences in REM compared to Base across experimental days (Figure 1A,
Table 1).
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Analysis of the 8h light period, the primary sleeping period for rodents, revealed no
significant group or treatment effects for REM (Figure 1B; Supplementary Table 1). To
determine the effects of LY37 on REM during the primary active period for rodents, REM
was analyzed during the 12 h dark period. ANOVA revealed significant treatment (F [3, 38]
=3.80; p=0.018) and day (F [2, 38] =25.35; p<0.001) main effects. Post-hoc Tukey test
revealed that Veh rats had a significant increase in REM from Base to ST (Res: p<0.001;
Vul: p=0.002)) and from Base to CTX (Res: p<0.001; Vul: p<0.001) (Figure 1C;
Supplementary Table 1). LY 37 rats displayed a significant increase in REM from Base to ST
(Res: p=0.006; Vul: p=0.042), but no differences in REM from Base to CTX (Figure 1C;
Supplementary Table 1). LY 37 treated rats did not display the REM recovery in the dark
period that was seen in the Veh treated rats after CTX.

3.1.2. LY37 in BLA minimally impacts Non-Rapid-Eye Movement Sleep—
ANOVA of Bl revealed a significant day (F [2, 38] =12.66; p<0.001) effect for NREM.
LY37-Vul rats had higher NREM after CTX compared to Base (p=0.05) (Figure 2A;
Supplementary Table 1). ANOVA of the 8h light period revealed a significant day (F [2, 38]
=24.84; p<0.001) effect for NREM. Both LY37-Res and LY37-Vul rats had increased
NREM from Base to CTX (p=0.03 and p=0.007 respectively) (Figure 2B; Supplementary
Table 1). No significant differences were found within LY37-Res or LY 37-Vul rats during
the dark period (Figure 2C; Supplementary Table 1).

3.1.3. LY37in BLA increased total sleep—ANOVA of B1 revealed significant
treatment (F [3, 38] =5.81; p=0.002) and day (F [2, 38] =11.04; p<0.001) main effects.
There were differences in total sleep in B1 Base, therefore like the REM analysis,
comparisons were made within groups. LY37-Vul rats had significantly higher total sleep
after CTX higher compared to Base (p<0.001). ANOVA of the 8h light period revealed
significant treatment (F [3, 38] =8.34; p<0.001) and day (F [2, 38] =22.54; p<0.001) main
effects. Post-hoc Tukey test indicated that LY 37 rats displayed increases in total sleep after
CTX compared to Base (Res: p<0.001; Vul: p<0.001). ANOVA for the 12h dark period
revealed significant treatment (F [3, 38] =3.54; p=0.02) and day (F [2, 38=37.37; p<0.001)
main effects. LY 37 treated rats all displayed increases in total sleep after CTX compared to
Base during the light (Res: p<0.001; Vul: p<0.001) and dark periods (Res: p<0.001; Vul:
p<0.001). These data suggest that LY 37 may increase total sleep after fear recall (Figure 3;
Supplementary Table 1).

3.2 EEG Spectral Analysis

3.2.1 LY37 in BLA decreased relative theta power during REM in vulnerable
rats—For analysis of REM © for Base and ST, rats were separated into Res and Vul groups
independent of LY 37 or Veh treatment, as rats were not microinjected until immediately
prior to context re-exposure. There were no significant differences in 6 between groups for
Base or ST. However, during B1 there was a trend towards Vul rats having reduced 6
compared to Res rats (p=0.07). For analysis of REM 6 following CTX, rats were separated
into LY37-Res, LY37-Vul, Veh-Res, and Veh-Vul groups. ANOVA revealed no significant
differences in 6 between groups during B1 for CTX. ANOVA revealed a significant
treatment effect for B2 (F [3, 38] = 7.64; p=0.009), B3 (F [3, 38] =4.84; p=0.035), and B4 (F
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[3, 38] =5.54; p=0.025). Post-hoc Tukey test revealed LY37-Vul rats had lower REM 6
compared to Veh-Vul rats during B2 (p=0.01), B3 (p=0.04), and B4 (p=0.03). There were no
significant differences in REM 6 during B5 (Figure 4). There were no significant differences
in REM 6 between LY 37-Res and Veh-Res rats.

