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Abstract

Post-traumatic stress disorder (PTSD) is a disabling psychological disorder characterized

by chronic symptoms of intrusiveness, avoidance, and hyperarousal after a traumatic event.
Retrospective studies have indicated PTSD increases the risk for cardiovascular disease (CVD)
including arrhythmia, hypertension, and myocardial infarction. The goal of this study was to: 1)
use a murine model of cued fear conditioning (inescapable foot shock, IFS) to develop a scoring
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method to distinguish a PTSD-like phenotype, and 2) use this model system to characterize

the cardiac phenotype and function in mice with extreme PTSD-like behaviors. We compared

3 groups, controls, non-responders (NR), and PTSD-like mice at 2 time points [4-weeks and 8-
weeks post-1FS] to compare left ventricular structure and function. Assessment of cardiac function
showed both male and female PTSD-like mice had increased isovolumetric relaxation time at
8-weeks post-IFS, whereas only females demonstrated increases in E/e’, left atrial diameter, and
decreased ejection fraction compared to control mice. Female PTSD-like mice also demonstrated
increased interstitial fibrosis through picrosirius red staining and increased expression of fibrotic
genes including Co/3al and Lox. Overall, our data indicated that mice displaying behavioral
characteristics associated with PTSD present with sex-dependent diastolic dysfunction likely due,
at least in part, to an activation of cardiac fibrosis.
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Introduction

Post-traumatic stress disorder (PTSD) is a disabling psychological disorder characterized
by chronic symptoms of intrusiveness, avoidance, and hyperarousal after a traumatic event.
Patients diagnosed with PTSD have a two-times higher risk of experiencing an adverse
cardiac event like myocardial infarction or stroke compared to patients without PTSD even
after adjustment for confounding factors like diabetes, hypertension, and depression [1-5].
While the mechanism behind this risk is unknown, chronic and uncontrolled inflammation is
often reported with mental disorders and pathologies likely contributing to cardiovascular
disease (CVD) risk [6]. Clinical studies have demonstrated that PTSD etiology has
downstream functional effects on the immune system, which may affect cardiovascular
remodeling and function [7-12]. While there are multiple clinical studies addressing a
correlation between PTSD and CVD outcomes, studies investigating the reason for the
connection between PTSD and CVD are few.

Use of rodent models to simulate aspects of PTSD such as the social-defeat and predator
scent stress models have demonstrated that long-term alterations in heart rate variability and
myocyte function occur in PTSD animals [13,14]; however, there remains a significant
need to examine chronic effects on cardiac structure and remodeling beyond basic
cardiovascular parameters. The animal variability seen in PTSD murine studies represents
the heterogeneous clinical presentation of PTSD. Despite this strength, variability within
experimental groups has prevented a clear and translatable conclusion regarding the impact
of PTSD on cardiovascular health. While most previously studied models reliably produce
generalized anxiety- and/or depression-like behaviors, specific constructs like arousal were
variable across parameters and were not consistent [15]. In addition, many previously
studied models were optimized for male behavioral phenotypes and disregarded female
behavior due to increased variability, limiting our understanding of female behaviors
associated with fear-conditioning [15].
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In the last decade, the animal behavior field has demonstrated the strength of using
composite Z-scores for multidimensional behavioral testing to control for subject variability
[16,17]. A single behavior test for animal models is not sufficient to assess the multiple
aspects of trauma and is not consistent with the clinical concept of PTSD. Due to variability
of behavioral tests (e.g., lower scores for some behavioral tests indicate better performance,
and in others, higher scores are better), simple addition or averaging of the different tests
does not accurately reflect mouse phenotype. Use of test batteries that cover multiple
diagnostic criteria and time points may provide insight into the direct effects of stress over
time while controlling for subject variability.

Accordingly, we hypothesized that use of a multiple diagnostic criteria to characterize

mice as a PTSD-like phenotype will elucidate novel regulators of PTSD-associated

adverse cardiac remodeling and cardiac dysfunction observed in the clinical population. By
considering individual variability, we aimed to generate a reproducible model that will allow
us to evaluate symptom severity and further dissect the cardiovascular phenotype present in
a PTSD-like behavioral phenotype.

2. Methods

2.1. Animal assurance for prospective experiments

All animal procedures were approved by the Institutional Animal Care and Use Committee
at Ralph H. Johnson VA Medical Center in accordance with the Guide for the Care and Use
of Laboratory Animals and followed the ARRIVE guidelines [18]. Male and female mice
(C57BL/6 J) were separated into 6 cohorts, each containing controls (4-weeks: males: 4.9
+ 0.3 months of age; females: 4.7 + 0.1 months of age; 8-weeks: males: 6.0 + 0.2 months
of age; females: 6.1 + 0.2 months of age) and mice that undergo the inescapable foot shock
(IFS) model (4-weeks: males: 4.8 + 0.1 months of age; females: 4.7 + 0.1 months of age;
8-weeks: males: 6.0 + 0.1 months of age; females: 6.3 £ 0.1 months of age). All mice

were bred in house and kept in a light-controlled environment with a 12-h;:12-h light/dark
cycle and given free access to standard mouse chow and water. Mice were group housed
throughout the experiments unless behavioral testing required single housing temporarily.

