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ARTICLE INFO ABSTRACT

Handling Editor: Dr. John Cryan Exposure to traumatic stress is a major risk factor for the development of neuropsychiatric disorders in a sub-

population of individuals, whereas others remain resilient. The determinants of resilience and susceptibility

Keywords: remain unclear. Here, we aimed to characterize the microbial, immunological, and molecular differences be-
Microbiome tween stress-susceptible and stress-resilient female rats before and after exposure to a traumatic experience.
il:liiety Animals were randomly divided into unstressed controls (n = 10) and experimental groups (n = 16) exposed to
Resilience Single Prolonged Stress (SPS), an animal model of PTSD. Fourteen days later, all rats underwent a battery of

PTSD behavioral tests and were sacrificed the following day to collect different organs. Stool samples were collected
before and after SPS. Behavioral analyses revealed divergent responses to SPS. The SPS treated animals were
further subdivided into SPS-resilient (SPS-R) and SPS-susceptible (SPS-S) subgroups. Comparative analysis of
fecal 16S sequencing before and after SPS exposure indicated significant differences in the gut microbial
composition, functionality, and metabolites of the SPS-R and SPS-S subgroups. In line with the observed distinct
behavioral phenotypes, the SPS-S subgroup displayed higher blood-brain barrier permeability and neuro-
inflammation relative to the SPS-R and/or controls. These results indicate, for the first time, pre-existing and
trauma-induced differences in the gut microbial composition and functionality of female rats that relate to their
ability to cope with traumatic stress. Further characterization of these factors will be crucial for understanding
susceptibility and fostering resilience, especially in females, who are more likely than males to develop mood
disorders.

Metabolites

1. Introduction

Susceptibility to developing mood disorders such as anxiety,
depression, and post-traumatic stress disorder (PTSD) depends on a set
of different genetic, biological, and environmental factors (Elwenspoek
et al., 2017; Toomey et al., 2015). Currently, about 12 million adults in
the U.S. suffer from PTSD, and their yearly productivity loss is estimated
to be around $3 billion (Affairs, 2022; Gray et al., 2004). With the
scarcity of preventive interventions or effective treatments, PTSD poses
an immense burden on society. Epidemiological studies have indicated
that while one third of the population will be exposed to traumatic
experience (s), only 10-20% of these people will go on to develop PTSD,
with women twice as likely to develop the disease than men (Breslau,

2009; Mendoza et al., 2016). Thus, elucidating the mechanism(s) that
predispose to resilience (ability to cope with stress) or susceptibility
(development of neurological and behavioral deficits after adverse
experience) is fundamental for understanding mood disorders, fostering
resilience, and developing targeted and effective treatments, especially
in females.

In the past decade, the ability to target the brain via microbiota has
emerged as a paradigm shift in neuroscience and psychiatry and has
opened the possibility of non-invasive modulation of brain function
(Cryan and Dinan, 2012; Mayer et al., 2014). Several animal and human
studies have reported a strong correlation between gut microbial
composition and behavior (Jiang et al., 2015, 2018; Naseribafrouei
etal., 2014; Sonali et al., 2022; Tanelian et al., 2022); and probiotic and
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prebiotic interventions have been shown to alleviate some
stress-induced behavioral alterations. For instance, in pre-clinical
studies, oral supplementation with Bifidobacterium increased resil-
ience to social defeat stress in mice, and Lactobacillus reuteri 23272
decreased despair-like behavior under chronic mild stress (Marin et al.,
2017; Yang et al., 2017). Similarly, in clinical studies, patients admin-
istered L. helveticus R0052 and Bifidobacterium R0175 for 30 days
showed decreased urinary cortisol levels from baseline and reduced
depression and anxiety scores (Ait-Belgnaoui et al., 2018; Arsen-
eault-Bréard et al., 2012).

Thus, if microbiota supplementation can ameliorate stress-induced
alterations in behavior, it is plausible that pre-existing differences in
the gut microbial composition of individuals can predispose them to
stress resilience or vulnerability and/or assist them in overcoming the
severity of trauma. In this context, a study conducted using chronic
social defeat stress, reported an increased abundance of Bifidobacterium
spp. in stress-resilient mice relative to that in control and stress-
vulnerable mice (Yang et al., 2017). Similarly, using the single pro-
longed stress (SPS), animal model for PTSD, we observed significant
correlation between pre-existing and trauma-induced differences in the
gut microbial composition, functionality and bacterial metabolites of
adult male rats, which subsequently became SPS-resilient or
SPS-susceptible (Tanelian et al., 2022).

Despite women being more prone to developing mood disorders,
most of the neurobiological studies examining mechanisms of resilience
or susceptibility to stress-elicited neuropsychiatric disorders have been
performed in males (Beery and Zucker, 2011). Thus, there is a clear need
for preclinical studies of stress resilience and susceptibility in females.
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To address some of the gaps in knowledge, in this study, we aimed to: (1)
establish whether exposure to SPS triggers segregated behavioral re-
sponses in females; (2) determine if pre-existing and SPS-induced dif-
ferences in the gut microbial composition and functionality are
associated with resilient or susceptible phenotypes; (3) evaluate the
components of the gut-brain-axis which may foster the resilient or sus-
ceptible phenotype in females. The results of this study will aid in the
discovery of new and more effective therapeutic measures for females.

2. Materials and methods
2.1. Animals

All animal experiments were performed according to the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines and in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals and approved by the New York Medical College Institutional
Animal Care and Use Committee (IACUC). Twenty-six 7-week-old
outbred female Sprague-Dawley (SD) rats (150-170 g) from Charles
River Laboratories (Wilmington, MA, USA) were housed for 14 days to
acclimate to the animal facility under a 12-h light/dark cycle at 23 +
1 °C. Food and water were provided ad libitum throughout the
experiment.

2.2. Experimental design

The experimental timeline is shown in Fig. 1. Animals were housed 2
per cage throughout the experiment. After 14 days of acclimatization,
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Fig. 1. Experimental Design.

