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Clinical investigations suggest involvement of the metabotropic glutamate receptor 5 (mGIuR5) in the pathophysiology of fear
learning that underlies trauma-related disorders. Here, we utilized a 4-day fear learning paradigm combined with positron emission
tomography (PET) to examine the relationship between mGIuR5 availability and differences in the response of rats to repeated
footshock exposure (FE). Specifically, on day 1, male (n = 16) and female (n = 12) rats received 15 footshocks and were compared
with control rats who did not receive footshocks (n =7 male; n =4 female). FE rats were classified as low responders (LR) or high
responders (HR) based on freezing to the context the following day (day 2). PET with ['®FIFPEB was used to calculate regional
mGluR5 binding potential (BPyp) at two timepoints: prior to FE (i.e., baseline), and post-behavioral testing. Additionally, we used an
unbiased proteomics approach to assess group and sex differences in prefrontal cortex (PFC) protein expression. Post-behavioral
testing we observed decreased BPyp in LR females, but increased BPyp in HR males relative to baseline. Further, individuals
displaying the greatest freezing during the FE context memory test had the largest increases in PFC BPyp. Males and females
displayed unique post-test molecular profiles: in males, the greatest differences were between FE and CON, including upregulation
of mGIuR5 and related molecular networks in FE, whereas the greatest differences among females were between the LR and HR
groups. These findings suggest greater mGIuR5 availability increases following footshock exposure may be related to greater
contextual fear memory. Results additionally reveal sex differences in the molecular response to footshock, including differential

involvement of mGluR5-related molecular networks.
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INTRODUCTION

Most individuals will experience at least one potentially traumatic
event in their lifetime [1]. While exposure to acute stress or trauma
is a leading precipitating factor for mental health difficulties,
development of psychopathology following a traumatic event is
the exception, not the rule [2-4]. Type, severity, and chronicity of
the trauma all contribute significantly to long-term mental health
outcomes [5, 6]. These factors alone, however, cannot account for
the extreme heterogeneity in individual responses to stress and
trauma [7].

While it is expected for traumatic events to trigger an acute
physiological and psychological stress response, mounting evi-
dence suggests the magnitude of early responses can help predict
individuals at higher risk for developing trauma-related physical
and mental health difficulties [8]. For example, one study found
that following physical injury, perceived threat to one’s life and
early emergence of acute stress response symptoms were
associated with a subsequent PTSD diagnosis, but objective
measures of the injury severity, such as length of hospital

admission, were not [9]. However, due to the limited number of
prospective studies, the neurobiological mechanisms giving rise to
differences in the processing and acute response to threatening
stimuli are not fully understood.

One potential mediator is metabotropic glutamate receptor 5
(mGIuR5). This Gq/11 protein-coupled receptor mediates forms of
synaptic plasticity underpinning hippocampal-dependent spatial
learning and memory, as well as extinction and reversal learning
tasks [10-13]. Preclinical findings suggest that differences in
mGIuR5 expression and activity could contribute to susceptibility
or resilience in rodent models of stress [14, 15]. Notably, these
earlier studies primarily focus on repeated mild stressor exposure
and depressive behaviors, rather than the immediate response to
a single stressful event and used only male subjects, despite
growing recognition of sex differences in stress response and its
influence on emotional learning [16-18]. Importantly, clinical
evidence suggests disruption of glutamate systems and mGIuR5
in trauma and stress-related disorders [19-21]. Using positron
emission tomography (PET) to measure mGluR5 availability

"Department of Psychiatry, Yale University School of Medicine, New Haven, CT, USA. 2Department of Radiology & Biomedical Imaging, Yale University School of Medicine, New
Haven, CT, USA. Department of Neuroscience, University of Minnesota Medical School, Minneapolis, MN, USA. “Bioinformatics Support Program, Cushing/Whitney Medical
Library, Yale University School of Medicine, New Haven, CT, USA. *Yale University, Department of Psychology, New Haven, CT, USA. °US Department of Veterans Affairs National
Center for Posttraumatic Stress Disorder, VA Connecticut Healthcare System, West Haven, CT, USA. ®email: ruth.asch@yale.edu