2.2. Cued Fear-Conditioning (Inescapable Foot Shock; IFS)

Mice were randomly selected and underwent a cued fear-conditioning protocol (inescapable
foot shock; IFS) [19]. Mice were placed in a fear-conditioning chamber (Ugo Basile) for

6 min where they were exposed to 5 foot shocks (1.0 mA). Mice were exposed to a 19 s

tone as the trauma association (9000 hz, 80 % intensity), before receiving a 1 s foot shock.
Tone terminated prior to mice receiving foot shock. Aged-matched control mice underwent a
6-min trial period where a 19 s tone (9000 hz, 80 % intensity) was played but foot shock was
not received. Video data was collected by an overhead high-speed camera (25 frames per
second) and reviewed using EthoVision XT (Noldus). Cued fear-conditioning was initiated
between 9 and 10 am.
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2.3. Behavioral tests for PTSD-like mice

To characterize behavioral phenotypes, we developed a composite Z-score that incorporates
multiple behavioral tests (Table 1, Supplementary Figs. 1-5). Each assessment was uniquely
chosen to match specific PTSD criteria as detailed in the DSM-5 (Diagnostic and Statistical
Manual of Mental Disorders). To adjust for potential effects of the repetitive tests at different
time points, we calculated behavioral parameters values from each test as a fold change

of the parameter measured at baseline before IFS (week 0; pre-IFS, n= 20 parameters)
versus terminal collection (week 4- or 8-post-1FS). All tests for baseline and terminal time
points were performed in a temperature-controlled room at the same time of day to remove
any influence of circadian rhythm. Mice were also habituated for a minimum of 20 min

in testing rooms prior to the start of the tests. Based on outputs from behavioral testing,

IFS mice were classified as either non-responders (NR), mice that are resilient to IFS, (NR;
4-weeks: males = 8; females = 9; 8-weeks: males = 8; females = 4) or PTSD-like, mice that
are susceptible to IFS (4-weeks: males = 9; females = 12; 8-weeks: males = 4; females = 5).

2.4. Composite Z-score

To interpret behavioral results, we incorporated cut-off behavioral criteria and clustering
methods similar to what is used in the clinic for the classification of susceptible and resilient
trauma-exposed individuals [20]. From the 6 behavioral tests performed, 20 parameters
(Table 1) were selected due to minimal variation and consistency over time within the
control group. Description of all behavioral methods used to generate composite scores

are detailed in the Supplemental Methods. We calculated a composite Z score for each
behavioral parameter, as follows: Z= (x - u)/o (x= fold change, v = control average, o =
control standard deviation) [21]. Fold change of each behavioral parameter was calculated
by dividing terminal time point values by baseline values for each individual mouse. Each
cohort included control mice (no IFS) that underwent the same behavioral tests as the IFS
mice to set the limits for scoring. Scores were calculated using the control mice within

the same cohort. The absolute value of the Zscore for each behavioral parameter within
individual symptom clusters were averaged and the overall composite Z-score was then
calculated by averaging the scores for each symptom cluster, so that individual cluster(s) or
parameter(s) are weighted equally. Cutoff values were determined as follows: average + (2

x Standard Deviation). To be classified as PTSD-like, mice must demonstrate at minimum a
composite Z-score greater than the cut-off value for the overall score in addition to 3 of the
4 symptom clusters (intrusiveness, social avoidance, negative mood/cognition, hyperarousal;
Supplementary Fig. 1). Based on the composite score, IFS mice that did not meet all the
criteria to be considered PTSD-like were classified as NR.

2.5. Echocardiography

Serial echocardiography and doppler imaging were collected at weeks 0-, 2-, 4-, and
8-weeks post-IFS (Vevo 3100, VisualSonics; Toronto, CA) following recommendations
published in the “Guidelines For Measuring Cardiac Physiology in Mice” [22,23]. During
the echocardiography procedure, mice were anesthetized with 1.0-1.5 % isoflurane in
oxygen mix. Electrocardiogram, heart rate, and body temperature were monitored during
the imaging procedure. All images were acquired at heart rates >400 beats/min for
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physiologically relevant measurements. Measurements were taken from the left ventricle
(LV) parasternal long-axis and pulse wave flow and tissue velocity doppler of the pulmonary
and mitral valve using integrated VevoL AB software. For all echocardiographic variables, 3
images from consecutive cardiac cycles were measured and averaged for final reporting. For
doppler outputs, 5 consecutive cardiac cycles were measured and averaged.

2.6. Tissue collection

For euthanasia, mice were anesthetized with 1.5-2.0 % isoflurane in an oxygen mix. During
tissue collection, heparin (1000 USP/mL) was injected intraperitoneally, and blood was
collected from the carotid artery. The blood was centrifuged for 5 min to separate out
plasma, and 1x proteinase inhibitor (Roche, 1169749800) was added before snap freezing in
liquid nitrogen. Hearts were excised and flushed with cardioplegic solution (69 mM NaCl;
12 mM NaHCO3; 11 mM glucose; 30 mM 2,3-butanedione monoxime; 10 mM EGTA,;
0.001 mM Nifedipine; 50 mM KCI; and 100 U Heparin in 0.9 % saline, pH 7.4) to arrest the
heart in diastole. The LV was separated from the right ventricle and individually weighed.
The LV was cut into three equal sections: base, mid-papillary, and apex. The base and

apex were individually snap frozen in liquid nitrogen and stored in —80 °C for later use.

The mid-papillary section was fixed in zinc formalin fixative (Sigma Aldrich, Z2902) and
embedded in paraffin for histological staining.