The animals were allowed to accommodate to the
animal facility for 14 days upon arrival. On day 15,
they were randomly assigned into unstressed controls
or SPS groups. The SPS group was left undisturbed for
7 days, to consolidate the experience of traumatic
stress, while the unstressed controls were briefly
handled on the day of SPS. On day 31, all animals
were tested for social behavior on Social Interaction
(SI) test, and on day 37 for anxiety-like behavior on
Elevated Plus Maze (EPM) test. On day 38, all animals
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the animals were randomly assigned to a control (n = 10) or SPS
experimental group (n = 16). The SPS experimental group was exposed
to SPS (day 15), and was left undisturbed for seven days to consolidate
the experience of traumatic stress, whereas the control group was briefly
handled on the day of SPS (Tanelian et al., 2022). After 2 weeks (day
31), all animals were tested for social behavior using the social inter-
action (SI) test, and on day 37, for anxiety-like behavior using the
elevated plus maze (EPM) test. All animals were weighed after SPS and
after each behavioral test (Supp. Fig. 1A) and euthanized by decapita-
tion on day 38. Stool samples were collected 12 days after arrival and 3
days before the first behavioral test. Vaginal smears were collected
before SPS (day 15) and after each behavioral test (days 31, 37). On the
day of sacrifice, blood, cecum, and hippocampal tissues were collected
and stored at —80 °C for further analyses.

2.3. Single prolonged stress (SPS)

SPS was performed as described previously (Liberzon and Young,
1997; Serova et al., 2019). Briefly, the animals were restrained to a
custom-made metal board for 2 h, after which they were immediately
subjected to a 20 min forced swim in a plexiglass cylinder (50 cm height,
24 cm diameter; Stoelting, Wood Dale, IL, USA) filled two-thirds with
fresh water at 24 °C. After 15 min of recuperation, the animals were
exposed to diethyl ether in a glass desiccator chamber until loss of
consciousness.

2.4. Vaginal smears

Vaginal smears were collected from each animal, as previously
described (McLean et al., 2012; Nahvi et al., 2021) to determine the
stage of ovulation. Briefly, the smears were collected using sterile swabs
and distilled water and were left to dry on glass slides. The slides were
then stained with 0.1% crystal violet and observed under a microscope
at 10 x and 40 x magnifications. Views from distinct sections of the
smear were analyzed by investigators blinded to the groups. Analysis of
vaginal smears revealed that the vast majority of the animals were on
Estrus, while two were on Proestrus during exposure to SPS (Supp.
Fig. 2). As estrogen has a stress-protective effect (Jaric et al., 2019;
Marcondes et al., 2001), these two animals were excluded from all
subsequent analyses, bringing the total number of animals in this study
to 24 rats.

2.5. Behavioral tests

All behavioral tests were performed in a room with dim light and
administered between 8 a.m. and 12:30 p.m. to avoid the proestrus
phase of the estrous cycle. Behavioral tests were videotaped with a
ceiling camera and analyzed by trained individuals blinded to the
groups.

2.5.1. Social interaction (SI)

One day prior to the test, the animals were allowed to explore the
open field arena for 5 min to reduce the anxiety component in a novel
environment. On the testing day, the animals were acclimated to the
room for 30 min and then allowed to explore the field for 2 min after
which a juvenile rat (50-75 g) of the same sex was introduced into the
center of the arena. The animals were allowed to interact for 5 min, and
their behavior was recorded. The time spent interacting and the number
of approaches initiated by the test rats were scored and analyzed by a
trained individual blinded to the groups. The time spent in nose-to-nose
sniffing, nose-to-anogenital sniffing, following, crawling over and under
each other with physical contact, chasing, mounting, and wrestling
initiated by the test rat was considered as the time spent engaged in
social interaction (Tanelian et al., 2022; Varlinskaya and Spear, 2008).
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2.5.2. Elevated plus maze (EPM)

Anxiety/avoidance-like behavior was tested on the EPM as previ-
ously described (Lapiz-Bluhm et al., 2008; Serova et al., 2019; Tanelian
et al., 2022). The apparatus (Stoelting, Wood Dale, IL, USA), 50 cm
above ground level, had four cross-shaped platforms; two platforms with
a 2-cm-high plexiglass fence wall were open, while the other two plat-
forms with 40-cm-high opaque walls on the sides were closed. Arms of
the same type are located opposite to each other. The animals were
acclimatized to the room for 30 min prior to the experiment. Each rat
was placed on the central platform with its head towards an open arm
and allowed 5 min to explore the maze. The maze was then cleaned with
70% ethanol. The following measurements were taken using tracking
software (Viewer 3.0, Biobserve) or by video analysis from the overhead
camera: open arm (OA) and closed arm (CA) entries, total entries into all
arms, duration of exploration in open and closed arms, and number of
head dips. Arm entry was defined as the entry of an arm with all four
paws. The percentage of entries was calculated as the percentage of total
open or closed arm entries to the total number of arm entries, and the
time in the arms was calculated as a percentage of the total time of the
test. The anxiety index (AI) was calculated as 1 — [(time spent in open
arm/total time on the maze)/2 + (number of entries into the open
arms/total exploration on the maze)/2] (Cohen et al., 2012). Head dips
were defined as the frequency at which the animal lowered its head
towards the floor over the sides of the open arms.

2.5.3. Grouping animals into SPS resilient or susceptible subgroups

The elevated plus maze test is extensively used to assess anxiety-like
behavior in animals (Kraeuter et al., 2019; Lapiz-Bluhm et al., 2008). As
the anxiety index calculation takes into consideration both the time
spent and the number of entries into the open arms of the maze, we used
it as a criterion to subdivide animals in the SPS group into resilient or
susceptible subgroups.

The mean of the unstressed control was taken as a reference (Li et al.,
2021; Nasca et al., 2015; Tanelian et al., 2022). Animals with anxiety
index falling two standard deviations above the mean of the unstressed
controls were considered susceptible (SPS-S).

2.6. Tissue collection

The brains were dissected using a brain matrix. Ventral hippocampus
(vHipp) sections, —4.80 mm to —5.20 mm to bregma were dissected and
flash frozen in liquid nitrogen and stored at —80 °C until further use.

2.7. Serum sampling for S100f quantification

Whole blood samples were collected from each animal by decapita-
tion. The samples were stored at room temperature for 30 min, after
which they were centrifuged at 4 °C for 10 min at 2000 g. Serum was
collected and stored at —80 °C for later analysis. Serum S100p quanti-
fication was performed using a rat S100p ELISA kit (LSBio, cat # LS-
F5632-1), according to the manufacturer’s protocol.