3.2.2 mGIluR2/3 agonist LY37 decreased relative delta power during NREM in
resilient rats after fear context re-exposure—Similar to the analysis above, for
NREM 8, animals were separated into Res and Vul groups independent of treatment for
Base and ST, and were separated into LY37-Res, LY37-Vul, Veh-Res, and Veh-Vul groups
for analysis of CTX. ANOVA revealed no significant differences between Res and Vul rats
in NREM & for Base or ST. ANOVA revealed a significant treatment effect (F [3, 38] =5.24;
p=0.029) for B1 (F [3, 38] =5.24; p=0.029), B2(F [3, 38] =5.74; p=0.023), B3(F [3, 38]
=4.17; p=0.049) and B5 (F [3, 38] =7.23; p=0.001) after CTX. Post-hoc Tukey tests
indicated that LY 37-Res rats had significantly lower NREM & compared to Veh-Res rats
during B1 (p=0.021), B2 (p=0.009), B3 (p=0.028), and B5 (p=0.024). No differences were
found in & for B4 after CTX. Furthermore, no differences were found in & between Veh-Vul
and LY37-Vul rats after CTX (Figure 5).

3.3 Behavioral Fear and Physiological Stress Response

3.3.1 mGIuR2/3 agonist LY37 did not impact behavioral fear expression or
the physiological stress response—Minimal freezing occurred during the 5 min pre-
ST period. All rats displayed more freezing in the 5 min post-ST and CTX compared to the
5 min pre-ST period. ANOVA revealed a significant treatment (F [3, 38] =9.57; p<0.001)
effect. Post-hoc Tukey test revealed that during the 5 min post-ST period, rats subsequently
treated with LY 37, independent of Res or Vul grouping, showed significantly higher freezing
compared to the Veh-treated rats (LY37-Res vs Veh-Res: p<0.001; LY37-Vul vs Veh-Vul:
p<0.001). This was unexpected as these rats had not yet been treated with drug. LY 37
treated rats, independent of Res or Vul grouping displayed significantly higher freezing
compared to vehicle treated rats during CTX (LY 37-Res vs Veh-Res: p<0.01; LY37-Vul vs
Veh-Vul: p<0.01)(Figure 6).

Core body temperature did not differ between treatment groups in the 15 min prior to ST
(LY37-Res: 36.8°C; LY37-Vul: 36.8°C; Veh-Res: 36.8°C; Veh-Vul: 36.9°C). ANOVA
revealed a significant treatment effect (F [3, 38] =169.80, p<0.001) and post-hoc Tukey tests
indicated that all treatment groups displayed significant increases in core body temperature
during ST compared to the 15 min prior to ST (LY 37-Res: p<0.001; LY37-Vul: p<0.001;
Veh-Res: p<0.001, Veh-Vul: p<0.001) which normalized within approximately 4 h (Figure
7A). Core body temperature did not differ between treatment groups in the 15 min prior to
the microinjection before CTX (LY37-Res: 37.0°C; LY37-Vul: 36.8C; Veh-Res: 36.8°C;
Veh-Vul: 36.9°C). All treatment groups displayed significant increases in core body
temperature during CTX compared to the 15 min prior to the microinjection (LY 37-Res:
p<0.001; LY37-Vul: p<0.001; Veh-Res: p<0.001; Veh-Vul: p<0.001) (Figure 7B). There
were no differences between treatment groups for core body temperature during or following
ST or CTX (Figure 7).

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2022 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sweeten et al. Page 10

4. Discussion

The factors that regulate individual differences in responses to outwardly identical stressors
are not well understood. Therefore, evaluating signaling pathways that may regulate
individual variations in stress resilience and vulnerability is critical for fully understanding
and developing more effective therapies for stress-related disorders. In the current study, we
investigated the effects of activating mGIuR2/3s in BLA prior to fear memory recall on
behavioral fear expression, physiological stress, sleep amounts and EEG spectra. The results
indicate that outbred, Wistar strain rats display phenotypically distinct REM responses to
stress and fear, separating into resilient and vulnerable groups with respect to REM amounts.
Vulnerable rats microinjected with mGIluR2/3 agonist LY 37 in BLA prior to context re-
exposure, display an attenuation of fear memory recall-induced reductions in REM generally
seen in vulnerable rats, yet REM was not altered in resilient rats. By comparison, the stress
response (measured by SIH) and freezing behavior were virtually identical in resilient and
vulnerable rats, within drug and control groups, and were not predictive of subsequent sleep.