2.7. Histology

For histological analysis, tissue samples underwent deparaffinization and rehydration
before heat-mediated antigen retrieval (Target Retrieval Solution, Dako S1699) was
performed to expose target antigens. No antigen retrieval was performed for wheat germ
agglutin (WGA) staining. Blocking serum was then applied (Mac3-Rabbit Serum; Vector
Laboratories, S-5000; WGA-Goat Serum, Vector Laboratories, S-1000) and slides were
left to incubate for 1 h at room temperature. After blocking, either Mac-3 primary
antibody (Cedarlane CL8943AP; 1:100) or WGA-AlexaFluor488 conjugate (Invitrogen,
W11261, 1:200) was added. For Mac-3 staining, tissue was incubated in primary antibody
overnight at 4 °C followed by rabbit anti-rat IgG secondary antibody (Rabbit anti-rat 1gG,
Vector Laboratories, PK-6104) for 1 h at room temperature. HistoMark Black (SeraCare,
5510-0034) was used to visualize positive Mac-3 staining, with eosin as a counterstain.
Negative controls with no Mac-3 antibody were used. Slides with WGA stain were
incubated for 2 h at room temperature. TrueBlack (Biotium, 23007) was added for 1 min to
limit tissue auto fluorescence. DAPI Mounting Media (Vectashield, H-1200) was then added
to visualize nuclei. To visualize collagen, slides were incubated in 0.2 % phosphomolybdic
acid (Electron Microscopy Sciences, RT 26357-01) for 3 min followed by 0.1 % Sirius
Red in saturated picric acid (Electron Microscopy Sciences, RT 26357-02) for 90 min.
Immediately after, slides were placed into acidified water for 2 min. For all staining
protocols, 10-20 images were captured on Echo Revolve Microscope or Olympus Model
BX43 Trinocular Research Microscope at 40x magnification for each LV section. Scans of
the LV were taken to record both perivascular and interstitial fibrosis. Images were collected
so that at minimum 10 contained staining of large intramyocardial vessels to represent
perivascular fibrosis and 10 images without visible vessels to represent interstitial fibrosis.

J Mol Cell Cardiol. Author manuscript; available in PMC 2025 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Corker et al.

Page 6

The percentage of positive staining per field of view and cardiomyocyte area was calculated
using Image-Pro version 10.0.11 (Media Cybernetics).

2.8. Protein isolation

The LV of control, NR, and PTSD-like mice were fractionated into soluble and insoluble
fractions. Protein was extracted from LV tissue by homogenizing the samples sequentially
in phosphate buffered saline (PBS) with 1x protease inhibitor cocktail (16 UL per mg tissue,
soluble protein fraction), followed by protein extraction reagent type 4 (Sigma; 7 M urea,

2 M thiourea, 40 mM Trizma® base and the detergent 1 % C7BzO, 16 pL per mg tissue)
with 1x protease inhibitor cocktail (insoluble protein fraction). Protein concentrations were
determined by the Quick Start™ Bradford Protein Assay (Bio-Rad).

2.9. Proteomics

Assays for MMP-9 activity (Enzo, BML-AK410, 1.5 dilution of plasma, no dilution of
insoluble protein fraction of the LV), circulating CCL2 levels (R&D Systems, MJEOOB, 1:10
dilution), and circulating cardiac troponin I (Novus Biologicals, NBP3-00456, 1:2 dilution)
were performed according to manufacturer instructions. Snap frozen plasma and insoluble
protein fraction of the LV were thawed on ice and all samples were read in duplicate.
Absorbance was read at wavelength specified by the manufacturer using the SpectraMax 190
microplate spectrophotometer microplate reader.

2.10. Gene expression

RNA was isolated from the LV of mice following RNeasy Mini Kit instructions (Qiagen,
74104). RNA levels were quantified using the NanoDrop ND-1000 Spectrophotometer
(Thermo Scientific). Reverse transcription of equal RNA content (1 pg) was performed
using the QuantiTect Reverse Transcription Kit (Qiagen, 205313). QuantiNova LNA Probe
PCR focus panels on murine fibrotic markers (Qiagen, 249955) were used to quantify
MRNA levels in LV tissue. QuantiNova Probe PCR kit was used to make the master mix
for the focus panels (Qiagen, 208256). Thresholds were set based on the internal plate
control (PPC) to remove plate to plate variability according to manufacturer’s instructions.
Ct values were normalized to the B2m housekeeping gene. Calculations for the ACt

values was done using the Qiagen GeneGlobe Analysis software and manual calculations
were performed by normalizing values to control (non IFS) values to determine 2 AACt,
Differentially expressed genes identified underwent autoscaling by dividing the mean center
by the standard deviation of each variable for bioinformatic and pathway analysis.