2.8. Gene expression analysis

Total mRNA was isolated using RNA STAT-60 (Tel-test, cat # CS-
502). RNA concentration was determined using a NanoDrop spectro-
photometer (Thermo Fisher Scientific) and cDNA was synthesized using
the RevertAid First Strand ¢cDNA Synthesis Kit (Thermo Fisher, cat
#K1622). Gene expression analysis was performed by quantitative real-
time polymerase chain reaction (QRT-PCR) using FastStart Universal
SYBR Green Master (ROX) kit (Roche Diagnostics cat #04913850001)
and the following primers designed by QIAGEN: GAPDH (PPR06557B),
IL-1a (PPR06403C), IL-1p (PPR06480B-200), and IL-6 (PPR06483B-
200). Amplifications were performed in duplicates in 96 well plates on
the QuantStudioTM 5 System. The data were normalized using GAPDH
as an endogenous control and transformed using 2" 22CT. All procedures
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were performed according to the manufacturer’s instructions.
2.9. Cecum and cecal short chain fatty acids (SCFA) quantification

Ceca were isolated, weighed, snap-frozen in liquid nitrogen, and
stored at —80 °C until further use. Cecal samples were sent for SCFA
analysis to the Gnotobiotics, Microbiology, and Metagenomics Center
(Boston, MA, USA). Chromatographic analysis was performed using an
Agilent 7890 B system with a flame ionization detector and OpenLab
ChemStation software (Agilent Technologies, Santa Clara, CA, USA). A
volatile acid mix (10 mM acetic, propionic, isobutyric, butyric, iso-
valeric, valeric, isocaproic, caproic, and heptanoic acids) was used as the
standard solution (Supelco CRM46975, Bellefonte, PA, USA). An inter-
nal standard control (1% 2-methyl pentanoic acid, Sigma-Aldrich, St
Louis, MO, USA) was used for volatile acid extraction.

2.10. Fecal microbiota sequencing

To determine the microbiome profile of the cohorts, fecal samples
were collected aseptically from individual rats at the indicated time
points (Fig. 1) between 10 a.m. and 2 p.m. to limit circadian influences
on the microbiome and were stored at — 80 °C until further use. Briefly,
prior to SPS, each animal was placed in a sterile cage for up to 15 min to
defecate voluntarily. Upon defecation, the pellets were collected
immediately in sterile tubes using sterile forceps and placed on dry ice.
Post SPS, stool pellets were collected using sterile forceps while
weighing the animals. Total DNA was extracted from each stool sample
using a DNeasy PowerSoil Pro Kit (Qiagen, cat # 47014) according to
the manufacturer’s protocol. The extracted DNA was subjected to 16S
V3-V4 rDNA sequencing and analysis at Psomagen (Rockville, MD,
USA). Briefly, the 16S metagenomic sequencing library protocol (Illu-
mina) was used to amplify the designated variable regions using regions
of interest-specific primers with attached overhang adapters:

Forward primer "TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGC
CTACGGGNGGCWGCAG Reverse primer 5GTCTCGTGGGCTCGGAGA
TGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC. Each PCR re-
action consisted of 2.5 pL of 5 ng/pL DNA template, 5 pL of 1 pM reverse
primer, 5 pL of 1 pM forward primer and 12.5 pL of 2x KAPA HiFi
HotStart ReadyMix. PCR was performed using the following program:
initial denaturation at 95 °C for 3 min, followed by 25 cycles of 95 °C for
30s,55°Cfor30s,72°Cfor30s, and 72 °C for 5 min, and held at 4 °C.
The size of the PCR product was verified using a Bioanalyzer DNA 1000
chip, followed by purifying the V3-V4 regions using AMPure XP beads.
A second round of PCR was performed using the Nextera XT Index Kit,
followed by purification and size verification to prepare samples for li-
brary quantification, normalization, and pooling using the Illumina
guidelines. Samples were sequenced on the MiSeq sequencing platform
using a 2 x 300 cycle kit following standard Illumina sequencing pro-
tocols. Bioinformatics analysis was performed by merging paired-end
sequences using FLASH. The sequences were then filtered and trim-
med, and error-free reads were selected for operational taxonomic unit
(OUT) clustering using CD-HIT-OTU. Taxonomic composition for each
sample from phylum to genus levels was assigned using QIIME-UCLAST
Software and RDP Release 11 update 4 reference databases. The relative
abundance of the bacterial taxa was expressed as the centered log-ratio
(CLR)-transformed relative abundance of the identified sequences. A
single value per group >2 SD from the mean was removed from the
analyses. Samples sent for sequencing: before SPS, control n = 10, SPS-R
n = 7, SPS-S n = 6; after SPS, control n = 8, SPS-R n = 8, SPS-Sn = 6.

2.11. Statistical analysis

Statistical analysis was performed using the GraphPad Prism 9 soft-
ware. Data were assessed for normality using the Shapiro-Wilk test and
for equality of variances using Brown-Forsythe and Bartlett’s tests.
Comparisons of more than two groups were performed using one-way
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ANOVA followed by Tukey’s multiple comparison test for Gaussian
distributions, whereas the Kruskal-Wallis test followed by Dunn’s mul-
tiple comparison test was used for non-Gaussian distributions. To
compare group means at different time points, two-way ANOVA,
repeated measures were used, with post-hoc Sidak’s and/or Tukey’s
multiple comparisons test. The Student’s t-test was used to compare two
groups. Pearson’s correlation coefficient was used to assess correlations.
For further analysis, R version 4.1.2 was used. Microbiome data were
centered log-ratio (CLR) transformed using a composition library (Gloor
etal., 2017; McLaren et al., 2019). Principal component analysis for beta
diversity was performed in R using the Aitchison distance as a distance
matrix. For metagenomic function prediction, phylogenetic investiga-
tion of communities by reconstruction of unobserved states (PICRUSt)
was used to infer KEGG pathways. Statistical significance was set at an o
level of less than 0.05 (two-tailed). To correct for multiple testing, the
Benjamini-Krieger-Yekutieli post-hoc test was used with a g-value of
0.05 as a cut-off to analyze microbiome data. Data are expressed as the
mean + SEM. The 16S sequencing data are deposited to NCBI SRA
(BioProject ID PRINA912323).