This study expands on our previous work examining individual differences in an animal
model of fear conditioning. This variability is likely important as only a small percentage of
individuals develop persistent PTSD-like symptoms following trauma exposure while others
only have transient effects (Mellman et al., 2002). The relationship between sleep and stress
is complex, as virtually any stressor can produce acute disturbances in sleep; however,
traumatic stress may cause long-term problems such as nightmares, insomnia, and
fragmented sleep in some individuals (American Psychiatric Association, 2013). REM is
associated with emotional processing, and can be reduced and fragmented in the early onset
of PTSD (Cowdin et al., 2014; Mellman et al., 2002) which may exacerbate symptoms.
Glutamate signaling in the amygdala has also been implicated in emotional learning and
processing, as disruption of glutamatergic transmission in the amygdala across all classes of
glutamate receptor impairs fear conditioning (Cortese & Phan, 2005; Gillespie & Ressler,
2005; Walker & Davis, 2002). Group Il mGIuRs are highly expressed within BLA and
appear to be involved in mediating adaptive or maladaptive sleep responses to stress as well
as sleep and arousal states (Jones, 2005). Systemic treatment with mGIuR 2/3 agonist LY 37
dose-dependently suppressed REM (Feinberg et al., 2002), and treatment with a different
group Il mGIuR agonist, LY35470 (LY 35; structurally similar to glutamate with specificity
for mGIluR2/3) also dose-dependently suppressed REM and prolonged onset latency
(Ahnaou et al., 2009). REM amounts were not affected by mGIuR 2/3 agonist LY 35 in
mGIuR2-/- mice suggesting mGIuR2 may be more important in sleep and arousal
regulation compared to mGIuR3 (Ahnaou et al., 2009). While there are no current agents
that directly target mGIuR2 or mGIuR3 independently, positive allosteric modulators (PAM)
of mGIuR2 have been developed, and oral delivery of the mGIuR2 PAM JNJ-42153605 dose
dependently reduced REM sleep and did not show tolerance compared to mGIluR2/3 agonist
LY35 (Ahnaou et al. 2015). Further studies are necessary to delineate the role of mGIuR2
PAMs in stress and fear induced alterations in REM.

Changes in sleep can be fear conditioned; these changes are regulated by BLA, as inhibition
of BLA prior to CTX attenuated fear memory recall-induced reductions in REM in Vul rats,
independent of freezing or SIH (Wellman et al., 2017). These changes in REM most notably
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occur in the 15t 4 hours of sleep post-ST and after CTX (Wellman et al., 2016, 2017). Our
previous work determined that Group Il mGIluRs are important for amygdalar regulation of
sleep, as microinjections of mGIuR 2/3 agonist LY37 into BLA selectively decreased REM
at mM and nM concentrations (Dong et al., 2012). Conversely, microinjections of mGIuR
2/3 antagonist LY 34 increased wakefulness without altering REM solely at the highest
concentration tested of 60nM (Dong et al., 2012). Interestingly, microinjection of either
mGIuR2/3 agonist LY 37 or mGIuR 2/3 antagonist LY34 into CNA did not significantly alter
sleep or arousal (Dong et al., 2012). For the current study we used a low dose of the mGIuR
2/3 agonist, LY 37, which did not cause changes in REM when administered alone (Dong et
al., 2012), in order to evaluate the role of activating mGIluR2/3s on fear memory recall-
induced changes in sleep. Therefore, we attributed the changes in sleep seen here to the
interaction of fear memory recall and mGIluR2/3 activation. Differences in REM, NREM and
total sleep following mGIuR 2/3 agonist LY 37 microinjection in BLA prior to fear memory
recall were observed. During B1, LY37-Vul rats had similar REM to Base, indicating an
attenuation of the REM response normally seen in Vul rats. Total sleep time was increased in
both LY37-Res and LY 37-Vul rats during the 8h light period, 12 h dark period, and total 20h
sleep recording period. LY37-Vul rats also had an increase in total sleep from ST to CTX.
This is consistent with previous work indicating that rats treated with mGluR2/3 antagonists
have increased wakefulness, suggesting that mGIluR2/3 agonists may increase total sleep and
decrease wakefulness (Hanley et al., 2019). Furthermore, deletion of mGIuR2/3s in mice
disrupts sleep and circadian rhythms (Pritchett et al., 2015). These results support a role for
mGIuR2/3s in BLA in regulating stress-and fear-induced changes in sleep and arousal.