2.11. Cardiac macrophage phenotyping

RNAscope Multiplex Fluorescent kit was performed following v2 User Manual (ACDbio,
323280). Tissue samples were cut in an RNAse free environment 1-2 days prior to running
RNAscope. Manual target retrieval was performed based on the manufacturer’s instructions
(Appendix B. in v2 User Manual) for 15 min followed by protease plus treatment for

15 min at room temperature. TSA Vivid Fluorophore 520 (Tocris Bioscience, 323271),
TSA Vivid Fluorophore 570 (Tocris Bioscience, 323272), and TSA Vivid Fluorophore

650 (Tocris Bioscience, 323273) were used to visualize mRNA probes CD86 (ACDbio,
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403441-C3), Ccr2 (ACDbio, 501681), and CD206 (ACDbio, 437511-C2) respectively. TSA
Vivid Fluorophores were diluted 1:750 in TSA buffer. Positive and negative control sections
were performed for every sample assayed to determine mRNA presence/quality in tissue and
probe specificity. Samples were excluded if positive control had limited mRNA staining.
Sections were imaged at 20x within a week of assay on the A1Rsi Laser Scanning Nikon
Confocal. Percent overlap was performed on a minimum of 5 images per sample using
Image-Pro version 10.0.11 (Media Cybernetics). All representative images are shown at 20x
with inserts by 2x digital zoom of the acquired images.

Bioinformatics and pathway analysis

Bioinformatic and pathway enrichment analysis was performed using tools available on
the Metaboanalyst 6.0 package (www.metaboanalyst.ca/) [24]. Gene data was uploaded

to Metaboanalyst as 2722Ct and a one-way ANOVA with Tukey’s post hoc test was
performed separately for each sex to determine differentially expressed genes (defined as
false discovery rate (FDR) adjusted p < 0.05). Partial least squares discriminant analysis
(PLS-DA) was used for assessment of distribution and generating the Variable Importance
in Projection or VIP score. The VIP score is a weighted sum of squares of the PLS weight,
which indicates the importance of the genetic variable to the whole model. For generation
of volcano plots, a fold change threshold of +2.0 compared to sex-matched controls and a
p-value of <0.05 based on FDR was used to compare gene expression between controls and
post-IFS groups (NR and PTSD-like). Pathway impact score is based on the combination
of the centrality and pathway enrichment results and was calculated by adding up the
importance measures of each of the matched genes and then dividing by the sum of the
importance measures of all genes within each pathway. Fisher’s exact test was used for
pathway enrichment with degree centrality being used for topology measurement.

2.13. Statistics

All statistical analyses were performed by investigators blinded to groups. Data are
presented as means £ SEM. Multiple group comparisons were analyzed using two-way
ANOVA, followed by the Bonferroni post-hoc test when the Bartlett’s variation test passed,
or the nonparametric Friedman test, followed by Dunn post hoc test when the Bartlett’s
variation test did not pass. A Pearson correlation coefficient was calculated to assess the
linear relationship between interstitial fibrosis and behavioral parameters. All data has been
separated by sex. Statistical significance was set at p < 0.05.

3. Results

3.1.

Female, but not male, PTSD-like mice present with decreased cardiac function 8-

weeks post-IFS

Serial echocardiography and doppler measurements show male PTSD-like mice and NR
mice of both sexes had a significant increase only in isovolumetric relaxation time (IVRT)
compared to controls while female PTSD-like mice had a significant increase in IVRT,
E/e’, and left atrial diameter (LAD) and experienced a decrease in ejection fraction (EF)
at 8-weeks (Fig. 1; Table 2). To determine if there was any effect on right ventricular
function, we measured pulmonary artery acceleration time to ejection time (PATET) ratio
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which showed no significant differences between phenotypes or sex (o = 0.6552) at 8-weeks
post-IFS. Results indicate male PTSD-like mice and all NR mice display slight alterations
in filling pressure that is not yet pathological while female PTSD-like mice display diastolic
dysfunction at 8-weeks.

PTSD-like phenotype exacerbates cardiac remodeling in female PTSD-like mice

To determine molecular changes potentially responsible for driving the cardiac dysfunction
observed in female PTSD-like mice at 8-weeks, we assessed for markers of myocyte injury
at 4-weeks. Circulating cardiac troponin showed no differences between groups (Fig. 2A).
Along with this, no differences were observed in cardiomyocyte size at 4-weeks as seen

in WGA-stained images (Fig. 2B). Plasma levels of MMP-9 activity, a known marker of
cardiac remodeling associated with PTSD [25,26] was not significant across groups (Fig.
2C), although an increased trend was seen in male PTSD-like mice (p= 0.1511). Similar to
what was observed in circulation, MMP-9 activity in the left ventricle was not significant
across groups but had an increased trend in male PTSD-like mice (p = 0.1240) compared to
NR of the same sex and a decreased trend compared to female PTSD-like mice (o= 0.1237;
Fig. 2D). Picrosirius red staining demonstrated an increase in male vascular collagen levels
when compared to mice across all groups and sexes (Fig. 2E), which has been previously
reported in aged mouse models [27]. In contrast, female PTSD-like mice had increased
interstitial collagen compared to NR and controls (Fig. 2E). We conclude that increased
interstitial fibrosis observed at 4-weeks likely contributes to diastolic dysfunction found

in female PTSD-like mice at 8-weeks post-1FS. To determine if the degree of behavioral
consequences after IFS set the heart on a path toward pathology and dysfunction, we
performed correlations between specific behavioral parameters and interstitial fibrosis values
measured at 4-weeks in the post-1FS groups (Table 3). Interstitial fibrosis was significantly
correlated with session extinction coefficient scores in female PTSD-like mice (= 0.8989; p
= 0.0380) whereas duration spent in the middle zone during open field was correlated with
interstitial fibrosis in male PTSD-like mice (r=0.8853; p=0.0190). In female NR mice,
duration of the enrichment runway test was negatively correlated with interstitial fibrosis (-
=-0.7577; p=0.0485). While many of the other behavioral tests demonstrated trends, none
were considered significant.