3. Results
3.1. Behavioral tests

3.1.1. Animals in SPS-S subgroup displayed anxiety-like behavior and
impaired social interaction

The SPS treated rats displayed a divergent response when tested on
the EPM (Fig. 2A). Thus, the animals in the SPS group were further
subdivided into two subgroups (Alves-Dos-Santos et al., 2020; Tanelian
etal., 2022). Those with anxiety index (AI) two standard deviations (SD)
above the mean of the controls were assigned to the SPS susceptible
(SPS-S) subgroup, whereas the rest were grouped as SPS resilient
(SPS-R) (Fig. 2B). The final animal groupings were as follows: controls
(n = 10), SPS-R (n = 8), and SPS-S (n = 6).

The rats in the SPS-S subgroup spent more time in the closed arms
(CA) (Fig. 2C) and significantly less time in the open arms (OA) (Fig. 2D)
of the maze compared to the SPS-R and unstressed controls. The overall
arm entries were also significantly lower in SPS-S subgroup (Fig. 2E),
with SPS-S animals displaying fewer entries into the open arms relative
to the SPS-R and unstressed controls (Fig. 2F). The SPS-S subgroup also
differed significantly from SPS-R and the controls in the number of head
dips (Fig. 2G), which correlated inversely with anxiety index (Fig. 2H).

The animals’ social behavior was assessed by the SI test. The time
spent interacting with a female juvenile rat was significantly shorter in
the SPS-S subgroup than in the SPS-R subgroup (Fig. 3A). Likewise, the
number of approaches towards the juvenile rat initiated by the SPS-S
rats were significantly fewer than that of the SPS-R rats (Fig. 3B). The
time spent engaged in SI was inversely correlated with Al (Fig. 3C), and
positively with open arms duration (Fig. 3D). Similarly, the number of
approaches initiated by the rats in SI correlated positively with the
number of entries into the open arms of EPM (Fig. 3E).

3.2. Gut microbial composition, functionality, and metabolites before and
after SPS exposure

The 16S V3-V4 rDNA sequencing of fecal samples was used to
determine the microbial composition of each group at the genus level
before and after SPS.

3.2.1. Alpha, beta diversity & volatility

The alpha diversity was analyzed using several indices (Fig. 4A-C,
Supp. Table 1). Before exposure to SPS, the Chaol index revealed higher
community richness in the SPS-R rats (Fig. 4A) and Shannon (Fig. 4B),
and Gini-Simpson (Fig. 4C) diversity indices revealed higher species
evenness in the SPS-R than in the SPS-S subgroup. However, after SPS,
both community richness and evenness became higher in SPS-S



A. Tanelian et al.

Anxiety Index Anxiety Index

t=0.3373,df=22,p =0.74 F.21) = 24.64,p <0.0001

1.0 ns .
x 0.9 - : s x 0.9 A-
] i
Zos e . Zos o A
£ L o & £ u
= 0.7 L = 0.7 .
£ e < _ﬁ_
0.6 3 0.6 $
[ ] [ ]
0.5 T T 0.5 T T T
Control SPS Control SPS-R SPS-S

Total Number of Entries % Entry into OA

F (21 = 6.599,p =0.006 F (31 = 20.51,p <0.0001

*k

E ns *
20 ° I. 60
HH am A
w3

@
2 « H

: S 5 T

w

s 10 " & i

= 3 ° AAA
] 2 20 -
2

5 A
AA

0 0

T T T
Control  SPS-R SPS-S

T T T
Control ~ SPS-R SPS-S

Fig. 2. Animals in the SPS-S Subgroup Displayed Increased Anxiety-like Behavior.

Neurobiology of Stress 24 (2023) 100533

% Duration in CA % Duration in OA

F1) = 17.14,p <0.0001 Fa1 = 17.14,p <0.0001

* %

_— | ns KKk kK
150 60 |
mn
ns ok Kk o .
100 A £ 40 E
T = []
°
[] A
A
—a—

C D

L]
L
@

50 20 %

% Duration in CA
°
o
=
% Duration in OA

A
0 T T T 0 T T +
Control  SPS-R SPS-S Control ~ SPS-R SPS-S

Number of Head Dips Anxiety Index vs # of Head Dips

F o1 =9.252,p =0.0013 1 =-0.77,p<0.0001

G ok H
20 | ns * %
w18 oo : > ad
2 g 2 .
: + : .
-]
= 0f 3 ! 2] e .,
T H % 4 .
= s : 2 o8 e
5 ° % °
A L]
T T L o} T T T 1
Control SPS-R SPS-S 5 10 15 20

# of Head Dips

The effect of SPS on animals’ anxiety-like behavior was assessed using Elevated Plus Maze (EPM) test. (A) anxiety Index, (B) anxiety Index after dividing the SPS
animals into SPS-R and SPS-S subgroups, (C) Percent duration in closed arms (CA), (D) Percent duration in open arms (OA), (E) Total number of entries into all arms,
(F) Percent entries into OA (G) Total number of head dips (H) Correlation between total number of head dips and anxiety Index (blue = Control, green = SPS-R, red
= SPS-S). The behavioral data passed the normality test. Unpaired t-test was performed for comparison of the means of two groups, and one way-ANOVA, followed by
Tukey’s multiple comparisons test, for comparison of the means of three groups. Correlation analysis was performed using Pearson’s correlation. Each dot represents

value for an individual animal. All data are expressed as means - SEM. ns = not significant, *p < 0.05, **p < 0.01,

*p < 0.001, ****p < 0.0001. (For interpretation

of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

subgroup relative to the SPS-R subgroup and unstressed controls
(Fig. 4A-C), due to the significant increases in these indices in the SPS-S
subgroup. The beta diversity, which was calculated using the Aitchison
distance matrix, showed no apparent separation among the groups
either before or after SPS (Supp. Fig. 3A and B). Similarly, no group
differences were observed in volatility, which quantifies the degree of
compositional change of the gut microbial community before and after
SPS (Bastiaanssen et al., 2021; Tanelian et al., 2022) (Supp. Fig. 3C).

3.2.2. Differences observed in the gut microbial composition at the genus
level

A total of 27 genera were altered among the groups. Seven of these
differences were present only before SPS, 15 were present only after SPS,
and the remaining 5 were present both before and after SPS.

Among the 7 differences observed at the genus level before SPS
(Fig. 4D, Supp. Table 2), four were unique to the SPS subgroups, with
three of these genera correlating significantly with Al For instance, the
relative abundance of the genus Roseburia was significantly higher in
the SPS-R subgroup and correlated inversely with AI (Fig. 4E). Similarly,
the relative abundances of Oscillibacter (Fig. 4F), and Lachnospir-
acaea_incertae _sedis (Fig. 4G) were significantly higher in the SPS-R
subgroup and correlated inversely with AI, suggesting that these
genera might play a role in predisposing the animals to SPS suscepti-
bility or resilience.