Microinjections of mGIUR 2/3 agonist LY37 into BLA prior to CTX produced changes in
EEG spectra following fear memory recall. These changes included reductions in REM 6 in
Vul rats and reductions in NREM & in Res rats. Glutamatergic signaling has been implicated
in regulating oscillatory rhythms (Draguhn & Buzséki, 2004; Tamas et al., 2000).
Pharmacological studies have shown that mGIluR2/3 agonism can suppress theta and gamma
oscillations, and antagonism of mGIuR2/3s can increase theta and gamma oscillations
(Feinberg et al., 2002; Ahnaou et al., 2009). Also, mGIuR 2/3 agonist LY 37 has been shown
to attenuate ketamine (a NMDA antagonist) induced dysregulation of gamma oscillations,
further supporting a role for mGIuR2/3s in the regulation of oscillatory rhythms (Hikichi et
al., 2015; Hiyoshi et al., 2014). The hippocampus, which has reciprocal connections with
BLA, is a regulator of 8 oscillations during REM (Bland, 1986), and higher REM 6 has been
associated with stress resilience, as patients with PTSD display lower REM 6 compared to
trauma exposed patients without PTSD (Cowdin et al., 2014). REM 6 may serve as a
potential index of emotional processing. Previously, our lab (Sweeten et al., 2019) and others
(Nedelcovych et al., 2015) have shown that Res animals display higher REM 6 compared to
Vul animals at certain time points immediately following footshock training. Interestingly,
the effects seen in this study were observed in the second 4 h block of the light period and
the first block of the dark period suggesting these changes occur when the sleep drive is less
intense. Previous studies support our results as systemic mGIuR 2/3 agonist LY 37 treatment
reduced REM 6 in Wistar rats at 3 mg/kg and 10 mg/kg doses (Wood et al., 2018). These
effects were not seen in Han Wistar rats, which do not express mGIuR2, suggesting that
mGIuR2s may be more important than mGIuR3s in modulating oscillatory rhythms (Wood,
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et al., 2018). Dysregulation of glutamate signaling within the fear circuit by the mGIuR2/3
agonist LY37 may impair the fine balance of excitatory/inhibitory signaling which may alter
stress and fear processing. NREM & rhythms are thought to reflect the brain’s homeostatic
sleep drive, and can be altered by sleep deprivation and changes in glutamatergic signaling
(Ahnaou et al., 2009). While little work has been done investigating Group Il mGIuR’s in
NREM 8, the role of the other mGIuRs have been assessed. mGIuR5 knockout mice, which
have increased glutamate in the synapse, display decreases in NREM & (Ahnaou et al.,
2009). The current study found decreases in NREM & in Res rats treated with the mGIuR2/3
agonist LY37 in BLA. Therefore, there may be individual differences in the role of
glutamatergic signaling for both NREM §, acting to regulate sleep homeostasis, and REM 6,
a potential index of emotional processing. These effects are likely region dependent as
different results are found in systemic versus region specific treatment.

Group Il mGluRs are implicated in stress and fear related disorders (Muly et al., 2007;
Gillespie, C., Ressler, 2005), as these disorders may involve dysregulation of excitatory
signaling within the fear circuitry. Patients with PTSD often have amygdalar hyperactivity
and hippocampal hypertrophy that could be related to excessive glutamate release resulting
in excitotoxicity-induced cell atrophy and death (Bremner, 2006). BLA consists of primarily
glutamatergic neurons that send projections to the hippocampus, CNA, the primary output
nucleus of the amygdala, and medial prefrontal cortex (mPFC) (McDonald & Mott, 2017).
Group Il mGIuRs act to decrease glutamate signaling and are at moderate to high levels of
expression within BLA (Muly et al., 2007) and may be important in individual resilience and
vulnerability. Mice prophylactically treated with mGIluR2/3 antagonist LY 34 via
microinjections into mPFC displayed stress resilience to inescapable footshock-induced
escape deficits and chronic social defeat stress-induced anhedonia, whereas mice
microinjected into mPFC with mGIuR 2/3 agonist LY 37 were more susceptible to these
stress paradigms (Highland et al., 2019). In contrast, rats microinjected with a different
group Il mGIuR agonist, DCG-1V, into BLA, displayed a reduction in fear-potentiated startle
behavior suggesting that group Il mGIuR activation may have anxiolytic properties (Lin et
al., 2005). The anxiolytic effects of group Il mGIuR agonists have also been shown in
human subjects, as treatment with mGIuR 2/3 agonist LY 35 reduced fear-potentiated startle
without producing the sedation effects often seen with certain anti-anxiety medications
including benzodiazepines (Grillon et al., 2003). The variation seen across these studies may
be due to differences in dose, delivery method, region of activation, or stress paradigm. For
example, the group 1l mGIuR agonist L-CCG-I significantly increased open arm entries in
the elevated plus maze (EPM) when microinjected into the dentate gyrus but not CA1 region
of the hippocampus in rats (Smialowska et al., 2007). Conversely, a group Il mGIuR
agonist, L-SOP, increased open arm entries in the EPM when microinjected into the CAl
region but not dentate gyrus of rats (Smialowska et al., 2007). While there are no current
pharmacological agents that directly target mGIuR2 or mGIuR3 independently, allosteric
modulators of mGIluR2 have been developed. The mGIuR2 PAM, Biphenyl-indanone A
(BINA), has been shown to decrease anxiety-like behavior in mice. Mice prophylactically
treated with BINA had more open arm entries in the elevated plus maze and it prevented SIH
(Galici et al. 2006). Furthermore, the mGIuR2 PAM (+)-TFMPIP, but not the mGIluR2/3
agonist LY 35, reduced stress-evoked glutamate release in the PFC of rats, suggesting that
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PAMSs may have potential use as anxiolytics (Hascup et al. 2012). Overall, glutamate
signaling is tightly regulated throughout the fear circuit and can induce differential effects
based on receptor type and region specificity.