Received: 4 May 2022 Revised: 11 August 2022 Accepted: 22 August 2022

Published online: 13 September 2022

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-022-01441-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-022-01441-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-022-01441-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-022-01441-y&domain=pdf
http://orcid.org/0000-0002-9575-0183
http://orcid.org/0000-0002-9575-0183
http://orcid.org/0000-0002-9575-0183
http://orcid.org/0000-0002-9575-0183
http://orcid.org/0000-0002-9575-0183
http://orcid.org/0000-0002-8019-3396
http://orcid.org/0000-0002-8019-3396
http://orcid.org/0000-0002-8019-3396
http://orcid.org/0000-0002-8019-3396
http://orcid.org/0000-0002-8019-3396
http://orcid.org/0000-0002-5231-0612
http://orcid.org/0000-0002-5231-0612
http://orcid.org/0000-0002-5231-0612
http://orcid.org/0000-0002-5231-0612
http://orcid.org/0000-0002-5231-0612
http://orcid.org/0000-0003-1557-566X
http://orcid.org/0000-0003-1557-566X
http://orcid.org/0000-0003-1557-566X
http://orcid.org/0000-0003-1557-566X
http://orcid.org/0000-0003-1557-566X
http://orcid.org/0000-0002-4770-2590
http://orcid.org/0000-0002-4770-2590
http://orcid.org/0000-0002-4770-2590
http://orcid.org/0000-0002-4770-2590
http://orcid.org/0000-0002-4770-2590
http://orcid.org/0000-0001-6293-1458
http://orcid.org/0000-0001-6293-1458
http://orcid.org/0000-0001-6293-1458
http://orcid.org/0000-0001-6293-1458
http://orcid.org/0000-0001-6293-1458
https://doi.org/10.1038/s41386-022-01441-y
mailto:ruth.asch@yale.edu
www.nature.com/npp

R.H. Asch et al.

490

in vivo, our group has previously demonstrated higher mGIuR5
availability among subjects with PTSD that was associated with
symptom severity [22, 23], and have additionally found ketamine-
induced reductions in mGIuR5 to be associated with ketamine'’s
rapid antidepressant efficacy [24]. However, it remains unclear if
the observed differences in mGIuR5 availability are (1) a genetic/
molecular risk factor predisposing individuals to developing
stress and trauma-related disorders; (2) an acute molecular
response to stress or trauma; (3) a change or adaptation that
develops over the course of illness; or (4) some combination of
these scenarios.

Given the difficulties of performing prospective and mechan-
istic studies in humans and the lack of preclinical research
examining changes in mGIUR5 changes after a single stress
event, the primary aim of the present study was to assess
whether baseline mGIuR5 availability could predict response to
a single stressful, trauma-like event, or if relative changes in
mGIuR5 was related to individual differences in behavioral
responses, using an established fear learning model in both
male and female rats. Primary regions of interest were selected
based on previous studies implicating them in fear learning
and stress-related psychopathology that overlap with regions
of mGIuR5 expression, both in preclinical and human work
[19, 22, 24-271.

As an exploratory aim, we performed unbiased analyses of
prefrontal cortex proteins to identify and characterize differences
in expression profiles following trauma exposure.

METHODS AND MATERIALS

Animals

Eight-week-old male and female Long Evans rats (Charles River Labora-
tories) were single housed in a climate-controlled room and maintained on
a 12-h light/dark cycle (lights on at 7:00) with access to water ad libitum.
Rats were acclimated to the facility for 5-6 days with daily handling prior
to the experiment. An overview of the experimental timeline is provided in
Fig. 1A. All experimental procedures were performed as approved by the
Institutional Animal Care and Use Committee at Yale University and
according to NIH and institutional guidelines and the Public Health Service
Policy on Humane Care and Use of Laboratory Animals.

Behavioral testing
The fear learning paradigm was conducted in testing chambers
individually housed within a sound-attenuating enclosures and equipped
with an infrared camera (Med Associates, Inc, Fairfax, VT). The 4-day
protocol (Fig. 1B) was adapted from a previously described [28] stress-
enhanced fear learning paradigm (SEFL). On day 1, rats were transported
to the behavioral suite adjacent to the housing facility and placed into
Context A. In Context A, the chamber square walls were left exposed and
corncob bedding was placed in the catch-tray below the metal grid floor.
Footshock-exposed (FE) rats (n =16 males, n=12 females) received 15
footshocks (1.0 mA, pseudorandom ITl) over a 90 min session. Control rats
(CON; n =7 males, n =4 females) were exposed to Context A for 90 min
but received no footshocks. Context A fear memory was assessed 24-h
later (day 2) during a 9 min re-exposure to Context A. The following day
(day 3), rats were placed in Context B and a single footshock was delivered
after 3 min. For Context B, a white curved wall and floor (beneath the grid)
insert were used, along with three drops of lemon scent. Context B fear
memory was assessed 24-h later (day 4) during a 9 min re-exposure to
Context B.