When analyzing the differences present only after exposure to SPS
(Fig. 5A, Supp. Table 3), eight genera correlated significantly with Al
The abundances of Bifidobacterium (Fig. 5B), Clostridium Sensu Stricto

(Fig. 5C), Clostridium XI (Fig. 5D), Turicibacter (Fig. 5E), and Barne-
siella (Fig. 5F) correlated inversely with Al and were significantly lower
in the SPS-S subgroup than in the SPS-R and unstressed controls. On the
other hand, the relative abundances of Anaerovorax (Fig. 5G) and Fla-
vonifractor (Fig. 5H) were significantly higher in the SPS-S subgroup
than in the SPS-R subgroup and the controls and correlated positively
with AL Most of the shifts observed after SPS showed that the direc-
tionality of the microbial composition in SPS-R and unstressed controls
were the same, and opposite to those in the SPS-S cohort. Interestingly,
after SPS, the relative abundances of Corynebacterium, Bacteroides,
Jeotgalicocus, and Aerococcus, were significantly higher in both SPS-
subgroups than in the controls (Fig. 51, Supp. Table 4), suggesting that
these genera are unlikely to play a role in the observed distinct behav-
ioral outcomes. Finally, five genera, namely Staphylococcus, Lacto-
coccus, Marivinbryantia, Muscispirilium and Facklamia showed
significant group differences both before and after SPS, yet none of these
genera correlated with the anxiety index (Supp. Fig. 4, Supp Table 5).

3.3. Predictive functionality of gut microbiota before and after SPS

Alterations in gut microbial composition do not necessarily indicate
changes in their functionality, as many of their functions are redundant.
To evaluate this, we assessed the predictive functional profiles of the
microbes residing in the gut of SPS-R and SPS-S subgroups before and
after SPS exposure. Before SPS, 25 pathways were different among the
groups with genetic information processing, carbohydrates, terpenoids,
and polyketides metabolism being overall lower in the SPS-R subgroup,
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Fig. 3. Animals in the SPS-S Subgroup Displayed Social Impairments.

The effect of SPS on animals’ social behavior was measured by Social Interaction (SI) test. (A) Duration engaged in social interaction, (B) Number of approaches/
interactions initiated by the test rat towards the juvenile rat, (C) Correlation between social interaction duration and anxiety index, (D) Correlation between social
interaction duration and % duration spent in OA, (E) Correlation between number of social interactions and % OA entries. The data passed the normality test and
were analyzed using one way-ANOVA, followed by Tukey’s multiple comparisons test. Correlations were performed using Pearson’s correlation between the groups
which showed significant differences (green = SPS-R, red = SPS-S). Each dot represents value for an individual animal. All data are expressed as means & SEM. ns =
not significant, *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

whereas pathways involved in cellular processes being higher relative to
SPS-S and unstressed controls (Fig. 6A). After SPS, 83 pathways were
different among the groups, with overall pathways in amino acid and
secondary metabolites being higher in the SPS-R subgroup relative to
SPS-S and controls, whereas pathways in xenobiotics, metabolism of
cofactors, and vitamins being lower in the SPS-S subgroup than in the
SPS-R and unstressed controls. The pathways in the other categories
revealed mixed results (Fig. 6B, Supp. Fig. 5).

3.4. Cecal short chain fatty acids (SCFA)

Short-chain fatty acids (SCFAs) are among the main metabolites
produced by gut bacteria and play a key role in microbiota-gut-brain
axis crosstalk (Verbeke et al., 2015). The levels of the major SCFA, ac-
etate, propionate, and butyrate, were similar among the groups (Supp.
Fig. 1B-E). However, the levels of the minor SCFA valerate (Fig. 7A), and

branch-chain fatty acids (BCFA), isobutyrate (Fig. 7B) and isovalerate
(Fig. 7C), were significantly higher in the SPS-S subgroup than in the
SPS-R subgroup or unstressed controls and correlated positively with
anxiety index (Fig. 7D, E and Fig 7F, respectively).

3.5. Blood brain barrier permeability and neuroinflammation after SPS

To further understand the underlying causes of the distinct behav-
ioral phenotypes observed in the SPS subgroups, we assessed blood brain
barrier (BBB) permeability. The levels of the astrocyte protein S1008 in
serum were significantly higher in the SPS-S subgroup compared to
unstressed controls (Fig. 8A). Since neuroinflammation is commonly
reported in mood disorders, we also assessed the inflammatory state of
the ventral hippocampus in the subgroups. The mRNA levels of II-1p
(Fig. 8B), 11-6 (Fig. 8C), but not Il-1a (Fig. 8D) were significantly higher
in the SPS-S subgroup compared to SPS-R and unstressed controls
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Fig. 4. Pre-Existing Differences in Gut Microbial Composition of SPS-R and SPS-S Subgroups.

The fecal 16S sequencing was used to determine the microbial diversity and composition of each group before exposure to SPS. Alpha diversity measured by (A)
Chaol, (B) Shannon’s Index, (C) Gini-Simpson, (D) Heat map depicting the significantly different means of genera found among the groups, (E) Relative abundance
of Roseburia and its correlation with anxiety index, (F) Relative abundance of Oscillibacter and its correlation with anxiety index, (G) Relative abundance of
Lachnospiraceae_Incertae_Sedis, and its correlation with anxiety index. Data were CLR-transformed and were analyzed by Two-ways ANOVA, followed by FDR
corrected Benjamini-Krieger-Yekutieli multiple comparisons test. Correlation analysis of the groups with significant differences was performed by Pearson’s cor-
relation (green = SPS-R, red = SPS-S). All data are expressed as means + SEM. A single value, 2 SD away from the mean were excluded from analysis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

indicating neuroinflammation.
4. Discussion

This study demonstrated for the first time the ability of SPS model to
segregate female rats with resilient and susceptible phenotypes. Signif-
icant pre-existing differences in gut microbial composition and predic-
tive functionality of the SPS-resilient and susceptible rats were found,
which correlated with their ability to cope with the traumatic stress-
induced behavioral impairments. Following exposure to SPS, the gut
microbial composition shifted in both subgroups, yet the microbial
communities in SPS-R and SPS-S subgroups were shaped differently.
This was reflected by the increased alpha diversity, altered abundance of
several genera and the bacterial metabolites in SPS-S subgroup
compared to SPS-R and unstressed controls, which displayed similar
variations. The behavioral and microbial alterations in SPS-S rats were
further accompanied by molecular changes in the brain as evident by the
increased BBB permeability and neuroinflammation in the ventral hip-
pocampus. The observed differences in the gut-brain axis in susceptible
animals might be key to the development of new and more effective
treatments to enhance resilience.