3.3. Male and female mice display differing left ventricular gene expression

To determine potential drivers in our PTSD-like mice at 4-weeks, we assessed for gene
markers of fibrosis in LV tissue. PLSDA analysis of the gene array panels illustrated
little overlap between groups indicating distinct clustering of the genetic data between
the control, NR, and PTSD-like mice (Fig. 3A-B). As shown in the volcano plot, male
NRs at 4-weeks post-1FS had increased expression of tissue growth factor-p1 ( 7gfbJ),
endoglin (Eng), platelet derived growth factor-p (Pdgfb), bone-morphogenic protein-7
(Bmp?), glucuronidase-p (Gusb), plasminogen activator (P/af), and signal transducer and
activator of transcription-6 (Stat6) when compared to male controls (Fig. 3C, Table 4). In
contrast, male PTSD-like mice had decreased integrin alpha 3 (/fga3) and integrin alpha v
(/tgav) expression compared to controls (Fig. 3D, Table 4). Compared to female controls,
lysyl oxidase (Lox) was the only significantly upregulated gene in female NR mice (Fig.
3E, Table 4), whereas female PTSD-like mice expressed elevated levels of integrin beta 8
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(/tgb8), collagen type 3 alpha 1 (Col3al), and Loxat 4-weeks, reflective of the increased
fibrotic deposition observed by PSR staining (Fig. 3F, Table 4). Variable importance in
projection (VIP) analysis was used to weigh the significance of each variable to the whole
model (Fig. 3G-H). Genetic variables with a VIP score > 2.0 were considered as potential
drivers of the observed cardiac pathology (/abeled by stars). In males, /tga3was identified as
having the highest VIP score but with decreased genetic expression being observed in male
PTSD-like mice compared to controls and NRs (Fig. 3G). In females, Lox was shown to
have the highest VIP score with the highest expression levels observed in PTSD-like female
mice (Fig. 3H).

To determine if these genetic changes were linked to functional or pathway enrichment,
pathway analysis was performed. Male NR mice demonstrated an upregulation in genes
associated with the AGE-RAGE, TGF-B, and proteoglycan signaling pathways (Fig. 4A). In
contrast, male PTSD-like mice showed a downregulation of AGE-RAGE, TGF-, and fluid
sheer stress signaling (Fig. 4B). Female NR mice also demonstrated an elevation in genes
associated with the TGF-B pathway along with an increase in complement and coagulation
cascade and a downregulation in genes related to cytosolic/DNA sensing pathway (Fig.

4C). In contrast to males, female PTSD-like mice had a slight increase in AGE-RAGE

and TGF-B signaling along with a similar decrease seen in male PTSD-like mice in genes
associated with fluid sheer stress (Fig. 4D). Overall, our genetic assessment further stratified
behavioral phenotypes seen in our composite score with a profibrotic signature observed in
female PTSD-like mice. These clear-cut differences in genetic expression between sexes and
groups may be leading to impairments in cardiac function in females.

3.4. Resident macrophages may be playing arole in PTSD induced cardiac dysfunction

Due to genetic data indicating the potential for modulations in the inflammatory response,
we tested macrophage numbers between groups. Histological staining of the LV showed

an increased trend (p = 0.0542) but no significant differences in macrophages within the

LV of male PTSD-like mice compared to respective controls 4-weeks after IFS (Fig. 5A).
No differences were observed in female mice between groups. Despite there being no
difference in total macrophage numbers, an assessment of potential impact of recruited
monocyte-derived macrophages at 4-weeks post-1FS was performed. We first assessed for a
known monocyte chemotactic protein, CCL2, and found no difference in circulating CCL2
between the groups at 4-weeks post-IFS (Fig. 5B). We then measured markers of monocytes
and macrophage phenotypes via in situ hybridization. Interestingly, Ccr2 mRNA expression
decreased in male and female NR and PTSD-like mice when compared to controls (Fig. 5C).
No differences were reported with colocalization of Ccr2+ CD86+ and Ccr2 + CD206+
MRNA positive macrophages in the PTSD-like group of either sex (Fig. 5C). Female NR
had an increase in Ccr2+ CD86 colocalization compared to female controls indicating
inflammation likely has a minor role in diastolic impairment observed in female PTSD-like
mice.
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4. Discussion

The goals of this study were twofold: 1) use a murine model of cued fear conditioning
(inescapable foot shock, IFS) to develop a scoring method to distinguish a PTSD-like
phenotype, and 2) use this model system to characterize cardiac phenotype and function

in mice with PTSD-like symptoms. Using our behavioral scoring method, we were able

to separate out a group of mice that demonstrated an exaggerated behavioral phenotype

4- and 8-weeks after IFS that we labeled as PTSD-like. With our refined method of PTSD-
like behavior evaluation, we found sex dependent differences in behavioral output and
cardiovascular function in mice after cue-associated fear conditioning. To our knowledge,
our study is one of the first to demonstrate an adverse cardiac phenotype in a subset of
female mice displaying a PTSD-like behaviors, which is most likely due to increased fibrotic
deposition.