Freezing was quantified using VideoFreeze software (Med Associates,
Inc, Fairfax, VT). Percent freezing (%freezing) was calculated as:

time freezing

———————— = x 100 = %Freezing
total observation time

Rats were classified as being a “Low Responder” (LR) or “High
Responder” (HR) based on %freezing during the day 2 Context A fear
memory test. Rats freezing below the within-sex mean were classified as LR
and those freezing greater than the within-sex mean classified as HR. As a
secondary measure, the number of fecal boli were counted at the end of
each session.
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['®FIFPEB PET

All rats underwent two scanning sessions with ['®FIFPEB. The baseline took
place 2 days prior to beginning of the fear learning paradigm. The second
scan was acquired 24-h after the day 4 test of Context B fear memory (i.e.,
post-test). Both scans were performed as detailed in the SI and as
described previously [29]. The primary PET outcome measure was non-
displaceable binding potential (BPyp) in four regions of interest (ROls):
amygdala (AMY), hippocampal formation (HIP, including dorsal and ventral
aspects and subiculum), prefrontal cortex (PFC, including orbitofrontal and
medial prefrontal regions), and striatum (STR). The percent change in
regional mGIuR5 availability (ABPyp) was calculated as follows:

BPNDpost—test) :|
ABP\p = || ==———— | — 1| x 100
NP |:( BPNDbaseIine

Label-free quantitative LC-MS/MS proteomics

Rats were euthanized immediately after the second PET scan, PFC tissue
was isolated (Fig. S1) and stored at —80 °C until further processing. Details
of the LC-MS/MS label-free protein identification and quantification
pipeline can be found in the SI.

Statistical analyses

Freezing and fecal boli counts were assessed using 2 (treatment: CON, FE)
or 3 (group: CON, LR, HR)-by-2 (sex: male, female) analysis of variance
(ANOVA). Freezing across time (day 1) or pre vs. post-shock (day 3) was
assessed by repeated measures ANOVA. A priori we determined to test for
differences between males and females within the same level of the other
fixed factor and used Bonferroni’s correction for post hoc comparisons. The
primary PET outcome measure of BPyp was analyzed using multivariate
ANOVA (MANOVA) with ROI (PFC, AMY, HIP, STR) BPyp at baseline as
dependent measures. We additionally applied a generalized linear mixed-
effects model with fixed factors of group (HR, LR) and sex (male, female);
and within subject measures of ROl and time (baseline, post-test). All main
effects were included in the model along with 2-way (group-by-time, sex-
by-time, group-by-sex), 3-way (group-by-sex-by-time), and 4-way (group-
by-sex-by-time-by-ROI) interactions. Following significant interaction
effects, post hoc tests were performed using Bonferroni’s correction for
multiple comparisons. Pearson'’s correlations were used to assess relation-
ships between ABPyp and behaviors. All tests were two-tailed, with alpha
at p < 0.05. Statistical analyses were performed in SPSS 28.0.0.0 (IBM Corp.,
Armonk, NY) and visualized in Prism 9.2 (GraphPad Software, LLC,, San
Diego, CA).

Independent sample t-test comparing CON vs. FE or LR vs. HR were used
to determine differential protein expression with a threshold of p <0.05
(unadjusted) and log,(fold-change) > +£1.5. Functional analyses of
differentially expressed protein lists were performed using Ingenuity
Pathway Analysis software (QIAGEN Redwood City, CA, 2021), Qlucore
Omics Explorer v 3.7 (Qlucore AB, Lund, Sweden) was used for generating
visualizations of the principal component analysis and hierarchical
clustering heatmaps.

RESULTS

Males display greater freezing during FE

FE resulted in a rapid induction of freezing in Context A on day 1
(Fig. S2), where we observed a significant main effect of treatment
(p<0.001), as well as a time-by-treatment interaction (p < 0.001).
Furthermore, earlier in the session, FE males tended to freeze
more than FE-females (time-by-treatment-by-sex: p=0.035).
Assessing average freezing for the total 90 minutes (Fig. 1C), we
found male rats froze more than females (sex effect: p = 0.050). FE
males displayed greater freezing than their FE-female counter-
parts (adj. p <0.001), but no such difference was seen between
CON males and CON females. Additionally, FE rats produced more
fecal boli relative to CON rats (treatment effect: p < 0.001), with no
significant sex effect (Fig. S3A).