The SPS model, a translationally relevant and widely used animal
model for PTSD (Lisieski et al., 2018), along with other stress models,
has been shown to induce divergent responses to traumatic stress in
male rodents, with only a subset of animals displaying anxiety-like
behavior, whereas the remaining animals behaving like unstressed
controls (Le Dorze and Gisquet-Verrier, 2016; Serova et al., 2019;
Tanelian et al., 2022). This model has also been shown to induce some of
the PTSD-associated behavioral deficits in females (Nahvi et al., 2021).
Moreover, differences in the behavioral outcomes to SPS-triggered im-
pairments between males and females have been observed (Keller et al.,
2015; Mancini et al., 2021). Yet, none of the studies so far have assessed
if the SPS model can differentiate distinct inter-individual coping re-
sponses in females. Here we demonstrated for the first time, that two
weeks following the traumatic stress, a subgroup of animals in the SPS
group displayed increased anxiety-like behavior on the EPM and
impaired social interaction on SI than their SPS counterparts. Moreover,
these animals maintained a consistent susceptible phenotype
throughout the behavioral tests.

In accordance with our hypothesis, we observed significant pre-
existing differences in the gut microbial composition and predictive
functionality between SPS-susceptible and resilient rats. For instance,
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Fig. 5. Post-Trauma Differences in The Gut Microbial Communities of SPS-R and SPS-S Subgroups.

The 16S sequencing was used to determine the microbial composition of each group at genus level after SPS. (A) Heat map depicting the significantly different means
of the genera found among the groups, (B) Relative abundance of the genus Bifidobacterium and its correlation with anxiety index, (C) Relative abundance of the
genus Clostridium Sensu Stricto and its correlation with anxiety index, (D) Relative abundance of Clostridium XI and its correlation with anxiety index, (E) Relative
abundance of the genus Turicibacter and its correlation with anxiety index, (F) Relative abundance of the genus Barnesiella and its correlation with anxiety index, (G)
Relative abundance of the genus Anaerovorax and its correlation with anxiety index, (H) Relative abundance of the genus Flavonifractor and its correlation with
anxiety index, (I) Heat map depicting the significantly different means of the genera found in SPS-subgroups relative to unstressed controls. All relative abundances
are CLR-transformed. Data were analyzed by Two-way ANOVA followed by FDR corrected Benjamini-Krieger-Yekutieli multiple comparisons test. Correlation be-
tween relative abundances and anxiety Index of the groups with significant differences was performed by Pearson’s correlation (blue = Control, green = SPS-R, red =
SPS-S). All data are expressed as means + SEM. A single value, 2 SD away from the mean were excluded from analysis. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

before exposure to SPS, SPS-R subgroup harbored significantly higher
abundances of Roseburia, Oscillibacter, and Lachnospir-
acea_Incertae_Sedis compared to the SPS-S subgroup. These three genera
also correlated inversely and significantly with the anxiety index, indi-
cating their beneficial contributions to the host’s ability to withstand
SPS-induced maladaptive behavioral alterations. Thus, our data suggest
that pre-trauma low abundances of Roseburia, Oscilibacter and Lach-
nospiracea_Incertae_Sedis might represent a risk factor predicting the
trauma susceptibility in females. In fact, the genus Roseburia plays a
significant role in metabolic reprogramming, immune system matura-
tion and modulation, and gut barrier sustainability (Tamanai-Shacoori
etal., 2017). Several clinical and preclinical studies have reported lower
abundance of Roseburia in psychiatric and inflammatory disorders
(Gevers et al., 2014; Keshavarzian et al., 2015; Kumari et al., 2013;
Mondot et al., 2022; Rajili¢c-Stojanovi¢ et al., 2013; Zheng et al., 2016),
and accumulating evidence from animal and human studies supports its
use as a probiotic (Kellermayer, 2019; Martinez et al., 2013; Seo et al.,
2020; Shen et al., 2018; Tan et al., 2019; Xu et al., 2021). Similarly, the
genera Oscillibacter and Lachnospiracea_Incertae_Sedis have been
shown to promote health and play beneficial roles in the gut (Asnicar
et al., 2021; Duncan et al., 2007; Liu et al., 2016; Rinninella et al., 2019;
Shi et al., 2020; Wang et al., 2021).

Alterations in the gut microbial composition following exposure to
stress have been reported in females (Bangsgaard Bendtsen et al., 2012;
Gur et al., 2017; Liu et al., 2016); however, none of these studies
included the aspect of discrimination between susceptible and resilient
phenotypes. We uncovered significant shifts in the indices of alpha di-
versity following exposure to SPS, with the SPS-S subgroup displaying

overall higher alpha diversity compared to the SPS-R subgroup. Similar
increases were observed in stress-susceptible rats following social defeat
stress (Pearson-Leary et al., 2020). It is plausible that this increase in
community diversity could be attributed to the ability of SPS stressors to
destabilize the gut microbial niche and introduce new pathobionts,
especially in the SPS-S subgroup, which lacked a stable gut microbial
niche, as was evident by the lower alpha diversity before SPS exposure.
In turn, these newly introduced species may have exacerbated the effects
of SPS. Indeed, after SPS, the abundance of the genera Anaerovorax and
Flavonifractor increased significantly in the SPS-S subgroup and corre-
lated positively with the anxiety index, indicating their possible
involvement in the susceptibility of subjects to SPS. The genus Fla-
vonifractor includes species whose metabolism is mainly focused on the
consumption of y-aminobutyric acid (GABA), the major inhibitory
neurotransmitter in the CNS, thus contributing to depression and anxi-
ety (Strandwitz et al., 2019). A higher abundance of Flavonifractor and a
positive correlation with disease severity were observed in patients with
depression (Knuesel and Mohajeri, 2021). In contrast, the relative
abundances of Bifidobacterium, Clostridium Sensu Stricto, Clostridium
XI, and Turicibacter were significantly lower in the SPS-S subgroup
compared to the SPS-R and unstressed controls and correlated nega-
tively with anxiety index. In this regard, lower relative abundances of
Bifidobacterium, Clostridium XI, and Turicibacter have been reported in
patients with IBS and depression relative to healthy controls (Aizawa
et al., 2016; Liu et al., 2016). Bifidobacterium can alleviate the symp-
toms of mood disorders and is well established as a potent probiotic in
clinical and pre-clinical studies (Messaoudi et al., 2011; Savignac et al.,
2014; Yang et al., 2017). Similarly, the genus Turicibacter has recently
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Fig. 5. (continued).

been suggested to alleviate depression (Fung et al., 2019). Ninety
percent of the body’s serotonin originate from the walls of the intestine,
and it has been shown that T. Sanguinis, a member in the genus Turi-
cibacter is responsible for the production of around half of the body’s
total serotonin (Fung et al., 2019).