Greater freezing behavior in rodents has long been considered indicative of greater
associative learning as well as stronger fear responses. Sleep, particularly REM, has been
thought to be important in fear memory consolidation (Helm & Walker, 2010; Walker &
Davis, 2002). This is generally found in studies with brief or mild fearful experiences, yet
there is no evidence that sleep is necessary for the formation of contextual fear memories
associated with intensely stressful experiences as modeledby our experiments. For example,
extensive escapable and inescapable footshock training produces differences in REM yet
virtually identical freezing (Sanford et al., 2010; Liu et al., 2010; Yang et al., 2011). This
study, as well as our previous work, show directionally different REM responses yet similar
freezing. We also found that freezing levels differed in rats prior to drug treatment,
indicating that freezing levels immediately post-ST can vary extensively, further supporting
that freezing is not a clear indicator of stronger fear responses when used in isolation.
Therefore, it is unlikely that mGIluR2/3 agonist LY 37 treatment altered freezing behavior
when considering the post-ST freezing differences. Furthermore, freezing was not predictive
of subsequent changes in sleep. Thus, while freezing is an attractive, simple behavioral
measure, it does not fully reflect the complex relationships between fear learning and the
sleep and stress systems, or how those relationships are modulated by individual differences
in physiological systems. Both the initial stressor and memories of the stressful environment
can produce increases in core body temperature (SIH), increased corticosterone, and
increases in heart rate and respiration (Olivier et al., 2003; Vianna & Carrive, 2005; Yang et
al., 2011). Here, we examined SIH as an index of the stress response and found that all rats,
irrespective of Res or Vul grouping or drug treatment, had virtually identical stress
responses. Yet, similar to freezing, it was not predictive of subsequent sleep. Therefore,
these measures are not fully reflective of stress and fear responses when used in isolation.
Future studies should consider the wide range of stress and fear processes and include
multiple measures of stress and fear to fully understand the stress and fear processing in
animal models relevant for PTSD and other stress- and trauma-related disorders.

5. Conclusion

Our data demonstrate that group Il mGIuRs in BLA are involved in the regulation of
individual differences in post-stress sleep. Outbred rats display significant individual
differences in post-stress and fear sleep that are independent of behavioral markers of fear
and activation of the peripheral nervous system. The data further support the use of REM as
a potential biomarker of stress resilience and vulnerability as freezing and SIH do not differ
between resilient or vulnerable groups. Future research is necessary to fully understand the
role of glutamatergic signaling in regulating individual differences in stress and fear induced
alterations in sleep as well as how glutamate regulates regional communication in the fear
circuit. Furthermore, work is needed to clearly delineate the association of increased or
decreased REM in adaptive or maladaptive stress outcomes and the role of glutamatergic
signaling in the amygdala in regulating these outcomes.
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Figure 1:
Total duration of rapid eye movement sleep (REM) for baseline (BASE), shock training