On the day 2 test of Context A fear memory, FE rats
demonstrated greater freezing than CON rats (treatment effect:
p <0.001) regardless of sex (Fig. 1D). There were no differences
between CON males and females on day 2, however, FE males
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Fig. 1 Variability in the behavioral response to footshock exposure in male and female rats. A A schematic of the experimental timeline
beginning with the rats arriving to the facility 5-6 days prior to the baseline ['®F]FPEB PET session, the 4-day fear learning paradigm, and the
post-test ['®F]FPEB PET session, after which rats were euthanized and PFC samples collected for subsequent proteomics analysis. B Details and
C-F the freezing response during the 4-day fear learning protocol. C On day 1, rats exposed to 15 footshocks (FE; n = 28) displayed greater
freezing behavior than rats who received no footshocks (CON; n = 11; main effect of treatment: F = 116.72; p < 0.001), and overall, males (open
symbols; n = 23) froze more than females (solid symbols; n = 16; main effect of sex: F =4.12 p = 0.050). D The test of Context A fear memory
on day 2 revealed greater freezing in FE rats relative to CON (main effect of treatment: F=27.73; p <0.001). E While no differences were
observed between treatment groups prior to the footshock (Fig. S3), FE rats displayed greater freezing in following the single footshock
delivered in Context B on day 3 (main effect of treatment: F =7.04; p = 0.0012). F No significant main effect of group, sex, or interaction was
observed on the day 4 test of Context B fear memory. Individual values are displayed with the group mean + SEM. Bonferroni’s post hoc tests:
ns = not significant; *p < 0.05; ***p < 0.001 relative to males within the same group.

froze more than FE-females (adj. p =0.012). Similar to day 1, FE interaction (p =0.196) were not significant but the difference

rats produced more fecal boli on day 2 (treatment effect: between FE males and FE-females is notable (adj. p =0.013). A
p <0.001), irrespective of sex (Fig. S3B). repeated measures analysis of freezing (pre- vs. post- shock)

indicated FE rats froze more post-shock relative to their own
FE augmented responding in context B without enhancing freezing pre-shock, whereas CON rats displayed no such shock-
fear memory induced change in freezing (time-by-treatment: p=0.009).

No treatment or sex differences were seen in freezing behavior on Relative CON, FE rats produced a greater number of fecal boli
day 3 in novel Context B during the 3 minutes prior to the during the total session (p =0.018; Fig. S3C). The main effect of
footshock (Fig. S4A). However, for the 1 minute following the sex (p =0.053) and treatment-by-sex interaction (p = 0.053) were
footshock (Fig. 1E), FE froze significantly more than CON approaching significance, with FE males producing a greater
(p=0.012). The effect of sex (p=0.165) and treatment-by-sex number of fecal boli than their female counterparts (adj. p < 0.001).
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Fig. 2 Using differences in day 2 freezing to identify low and high responding FE rats. A Day 2 freezing (i.e., Context A fear memory) in
male (open symbols, n = 16) and female (closed symbols, n =12) FE rats. Dashed rectangles represent rats with freezing greater than the
within-sex mean who were classified as the FE “High Responders” (HR). Rats who froze less than the mean were classified as “Low Responders”
(LR). B Comparing freezing across the three groups (CON, LR, HR), there were main effects of group (F =82.573; p <0.001), sex (F=13.817,
p <0.001), and a group-by-sex interaction (F =4.825, p =0.015). Individual values shown with bars representing the group mean (+SEM).
Group-wise comparisons (Bonferroni’s p values) are displayed above the brackets for each comparison. Within-group male vs. female

comparison: *p < 0.05; ***p = 0.001.

Despite the enhanced response to footshock in Context B on
day 3, we saw no evidence of enhanced Context B fear memory
observed in FE rats relative to CON as measured by day 4 freezing.
This included no significant effects of treatment (p = 0.262), sex
(p = 0.315), or treatment-by-sex interaction (p = 0.388) on freezing
behavior (Fig. 1F). Similarly, main effects of treatment (p =0.178),
sex (p=0.253), and their interaction (p=0.253) were not
significant for fecal boli (Fig. S3D).

Baseline mGIuR5 availability is lower in females but not
associated with behavioral response to FE

Given that FE rats did not display stress-enhanced fear learning, as
illustrated by the lack of difference in the response on the day 4
test of Context B fear relative to CON, we decided to focus our
subsequent analyses on factors that could be mediating
differences in Context A fear memory as measured on day 2
(Fig. 1D). Leveraging the variability in Context A fear memory
among FE rats, we performed a mean split within each sex
(Fig. 2A) and classified rats that froze below the within-sex mean
as “Low Responders” (LR), and those that froze above the mean as
“High Responders” (HR) (Fig. 2B). This approach of using a
behavioral metric (such as freezing in fear conditioning, immobi-
lity in the forced swim test, etc) to identify low and high
responding subjects has been used in prior research [30-32]. In
such cases, it is not uncommon for only the animals in the top and
bottom 25% to be included in the final analyses; or alternatively,
splitting animals into tertiles, resulting in “high”, “moderate” and
“low” responder groups. However, here we opted for a mean split
in order to incorporate data from all animals in our analysis and
ensure sufficient group sizes.