SCFAs are among the major microbial metabolites, known to play a
key role in influencing the subject’s brain and behavior both directly and
indirectly (Dalile et al., 2019). While there were no differences in the
major forms of cecal SCFAs, the levels of minor and BCFAs were
significantly different among the groups. BCFAs make up to 5-10% of
the total SCFAs. They are derived from the fermentation of proteins and
their production is suggested to be toxic to colonocytes and induce
inflammation (Aguirre et al., 2016). In this study, SPS-S subgroup had
significantly higher levels of isovalerate and isobutyrate relative to
SPS-R and unstressed controls. BCFAs are not well studied, and their
implications on host health and disease are still unclear. However, the
levels of both BCFAs correlated positively and significantly with anxiety
index in our study, similar to the correlation observed in patients with
depression (Szczesniak et al., 2016). Thus, it is plausible that the local
inflammation caused by BCFAs in the gut might be another pathway by
which the microbiota contributed to development of the stress suscep-
tible phenotype in SPS-S female rats.

One of the mechanisms by which the gut microbiota impacts brain
function is through the regulation of BBB permeability (Braniste et al.,
2014). The role of BBB in the pathogenesis of neurological disorders has
gained attention, as alterations in its structure and permeability have
been identified in a range of psychiatric disorders (Bell and Zlokovic,

2009; Nakagawa and Chiba, 2016; Salehi et al., 2017; Walker, 2018;
Wang et al., 2022). The levels of the astrocyte protein S100p in serum is
a widely used marker for increased BBB permeability (Abbott, 2000;
Kawata et al., 2016; Xanthos and Sandkiihler, 2014). In the current
study, we observed higher serum levels of S100p in the SPS-S subgroup.
In this regard, overexpression of S100p in female mice was shown to
induce depressive-like behavior (Stroth and Svenningsson, 2015), and
antidepressant treatments in MDD patients attenuated serum S1008
levels (Schroeter et al., 2002, 2008). We analyzed BBB permeability only
at the end of the experiment, and we cannot determine whether the
observed differences between the cohorts pre-existed or resulted from
SPS exposure. Yet, recent studies reported elevated levels of toxic mi-
crobial metabolites, such as p-crestol, capable of disrupting BBB integ-
rity, which coincided with trauma-induced gut microbial alterations
(Laudani et al., 2023; Shah et al., 2022). This further highlights the
importance of gut microbial metabolites in the gut-brain communication
axis. Finally, we also observed significantly higher levels of mRNA for
proinflammatory cytokines IL-1p and IL-6 in the ventral hippocampus of
the SPS-S subgroup compared to the SPS-R and unstressed controls.
IL-1B is reported to lead to behavioral alterations by inhibiting hippo-
campal neurogenesis (Koo et al., 2010), and the levels of IL-6 are asso-
ciated with decreased hippocampal volume in patients with MDD
(Rothaug et al., 2016), and in SDS animal model (Cathomas et al., 2019;
Hodes et al., 2016). Thus, our results are consistent with the likely
involvement of increased BBB permeability and neuroinflammation in
susceptibility to SPS in female rodents.



A. Tanelian et al. Neurobiology of Stress 24 (2023) 100533

A

Control SPS-R  SPS-S

Cellular Processes:Apoptosis Mean
Cellular Processes:Bacterial chemotaxis 09
Cellular Processes:Bacterial Motility Protiens 08
Environmental Info. Processing: Two-component system 0.7
Genetic Info. Processing:Protein Export 06
Genetic Info. Processing:DNA repair & recombination proteins 05
Genetic Info. Processing:DNA Replication 04
Genetic Info. Processing:Nucelotide Excision Repair 03
Genetic Info. Processing:Ribosome Biogenesis 02
0.1

Human Diseases:Bacterial Invasion of Epithelial Cels

Carbohydate Metabolism:Amino & Nucleotide Sugar Metabolism
Carbohydate Metabolism:Pentose & Glucuronate Interconversions
Carbohydate Metabolism:Propanoate Metabolism

Carbohydate Metabolism:Pyruvate Metabolism

Glycan Biosynthesis & Metabolism:Glycosphingolipid biosynthesis

Glycan Biosynthesis & Metabolism:Various Types of N-glycan Biosynthesis
Lipid Metabolism:Ether Lipid Metabolism

Lipid Metabolism:Linoleic Acid Metabolism

Lipid Metabolism:Alpha-Linolenic acid Metabolism

Metabolsim of Terpenoids & Polyketides:Prenyltransferases

Metabolsim of Terpenoids & Polyketides:Terpenoid Backbone Biosynthesis
Metabolsim of Terpenoids & Polyketides:Purine Metabolism

Xenobiotics Biodegradation:Bisphenol degradation

Xenobiotics Biodegradation:Ethylbenzene degradation

Organismal System:Rig-1-like receptor Signaling

B
Control SPS-R  SPS-S
1 1 L

Mean

Amino Acid Metabolism:Cysteine & Methionine Metabolism

Amino Acid Metabolism:Lysine Degradation

Amino Acid Metabolism:Tyrosine Metabolism

Biosynthesis of Secondary Metabolites:Flavone & Flavonol Biosynthesis
Biosynthesis of Secondary Metabolites:lsoflavonoid Biosynthesis
Biosynthesis of Secondary Metabolites:lsoquinoline Alkaloid Biosynthesis
Biosynthesis of Secondary Metabolites:Novobiocin Biosynthesis
Biosynthesis of Secondary Metabolites:Phenylpropanoid Biosynthesis
Biosynthesis of Secondary Metabolites:Tropane piperidine and pyridine alkaloid biosynthesis
Biosynthesis of Secondary Metabolites:Beta Lactam Ressistance
Carbohydarte Metabolism:Ascorbate & Aldarate Metabolism
Carbohydarte Metabolism:Fruct and M Metaboli
Carbohydarte Metabolism:Galactose Metabolism