Clinical studies have shown innate sex differences reported in PTSD diagnosis rates,
symptom severity and duration of symptoms [28,29]. Women are typically protected

from cardiac events until menopause, while men have a higher risk of experiencing a
cardiac event when compared to aged-matched women [30,31]. The mice in our study

are considered middle aged and so we originally hypothesized that female mice would be
protected due to the beneficial cardiovascular effects of female hormones. At first, we were
surprised our female PTSD-like mice had clearer signs of cardiac dysfunction at the time
points examined than the male PTSD-like mice however, when assessing clinical literature
we found that in the absence of hypertension, women with PTSD had diastolic dysfunction
compared to healthy aged matched women as indicated by increased E/e’ ratio similar to
what we observe in our female PTSD-like mice [32]. Female NR and male PTSD-like
mice did not show signs of significant cardiac dysfunction; however, both groups had an
increase in IVRT suggesting impaired LV filling. There is limited literature investigating
how PTSD-like symptomology in mice can influence the cardiac environment and the
possible mechanisms behind it. These results, to our knowledge, are the first to demonstrate
a female dominant cardiac phenotype in a murine model of PTSD.

Our behavioral tests demonstrated different behavioral outputs between male and female
mice after cue-associated fear conditioning at 4- and 8-weeks. The strength of the IFS

model is the heterogeneity in the behavioral responses mimicking the clinical population
however, due to the variability in the animals response, some studies have been inconclusive
in regard to the cardiac phenotype [33-35]. By integrating a scoring method, we aimed to
pull out the more extreme behavioral phenotypes to identify key signatures that may be
driving the cardiovascular pathology associated with PTSD. Male PTSD-like mice behaviors
appeared to persist over longer periods, although were highly variable, with some animals
showing signs of hyperarousal while others demonstrated the opposite. Female PTSD-like
mice appeared to have less variability in their behavioral data and were characterized by a
continued anxiety-like phenotype. Changes in behavior in chronic stress models have been
reported in male mice previously by other groups, but female behavioral data is understudied
[36]. It is possible that due to the limited data in females, the cardiac phenotype may have
been overlooked. More recent clinical studies have demonstrated premenopausal women
with a PTSD diagnosis exhibited an exaggerated increase in blood pressure and heart rate
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during a cold-pressor test suggesting an overactive sympathetic and hemodynamic response
[37]. These clinical findings are in line with our study and provide a potential explanation
for the propensity toward developing cardiovascular disease later in life in young women,
who are typically thought to be protected from CVD.

No changes in circulating cardiac troponin, LV weight, and myocyte size were observed in
either sex at 4-weeks post-1FS, suggesting cardiomyocytes alone may not be the early driver
of cardiac dysfunction observed in our model. With diastolic impairment, there typically

is an associated interstitial fibrotic collagen deposition and extracellular matrix remodeling
[38,39]. Increased interstitial fibrosis in the LV can lead to stiffening of the ventricle and
decreased cardiac function. Female PTSD-like mice reflected this molecular pathology and
had increased interstitial fibrosis while male PTSD-like mice did not. Similarly, female
PTSD-like mice also had increased Co/3al and Lox gene expression in the LV. Lox is an
enzyme that facilitates in collagen cross-linking and tissue stiffening [40-43]. Future studies
evaluating matrix organization and cardiac stiffness in our model will reveal if these genetic
changes were key in the pathology observed in our female PTSD-like mice.

While we were able to identify molecular differences between PTSD-like and NR groups, it
is unclear what exactly is protecting the NR group from having an exaggerated behavioral
and cardiac phenotype. Of interest, male NRs had an increase in genes within the Tgfp
superfamily including 7gfb1, Eng, and Bmp7. The Tgfp superfamily regulates cell survival,
differentiation, and proliferation and different aspects of the reparative response including
angiogenesis and fibrosis, implicating this increase as a potential protective mechanism
[44,45]. In female NR mice, only Lox gene expression was identified to be significantly
different than controls. As discussed above, Lox expression was also elevated in PTSD-like
mice but to a greater extent than what was observed in NR mice. Future studies investigating
potential stress hormones and neurological mechanisms that may be stimulating these
molecular differences between the NR and PTSD-like groups is needed to identify potential
protective mechanisms that could be exploited as a therapy.

Due to the nature of clinical diagnosis, patients are not considered to have PTSD until the
patient has experienced a minimum of 1 month of symptoms. The same metric is used in the
model summarized here. Because of this, we did not investigate the acute molecular changes
before the 1-month time point which limited our understanding of what basic mechanisms
could be reflective immediately after trauma in this study. For future studies, we plan to
include earlier blood draws to track changes in inflammation and immune cell populations
prior to the termination of the study.

For this study, we also focused solely on the left ventricle as our pulmonary doppler
measurements did not indicate right ventricular dysfunction. Our study also performed
minimal investigation into the vasculature and possible hypertension in our PTSD-like

mice. We expect that PTSD-like mice will have increased blood pressure compared to
control mice, likely contributing to the impairment in cardiac function. Previous studies
using a similar fear-conditioning model showed stress-dependent increases in blood pressure
that were blunted after AT1R inhibition with losartan [46]. Interestingly, sequencing of

the basolateral amygdala showed a downregulation of differentially expressed genes in
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the losartan group that were primarily linked to metabolic processes and inflammation.
Further investigation is needed into autonomic nervous system outputs like blood pressure,
resting heart rate, and heart rate variability in PTSD murine models. Future experiments
investigating the effects of vagal nerve stimulation on cardiac function and possible effects
on fibrosis and fibroblast activation would support the association of autonomic dysfunction
in PTSD and cardiovascular outcomes. Studies using the repeated social defeat stress

model have been shown to alter the systemic immune profile likely contributing to adverse
outcomes in both behavior and cardiac function [47,48]. Our study also pointed to a
potential inflammatory mediated mechanism specifically in males. While not observed

in female PTSD-like mice, male PTSD-like mice had an increased trend in macrophage
numbers in the LV. Surprisingly, Ccr2expression was decreased and no significant changes
were seen with circulating CCL2 levels in any of the groups, leading us to believe that
resident macrophages, not monocyte derived macrophages, are likely contributing to the
early signs of LV dysfunction seen in male PTSD-like mice. Male PTSD-like mice also

had a decrease in /fga3and /tgav gene expression, contributing to the idea that immune

cell recruitment is downregulated in male PTSD-like mice [49,50]. Intriguingly, female