After confirming that there were no differences between males
and females, groups, or across days in the injected mass, injected
activity, or molar activity of ['®FIFPEB injections on either PET day
(Table S1), we performed a MANOVA to test for possible
differences in baseline BPyp that might be associated with future
classification of rats a LR or HR. There was not a main effect of
group, but there was a significant effect of sex such that females
tended to exhibit lower baseline BPyp relative to males across ROls
(—2.9%, p=0.010), with females having lower BPyp than males
specifically within the AMY (—13.8%; p =0.012).

Interactions between group and sex are associated with
changes in regional BPyp

To test whether relative baseline-to-post-test changes in regional
BPnp were related to group membership and/or sex, we applied a

SPRINGER NATURE

generalized linear mixed-effects model with fixed factors of group
(LR, HR) and sex, and within subject measures of ROl and time
(baseline, post-test) (Fig. 3A, Table S2). This analysis revealed
significant main effects of ROl (p < 0.001) and sex, with females
overall displaying lower BPyp as compared with males (—5.9%,
p =0.018). There was additionally significant and time-by-group
(p = 0.024). Post hoc analyses did not reveal significant differences
after correcting for multiple comparisons, however, it is
noteworthy that LR rats displayed decreased BPyp post-test
relative to their baseline (—2.1%, adj. p =0.241), whereas BP\p
increased in HR rats (+3.0%, adj. p=0.099). Additionally, a
significant time-by-sex interaction (p=0.008) indicated BPyp
increased in male rats post-test relative to baseline (+3.7%, adj.
p =0.022), whereas there was a non-significant decrease in
females (—3.0%, adj. p = 0.122). The time-by-group-by-sex three-
way interaction was not significant (p = 0.700), but the time-by-
ROI-by-sex-by-group  four-way interaction was significant
(p =10.045). Post hoc tests revealed, across ROls, HR males
displayed a significant increase in BPyp post-test relative to
baseline (+6.2%, adj. p=0.008), whereas LR females had
significantly lower BPyp post-test as compared with baseline
(—5.6%, adj. p=0.049). None of the ROl-specific pairwise
comparisons survived Bonferroni correction.

Using Pearson’s correlations, we examine if pre-to-post-test
changes in mGIuR5 availability (i.e., ABPyp) were related to fear
behaviors among FE rats. We detected significant positive
correlations between total freezing during footshock exposure
on day 1 and ABPyp across all 4 ROIs (Figs. 3B, S6; r = 0.42-0.54)
such that rats displaying the greatest freezing during day 1
footshock exposure also showed the greatest increases in mGIuR5
availability post-test relative to baseline. Positive correlations were
also observed between ABPy, Context A fear memory, as
measured by freezing on day 2 (Fig. S7), with this correlation
being significant for the PFC (p = 0.0121; Fig. 3C). It is noteworthy
that when correlations were conducted in males and females
independently, we observed positive correlations of similar
magnitude between and freezing during footshock exposure on
day 1 (Fig. S6), and during the test of context A fear memory on
day 2 (Fig. S7) in each sex, although the results did not achieve
statistical significance. We found no significant relationships
between ABPy\p and freezing before or after the single footshock
in Context B on day 3, nor did we find significant correlations
between regional ABPyp and Context B fear memory as measured
by freezing on day 4. Results of correlations between regional
ABPyp and fecal boli can be found in the SI (Fig. S8).

Neuropsychopharmacology (2023) 48:489 — 497
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Fig. 3 Relationships between changes in mGIuR5 availability and
freezing behavior. A Graphical results of the generalized linear
mixed effect analysis (Table S2) of binding potential, non-
displaceable (BPnp), @ measure of mGIuR5 availability, at baseline
vs. post-test. The average BPyp of the four ROIs is graphed to
highlight the significant time-by-group (p =0.024) and time-by-sex
(p =0.008) interactions. Data are provided for n=6-8 rats (per
group, and sex at each timepoint) and displayed as mean (xSEM).
Changes in prefrontal cortex (PFC) BPyp post-test relative to
baseline (ABPyp) and freezing behavior in response to footshock
exposure on B day 1 and C during the day 2 test of Context A fear
memory in male (n = 14) and female (n = 10), RES (n = 12) and VUL
(n = 12) rats. Correlation coefficient (r) and significance (p) values are
provided. Graphs of individual ROl baseline-to-post-test changes
(Fig. S5) and correlations (Figs. S6 and S7) can be found in the SI.