Carbohydarte Metabolism:Glycolysis/Gluconeogenesis

Carbohydarte Metabolism:Glyoxylate & Dicarboxylate Metabolism
Carbohydarte Metabolism:Inositol Phosphate Metabolism

Carbohydarte Metabolism:Pentose & Glucuronate Interconversions
Carbohydarte Metabolism:Pentose Phosphate Pathway

Carbohydarte Metabolism:Propanoate Metabolism

Carbohydarte Metabolism:Pyruvate Metabolsim

Glycan Biosynthesis & Metabolism:Glycosphingolipid Biosynthesis-globo series
Glycan Biosynthesis & Metabolism:Glycosyltransferases

Glycan Biosynthesis & Metabolism:Other Glycan Degradation

Glycan Biosynthesis & Metabolism:Peptidoglycan Biosynthesis

Lipid Metabolism:Arachidonic Acid

Lipid Metabolism:Ether Lipid Metabolism

Lipid Metabolism:Fatty Acid Metabolism

Lipid Metabolism:Glycerolipid Metabolism

Lipid Metabolism:Glycerophospholipid

Lipid Metabolism:Primary Bile Acid Biosynthesis

Lipid Metabolism:Secondary Bile Acid Biosynthesis

Lipid Metabolism:Sphingolipid Metabolism

Lipid Metabolism:Alpha-Linolenic Acid Metaboli

Metabolism of Cofactors & Vitamins:Folate Biosynthesis

Metabolism of Cofactors & Vitamins:Riboflavin metabolism

Metabolism of Cofactors & Vitamins:Vitamin B6 Metabolism

Metabolism of Other Amino Acids:Cyanoamino Acid Metabolism
Metabolism of Other Amino Acids:D-Alanine Metabolism

Metabolism of Other Amino Acids:D-Arginine & D-Ornithine Metabolism
Metabolism of Other Amino Acids:Beta Alanine Metabolism

09

08

0.7

0.6

05

04

03

0.2

01

Fig. 6. Predictive Functionality of Gut Microbiota Before and After SPS.

Heat map showing the significantly different KEGG pathways among the cohorts. (A) Before SPS. (B) After SPS. The comparison between the groups is presented as
mean differences. Data were analyzed by Two-way ANOVA followed by FDR corrected Benjamini-Krieger-Yekutieli multiple comparisons test. A single value/group,
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Fig. 7. SPS Altered the Levels of Cecal Branched Chain Fatty Acids and Minor Forms of SCFA

Five cecal samples from SPS subgroups and four from the unstressed controls were sent for SCFA analysis. (A) Levels of Valerate, (B) Levels of Isobutyrate, (C) Levels
of Isovalerate, (D) Correlation between levels of valerate and anxiety index, (E) Correlation between levels of isobutyrate and anxiety index, (F) Correlation between
levels of isovalerate and anxiety index. Data from SCFA levels passed the normality test and were analyzed using one way-ANOVA, followed by Tukey’s multiple
comparisons test. Correlational analysis of the groups with significant differences were performed using Pearson’s correlation (blue = Control, green = SPS-R, red =
SPS-S). All data are expressed as means + SEM. ns = not significant, *p < 0.05, **p < 0.01, ***P < 0.001. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 8. Exposure to SPS Increased Blood Brain Barrier (BBB) Permeability and Neuroinflammation in SPS-S Subgroup.

Serum samples and ventral hippocampal tissues were collected from each animal on the dissection day and used to assess BBB permeability and neuroinflammation
respectively. (A) Serum levels of S100p analyzed by ELISA, (B) mRNA expression levels of I1-1p (C) mRNA expression levels of 11-6, (D) mRNA expression levels of Il-
la. All data passed the normality test and were analyzed using one way-ANOVA, followed by Tukey’s multiple comparisons test. Each dot represents value for an
individual animal. A single value/group, 2 SD away from the mean were excluded from the analysis. All data are expressed as means + SEM. ns = not significant, *p
< 0.05, **p < 0.01.
4.1. Limitations our taxonomic profiling to the genus level. However, each genus con-
tains different species and strains of bacteria that are involved in various
In the present study, we used 16S rDNA sequencing, which limited metabolic, functional, and host regulatory roles. Thus, in future studies,
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we will use whole genome or shotgun metagenomics to obtain more
comprehensive taxonomic, functional, and metabolomic analyses.
Similarly, due to taxonomic limitations, our data enabled the identifi-
cation of only correlative and not necessarily causative effects between
the microbial composition and behavioral phenotypes in SPS-R and SPS-
S animals. Further mechanistic studies are required to validate these
findings. Additionally, bacterial metabolites (SCFA) were analyzed at
the end of the experiment, and we could not determine whether the
differences between the cohorts pre-existed or resulted from SPS expo-
sure. Finally, estrogen plays an important role in stress regulation. Here,
the experimental design and SPS time were adjusted to avoid peak es-
trogen levels as much as possible. Animals on Proestrus at the time of
behavioral testing were excluded. Furthermore, only one day of the
estrous cycle was sampled, as opposed to following the cycle for at least
4 consecutive days. The aim was to avoid the peak estrogen phase on the
days of SPS and behavioral test and not determine whether the animals
were cycling regularly. Further experiments at different times of the
estrous cycle, might lead to varied results or change the proportion of
susceptible to resilient animals.

To our knowledge, this is the first study to report pre-existing and
post-trauma differences in the gut microbial composition, functionality,
and metabolites of outbred female rats that correlate with their ability to
cope with the traumatic stress experiences. This is of high relevance
because if translatable to humans, microbial signatures can serve as non-
invasive biomarkers to predict an individual’s susceptibility to devel-
oping psychiatric disorders. Additionally, due to their ease of manipu-
lation, they can serve as a promising target to foster resiliency, especially
in females, through dietary and/or pro/prebiotic supplementations.
Finally, the gut microbiota can also provide a new avenue for the
development of more effective, predictive, and therapeutic in-
terventions for mood disorders including PTSD, for which there is a
major unmet need.
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