(ST), and context re-exposure (CTX) for the different treatment groups. Bars represent REM
(min) during (A) the first 4 hours (B1), (B) 8-hour light period and (C) 12-hour dark period.
Error bars represent SEM. *p<0.05 compared to BASE, **p<0.001 compared to BASE.
Veh-Res: vehicle treated resilient, Veh-Vul: vehicle treated vulnerable, LY37-Res: LY37
treated resilient, LY37-Vul: LY 37 treated vulnerable.
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Figure 2:
Total duration of non-rapid eye movement sleep (NREM) for baseline (BASE), shock

training (ST), and context re-exposure (CTX) for the different treatment groups. Bars
represent NREM (min) during (A) the first 4 hours (B1), (B) 8-hour light period and (C) 12-
hour dark period. Error bars represent SEM.*p<0.05 compared to BASE, **p<0.001
compared to BASE, # p<0.05 compared to ST. Veh-Res: vehicle treated resilient, Veh-Vul:
vehicle treated vulnerable, LY37-Res: LY 37 treated resilient, LY37-Vul: LY37 treated
vulnerable.
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Figure 3:
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Dark
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Total duration of sleep (REM + NREM) for baseline (BASE), shock training (ST), and
context re-exposure (CTX) for the different treatment groups. Bars represent total sleep
(min) during (A) the first 4 hours (B1), (B) 8-hour light period and (C) 12-hour dark period.
Error bars represent SEM. *p<0.05 compared to BASE, **p<0.001 compared to BASE, ##
p<0.001 compared to ST. Veh-Res: vehicle treated resilient, Veh-Vul: vehicle treated
vulnerable, LY37-Res: LY37 treated resilient, LY 37-Vul: LY 37 treated vulnerable.
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EEG spectral analysis for relative theta wave amplitude (8) during rapid eye movement sleep
(REM) for the entire 20h sleep recording separated into 4h blocks. B1: H1-H4, B2: H5-H8,

B3: H9-H12, B4: H13-16, and B5: H17-20. Lines represent REM 6 in resilient and
vulnerable rats during (A) baseline (Base) and (B) shock training (ST). REM 6 was

compared in (C) resilient (Res) or (D) vulnerable (Vul) rats treated with LY37 or vehicle
prior to context re-exposure (CTX). Error bars represent SEM.*p<0.05 LY37-Vulnerable vs
Vehicle vulnerable. Veh-Res: vehicle treated resilient, Veh-Vul: vehicle treated vulnerable,

LY37-Res: LY37 treated resilient, LY37-Vul: LY 37 treated vulnerable.
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EEG spectral analysis for relative delta wave amplitude (8) during non-rapid eye movement
sleep (NREM) for the entire 20h sleep recording separated into 4h blocks. B1: H1-H4, B2:
H5-H8, B3: H9-H12, B4: H13-16, and B5: H17-20. Lines represent NREM & in resilient
and vulnerable rats during (A) baseline (Base) and (B) shock training (ST). NREM & was
compared in (C) resilient (Res) or (D) vulnerable (Res) rats treated with LY37 or vehicle
prior to context re-exposure (CTX). Error bars represent SEM. *p<0.05 LY37-Res vs Veh-
Res. Veh-Res: vehicle treated resilient, Veh-Vul: vehicle treated vulnerable, LY 37-Res:

LY 37 treated resilient, LY37-Vul: LY37 treated vulnerable.
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Freezing as a measure of behavioral fear expression. Bars represent percent time freezing in
the 5 min pre-shock training period (pre-ST), the 5-minute post-shock training period (post-
ST), and the 30 minutes of context re-exposure (CTX). Error bars represent SEM. *p<0.05
compared to pre-ST, #p<0.05 LY37 compared to vehicle. Veh-Res: vehicle treated resilient,
Veh-Vul: vehicle treated vulnerable, LY37-Res: LY37 treated resilient, LY37-Vul: LY37
treated vulnerable
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Figure 7:

Stress-induced hyperthermia (SIH) as a measure of physiological stress. Lines represent
averaged core body temperature recordings for each treatment group for (A) shock training
(ST) and (B) context re-exposure (CTX). The measurements were collected in 15-minute
intervals beginning 30 minutes prior to ST (-60) and 30 minutes prior to the microinjection
(-90). Boxes represent time in chamber; arrow represents when microinjections were
delivered. Error bars represent SEM. *p<0.05 represents all treatment groups having a
significant increase in SIH compared to pre-ST or pre-CTX. Veh-Res: vehicle treated
resilient, Veh-Vul: vehicle treated vulnerable, LY37-Res: LY37 treated resilient, LY 37-Vul:
LY37 treated vulnerable
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