Analysis of PFC proteins reveals sex-dependent molecular
responses to FE

Investigating differences between males and females, we found
41 differentially expressed proteins (log, [Female/Male] with
p <0.05) in the PFC of CON rats (Fig. S9A). In comparison, we
observed 379 differentially expressed proteins between FE male
and female rats (Fig. S9B). Given the observed sex differences in
behavior and PET analyses, we opted to examined treatment
(CON vs. FE) and group (LR vs.HR) differences within each sex

Neuropsychopharmacology (2023) 48:489 - 497
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independently. The principal component analysis (PCA) of FE vs.
CON female samples (Fig. ST0A) results in the top three principal
components (PC) explaining 61%, 23% and 6% of the variance in
protein expression, respectively. We found 8 differentially
expressed proteins (p<0.05, FC>1.5) between FE and CON
females (Fig. S10B). The functional analysis of these 8 proteins
returned no canonical pathways which overlapped by more than
one molecule. The PCA for FE vs. CON male samples (Fig. 4A),
resulted in the top 3 PCs explaining 56%, 10% and 9% of the
variance, respectively. Thirty-seven proteins were found to be
differentially expressed (Fig. 4B), with the majority upregulated in
FE males relative to CON males, including mGIuR5 (Grmb5;
p =0.024, log,(FC) = +1.54). The functional analysis of these 37
proteins revealed top enriched pathways of Synaptic Long-Term
Depression (—log(p) = 9.35) and Corticotropin-Releasing Hormone
Signaling (—log(p) = 7.03). The top 10 enriched canonical path-
ways identified by IPA for the CON vs. FE male comparison can be
found in Table 1A.

We then probed for differentially expressed proteins that
discriminated LR from HR rats within each sex. The PCA for
females (Fig. 4C) results in clustering and separation between of
LR vs. HR samples, with a total of 85% of the variance being
explained by the top 3 PCs. Seventeen proteins were found to be
differentially expressed, 12 of which were downregulated in LR
relative to HR females (Fig. 4D). This included downregulation of
apolipoprotein A4 (Apoa4; p =0.015, log,(FC) = —2.046), group-
specific component, vitamin D binding protein (GC; p =0.036,
log,(FC) = —1.786), and hemopexin (Hpx; p = 0.025, FC = —1.563),
which were the 3 proteins overlapping with the top two canonical
pathways identified by IPA: LXR/RXR Activation and FXR/RXR
Activation (both -log(p) = 2.8) (Table 1B). The analysis of LR vs. HR
males identified just one differentially expressed PFC protein:
Asparagine synthetase, glutamine dependent (Asns), which was
downregulated in LR as compared with HR males (p=0.032,
FC=—1.535).

DISCUSSION
Here we present the results of a study using the novel
combination of a fear learning paradigm and in vivo PET imaging
with the mGluR5-specific radiotracer, ['®FIFPEB. This longitudinal
study design provided a unique opportunity to investigate the
possibility of mGIUuR5 as a biomarker of responsivity to footshock
stress and the relationship between dynamic changes in mGIuR5
availability and individual differences in behavioral responses.

We found that males displayed greater freezing behavior than
females during FE (day 1), the test of FE context fear memory (day
2) and after the single footshock in Context B (day 3). Others have
observed similar sex differences in freezing during Pavlovian fear
conditioning paradigms, and it has been proposed that less
freezing in female animals does not reflect reduced sensitivity or
fear learning, per se, but rather a difference in fear expression or
coping strategy selection between males and females [17, 33, 34].
Greater freezing and fecal boli produced after the delivery of a
single footshock in the novel Context B on day 3 was also
observed FE rats, especially HR, as compared with CON, whose
freezing did not change pre-to-post footshock. These findings are
similar to exaggerated responses to subsequent aversive stimuli
observed in studies utilizing SEFL models of PTSD [35-37], or
hyperalgesia induced by chronic or acute stress [38-40]. Unlike
previous research using SEFL paradigms [28, 41, 42], we did not
observe evidence of enhanced contextual fear memory (day 4
behavior) in FE rats overall. Nevertheless, we did observe a wide
range of individual responses on days 1 and 2 such that we were
able to identify LR and HR animals and examine associations
between mGIuR5 dynamics and behavioral responses to FE.

We observed no significant baseline differences in mGIuR5
availability between LR and HR rats, suggesting that pre-existing
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Fig. 4 Footshock exposure results in unique protein expression profiles in males and females. Protein expression in the prefrontal cortex
(PFC) was assessed following the post-test FPEB scan. Principal component analysis (PCA) showing separation of A FE (n=12) from CON
(n=3) males, and C LR (n = 6) from HR (n = 6) females. Axes are labeled with the %variance explained by the first three principal components
(PCs). Hierarchical clustering heatmaps depict proteins that were differentially expressed (p < 0.05, log,(FC) > +1.5) between B male FE and

CON samples, and between D female LR and HR samples.