NR mice had an increase in the number of Ccr2+ CD86+ cells, representative of an
increase in pro-inflammatory monocytes. This may add to previous studies showing how
chronic stress primes monocytes, leading to higher risk of adverse outcomes following a
second event like infection or myocardial infarction [51]. Further investigation is needed into
how transcriptional programming of monocytes/macrophages from PTSD-like and NR mice
are contributing to PTSD-phenotypic severity and cardiac dysfunction. Additional studies
evaluating the immune profile in our model and how these cells may be contributing to
disease would increase our understanding of PTSD-associated CVD outcomes.

In conclusion, using the scoring method to cluster based on PTSD-like phenotypic severity,
we were able to identify potential mechanisms responsible for diastolic dysfunction in
female PTSD-like mice. Interestingly, male and female mice exhibited differing behavioral
and molecular patterns post-1FS implicating divergent processes activated in response to
trauma. Our research establishes a cardiac phenotype present in a cued fear conditioning
IFS model and provides a platform to discover possible pathological contributions to clinical
associations between PTSD and CVD in women.
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Fig. 1.

Female PTSD-like mice display diastolic dysfunction at 8-weeks post-1FS. A-D) Serial
echocardiography and doppler measurements of male and female control, NR, and PTSD-
like mice show male PTSD-like mice and NR mice of both sexes had a significant increase
only in IVRT compared to controls while female PTSD-like mice had a significant increase
in IVRT, E/e’, and left atrial diameter and experienced a decrease in EF. £-H) Bar graphs
of echocardiography data at 8-weeks post-1FS revealed clear differences between control
and female PTSD-like mice. Female PTSD-like mice had decreased EF compared to male
PTSD-like mice. Male control 7= 4; Female control n = 4; Male NR n = 8; Female NR

n = 4; Male PTSD-like n= 4; Female PTSD-like n=5. Multiple group comparisons were
analyzed by two-way ANOVA with Bonferroni posttest. #p < 0.05 vs Controls, *p < 0.05 vs
NR; IVRT, isovolumetric relaxation time; EF, ejection fraction.
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Fig. 2.

P'?SD-Iike phenotype induced cardiac fibrosis in female mice at 4-weeks post-1FS. A)
Circulating cardiac troponin was not increased between groups, indicating there is limited
cardiomyocyte injury at 4-weeks. B) Wheat germ agglutinin stain revealed no differences in
cardiomyocyte size in the left ventricle between groups at 4-weeks. C) Circulating matrix
metalloproteinase (MMP)-9 activity at 4-weeks had an increased trend (p = 0.1511) in male
PTSD-like mice compared to male controls. D) MMP-9 activity in the left ventricle was not
significantly different between groups. E) Picrosirius red staining showed a sex difference
in location of collagen volume fraction with male mice having higher levels of vascular
collagen whereas, female PTSD-like mice had elevated interstitial collagen compared to
sex-dependent controls. Multiple group comparisons were analyzed by two-way ANOVA
with Bonferroni posttest. Sample size for panels A-B and D-E: Male control 7=5; Female
control n=4; Male NR n=6; Female NR n=7; Male PTSD-like n = 6; Female PTSD-like
n=>5. Sample size for panel C: Male control /7= 3; Female control n = 3; Male NR n = 6;
Female NR n = 5; Male PTSD-like n = 5; Female PTSD-like n = 5. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this
article.)
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A) Male and B) female Partial Least-Squares Discriminant Analysis (PLSDA) plots show
clear separation between groups based on genetic signatures collected from the left ventricle
4-weeks post-1FS. Volcano plots of C) male and D) female NR and PTSD-like mice indicate

differently expressed genes with a fold change=2.0 and a FDR > 0.05. G) Male and H)

female Variance in Projection (VIP) scores along with the fold change of the corresponding
gene indicate genes of interest that likely play a key role in pathology observed in the LV
of PTSD-like mice. n= 3/sex/phenotype. PLSDA and VIP scores were calculated using
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Metaboanalyst and a one-way ANOVA with Tukey’s post hoc test to determine differentially
expressed genes (defined as false discovery rate (FDR) adjusted p < 0.05). *indicates VIP
score is >2; Actb, actin, beta; Bmp~7, bone morphogenetic protein 7; Col3al, collagen, type
I11, alpha 1; Eng, endoglin; Gusb, glucuronidase, beta; /fga3, integrin alpha 3; /fgav, integrin
alpha V; Itgb8, integrin beta 8; Lox, lysyl oxidase; Pdgfb, platelet derived growth factor

B polypeptide; P/at, plasminogen activator tissue; Star6, signal transducer and activator of
transcription 6; 7gfb1, transforming growth factor, beta 1.
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Bubble plot visualizes sex dependent activation of pathways enriched for male A) NR and
B) PTSD-like mice and female C) NR and D) PTSD-like mice 4-weeks after IFS. n= 3/sex/
phenotype. Pathway analysis was performed using Metaboanalyst. Fisher’s exact test was
used for pathway enrichment with degree centrality being used for topology measurement.
Color of the bubble is based on average fold change of the genes within pathways. Size of

bubble is dependent on number of genes identified within pathways.
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Fig. 5.