mGIuR5 availability cannot be used to predict which rats would
emerge as LR vs. HR as measured by low or high Context A fear
memory, respectively. We did, however, observe overall lower
mGIuR5 availability in female rats relative to males, particularly in
the amygdala at baseline. Although there were no apparent group
differences at baseline, using a mixed effect GLM analysis to
examine baseline-to-post-test changes in mGIuR5 availability
again revealed a significant effect of sex, as well as significant
time-by-group and time-by-sex interactions. The nature of these
interactions indicated that LR females tended to display decreased
mGIuR5 availability post-test relative to baseline, whereas BPyp
tended to increase in HR males post-test. It is noteworthy that,
while a 2015 evaluation of mGIuR5 availability in a healthy human
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sample revealed no differences between men and women [43], a
larger, more recent study by Smart and colleagues found mGIuR5
availability to be significantly higher in men (+17% overall) as
compared with women [44]. This later finding is in in agreement
with our present findings, and it remains a possibility that lower
mGIuR5 availability contributed to lower freezing behavior in
females. To our knowledge, there is no published evidence of sex-
by-diagnosis interactions related to mGIuR5 expression or its
relationship with psychiatric symptoms, but it is certainly a
possibility that warrants future examination.

Since relative changes in mGIuR5 availability appeared to
potentially be an important distinction between LR vs. HR rats, we
decided to test for relationships between baseline-to-post-test
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Table 1. A. The top 10 enriched canonical pathways identified by IPA for male CON vs. FE rats. B. All enriched (>1 molecule overlap) canonical
pathways identified by IPA for female FE-LR vs. FE-HR.

Ingenuity canonical pathways —Log(p value) Molecules

A

Synaptic long-term depression 6.86 GRM3,GRM5,GUCY1B1,ITPR1,NOS1,PRKCD,RAF1,RYR2
Corticotropin-releasing hormone signaling 4.85 GUCY1B1,ITPR1,MEF2A,NOS1,PRKCD,RAF1
Cholecystokinin/gastrin-mediated signaling 4,01 ITPR1,MEF2A,PRKCD,PTK2B,RAF1
Synaptic long-term potentiation 3.97 GRM3,GRM5,ITPR1,PRKCD,RAF1
G-protein-coupled receptor signaling 3.68 ELP1,GABBR2,GRM3,GRM5,PTK2B,RAF1
Gaq signaling 3.55 GRMS5,ITPR1,PRKCD,PTK2B,RAF1
Endothelin-1 signaling 3.38 GUCY1B1,ITPR1,NOS1,PRKCD,RAF1
Neuropathic pain signaling in dorsal horn neurons 3.22 GRM3,GRMS5,ITPR1,PRKCD

Mechanisms of viral exit from host cells 3.07 PRKCD,VPS25,XPO1

Renin-angiotensin signaling 3.07 ITPR1,PRKCD,PTK2B,RAF1

B

LXR/RXR activation 2.8 APOA4,GC,HPX

FXR/RXR activation 2.8 APOA4,GC,HPX

Remodeling of epithelial adherens junctions 1.86 APC,DNM3

Clathrin-mediated endocytosis signaling 1.19 APOA4,DNM3

Huntington’s disease signaling 0.955 DNM3,POLR2E

CREB signaling in neurons 0.775 GABBR2,POLR2E

changes in mGIuR5 availability and behavioral measures. The
significant positive correlations observed between ABPyp and
total freezing during footshock exposure in Context A, as well as
PFC ABP\p and freezing during the Context A contextual fear
memory test, are consistent with clinical findings where higher
mGIuR5 availability was found to be associated with greater
symptom severity among individuals with PTSD [22, 23]. The
present findings are also congruent with the study by Yim et al.
[45], who demonstrated substantial individual differences in
hippocampal mGIuR5 upregulation following acute restraint stress
in male rats, and rats with the greatest upregulation of mGIuR5
displayed significant changes in basal EEG theta spectral power, a
form of hippocampal activity that plays a role in associative and
affective [46, 47]. Because this study by Yim et al. [45] did not
include any behavioral analyses, it is not known whether the rats
with greater mGIluR5 upregulation would have also displayed
altered behavioral responses. However, other preclinical work has
demonstrated that pharmacological blockade of mGIuR5, specifi-
cally preceding the training phase of a Pavlovian conditioning
paradigm, can attenuate fear learning [48]. Together with previous
clinical evidence and our present findings, these data support the
hypothesis that differences in mGIuR5 expression or signaling
following a traumatic event could be a signature of stress
responsivity and potentially mediate the development of stress
or trauma-related pathology. It should also be noted that mGIuR5
activation facilitates fear extinction and extinction retention
[49, 50], as well as enhancing performance in tests of
hippocampal-dependent spatial learning [51]. Thus, there is a
critical need to ensure agents intended to modulate mGIuR5
expression or activity as a strategy for reducing risk or enhancing
resilience following a potentially traumatic stress do not induce
pathophysiological changes in desirable forms of mGIuR5-
mediated synaptic plasticity, learning and memory.

Analysis of post-FE PFC protein expression showed that
molecular differences between male and female rats seem to
be enhanced by footshock stress; that is to say, we observed 379
differences between FE males and females, but only 41 proteins
were differentially expressed between CON males and females.
Moreover, across sexes, there was little to no overlap between
proteins and enriched pathways differentially expressed between
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groups. Among males, the greatest differences were between
CON and FE rats, with FE in males being associated with
upregulation of neuroplasticity pathways (e.g., Synaptic LTD and
LTP), and mGluR5 itself, as well as neuroendocrine signaling (e.g.,
Corticotropin-Releasing Hormone Signaling). In contrast, the
greatest differences in female rats were between the LR and
HR groups, with LR in females being associated with down-
regulation of LXR/RXR and FXR/RXR nuclear receptor signaling
pathways. LXR/RXR and FXR/RXR signaling have been implicated
in neuroprotection and inflammation within the context of
neurodegenerative disorders [52], as well as preclinical evidence
suggesting these pathways may be activated in animal models of
depressive and anxiety-like behavior [53]. It is also important to
note that the CON vs. FE comparison highlights the exposure to
footshock as the important group distinction in males, whereas
the LR vs. HR comparison suggests the behavioral response to
footshock as the defining group feature among females. This is
even more intriguing given the overall lower freezing observed
in females, again raising the question of the relevance of freezing
as the “hallmark” behavioral response to stress and/or expression
of fear for female rodents. Overall, these observations add to the
mounting evidence that males and females respond differently
to stress at the cellular, molecular, and physiological level
[16, 54, 55] that may contribute to the differences at the
behavioral level.

Limitations of the present study include that we were not
powered to look at the potential influence of estrous cycle in
female rats. There is mounting evidence implicating a modulatory
role of sex hormone signaling in response to stress [56], PTSD and
mood symptoms [57-59], pain processing [60], and interactions
between estrogen receptor and mGIuR5 signaling [61]. Therefore,
investigating whether interactions between estrogen and mGIuR5
could influence resilience and vulnerability is something to
explore in the future. Second, given the relationship between
mGIuR5, nociception, chronic pain syndromes [62-64], and the
painful nature of footshocks, it is possible that the observed
relationship between increased mGIuR5 availability and behavioral
response to FE is mediated in part by enhanced pain sensitivity.
This potential confound would fit in with clinical observations
suggesting overlapping mechanisms mediating chronic pain

SPRINGER NATURE

495



R.H. Asch et al.

496

syndromes and stress-related psychiatric disorders [65-67]. Third,
freezing on days 1 and 3 are “contaminated” by the immediate
locomotor response to the painful footshock(s), thus interpreta-
tion of freezing on these days must be done cautiously. Forth, we
did not observe enhanced fear learning in FE rats; therefore,
further work is required to determine the role of mGIuR5 in the
SEFL phenotype. Fifth, PFC samples for the proteomics analysis
were collected after the post-test PET session while under
isoflurane anesthesia, which has short and long-term effects on
protein expression [68]. However, scan duration and total time of
isoflurane exposure was equivalent for males and females and
across groups. Finally, multiple hypotheses were tested using this
relatively small dataset. We recognize that this type of multiple
hypothesis testing is vulnerable to type 1 error (i.e., false positives).
Furthermore, despite baseline-to-post-test changes in mGIuR5
availability reported here being statistically significant and greater
than the test-retest variability for ['®FIFPEB [69], the magnitude of
the present findings are still quite modest. Given these realities,
replication studies in larger sample sizes will be necessary to
validate our results.

In summary, observed associations between greater post-test
increases in mGIuR5 availability and acute behavioral responses to
footshock stress, specifically freezing during the footshcok
exposure and the test of contextual fear memory, are consistent
with clinical findings implicating mGIuR5 in the pathophysiology
of psychiatric symptoms [22-24]. Our results suggest that
increased mGIuR5 availability and activity could be related to
individual differences in acute stress responsivity and act as a
mediator of post-trauma phenotypes. These data additionally
highlight potentially important sex differences in responses to
acute or traumatic stress, including differential involvement of
mGIuR5 and related molecular networks. Research aimed towards
understanding the contribution of mGIuR5 to sex differences in
how males and females respond to stress, and differences in
factors mediating post-traumatic phenotypes could ultimately
translate into the development of preventative strategies or
therapeutic targets that leverage individual differences in
pathophysiology.
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