A)gMaIe PTSD-like mice had an increased trend (p = 0.0542) in macrophages (Mac-3) in the
left ventricle at 4-weeks post-1FS. No differences were observed in the female groups. Male
control n = 3; Female control 7= 4; Male NR n=6; Female NR n=7; Male PTSD-like n

= 6; Female PTSD-like 7= 5. B) No differences between phenotypes at 4-weeks post-1FS
were observed in circulating levels of CCL2. Male control n = 4; Female control n = 4; Male
NR n = 3; Female NR n = 6; Male PTSD-like n = 6; Female PTSD-like n= 4. C) Male

and female NR and PTSD-like mice had decreased percent area of Ccr2 mRNA expression
compared to respective controls. No significant changes were seen in the amounts of Ccr2 +
CD206 mRNA colocalization but female NR mice had an increase in Ccr2+ CD86 mRNA
colocalization compared to female controls at 4-weeks post-IFS. Male control n = 3; Female
control n = 4; Male NR n = 5; Female NR n = 7; Male PTSD-like n = 6; Female PTSD-like
n = 5. Multiple group comparisons were analyzed by two-way ANOVA with Bonferroni
posttest.
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Table 1

Behavioral tests selected to mimic categories of the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-5).

Symptom Cluster

Behavioral Assessment

Parametersin composite score

A-Trauma

B-Intrusiveness

C-Avoidance

Inescapable foot shock

Trauma-specific freezing in
response to cue

Social Interaction Test

Runway Enrichment

Sucrose test

D-Negative cognition/mood

E-Hyperarousal

F-Duration

Novel Object Recognition

Open Field Arena w/tone

>1 month

*NA

« Activity after tone
« Session fear extinction learning

« Duration near new subject, no subject, center chamber
« Total distance moved during trial

« Run duration
« \elocity during run
« # of runs away from enrichment source

« Percentage of sucrose drank
« Frequency near novel object, familiar object frequency, empty quadrants

« Cumulative duration in different zones
« Cumulative duration in corners
 \elocity 30 s after tone

*NA
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Clinical echocardiographic parameters in control and IFS male and female mice at 8-weeks post-IFS.

Table 2

Phenotype Control NR PTSD-like

Sex Male(n=4) Female(n=4) Mae(n=8) Female(n=4) Male(n=4) Femae(n=5)
Heart rate (BPM) 453 + 18 424 7 459 + 19 484 = 15 445 + 15 436 + 11

EDV (uL) 592 54+4 58+1 56+1 60 +2 50+2*

ESV (uL) 19+1 18+1 20£1 2142 211 21+1

EF (%) 68+ 2 671 661 63+2 651 59+ 17
LAD (mm) 194002  1.78+0.03 203+005  1.93%0.11 207£006  519+010*
IVRT (ms) 13.67£0.23 1276055  1658+112 1go9+061* 17.81+089% 1831 +097%
Ele’ 1287+053 1257+0.66  1421+072 1471+038  1506+118 1g934+058"
PATET 0.34 £0.03 0.34 £0.02 0.33+£0.04 0.40 £ 0.02 0.36 £0.03 0.40 £ 0.04

Page 23

Values are presented as means=SEM; multiple group comparisons were analyzed by two-way ANOVA with Bonferroni test. EDV, end diastolic
volume; ESV, end systolic volume; EF, ejection fraction; LAD, left atrial diameter; I\VRT, isovolumetric relaxation time; PATET, pulmonary
acceleration time/ejection time.

*
p < 0.05 vs sex-specific controls

#p < 0.05 vs male PTSD-like.
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Top differentially expressed genes in the left ventricle of each group ranked by FDR.

Table 4

Gene name FC Log,FC FDR
Male PTSD-like vs Controls

Itga3 0.16 -2.65 0.02
Itgav 037 -1.45 0.03
Male NR vs Controls

Tgfbl 349 1.80 <0.01
Eng 291 154 0.02
Pdgfb 265 141 0.03
Plat 248 131 0.03
Acth 248 131 0.03
Bmp7 538 243 0.03
Gusb 292 154 0.04
Stat6 259 1.37 0.04
Female PTSD-like vs Controls

Itgh8 443 215 <0.01
Col3al 291 154 0.01
Lox 7.60 2.93 0.04
Female NR vs Controls

Lox 396 1.99 <0.01

FC, Fold change; Genes: Actb, actin, beta; Bmp7, bone morphogenetic protein 7; Col3al, collagen, type 111, alpha 1; Eng, endoglin; Gusb,

Page 26

glucuronidase, beta; /fga3, integrin alpha 3; /fgav, integrin alpha V; Itgh8, integrin beta 8; Lox, lysyl oxidase; Pdgfb, platelet derived growth factor
B polypeptide; Plat, plasminogen activator tissue; Stat6, signal transducer and activator of transcription 6; 7gfbZ, transforming growth factor, beta
1.
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