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Abstract
Chronic exposure to stress is associated with increased incidence of depression, generalized anxiety, and PTSD. However,
stress induces vulnerability to such disorders only in a sub-population of individuals, as others remain resilient. Inﬂammation
has emerged as a putative mechanism for promoting stress vulnerability. Using a rodent model of social defeat, we have
previously shown that rats with short-defeat latencies (SL/vulnerable rats) show increased anxiety- and depression-like
behaviors, and these behaviors are mediated by inﬂammation in the ventral hippocampus. The other half of socially defeated
rats show long-latencies to defeat (LL/resilient) and are similar to controls. Because gut microbiota are important activators
of inﬂammatory substances, we assessed the role of the gut microbiome in mediating vulnerability to repeated social defeat
stress. We analyzed the fecal microbiome of control, SL/vulnerable, and LL/resilient rats using shotgun metagenome
sequencing and observed increased expression of immune-modulating microbiota, such as Clostridia, in SL/vulnerable rats.
We then tested the importance of gut microbiota to the SL/vulnerable phenotype. In otherwise naive rats treated with
microbiota from SL/vulnerable rats, there was higher microglial density and IL-1β expression in the vHPC, and higher
depression-like behaviors relative to rats that received microbiota from LL/resilient rats, non-stressed control rats, or vehicletreated rats. However, anxiety-like behavior during social interaction was not altered by transplant of the microbiome of SL/
vulnerable rats into non-stressed rats. Taken together, the results suggest the gut microbiome contributes to the depressionlike behavior and inﬂammatory processes in the vHPC of stress vulnerable individuals.

Introduction
Chronic stress increases the risk of developing many
psychiatric disorders such as anxiety, depression, and posttraumatic stress disorder [1–3]. While these disorders can
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be triggered or increased by chronic stress, not all individuals develop psychiatric disorders in response to chronic
stress [4–8]. The mechanisms underlying vulnerability to
stress are unclear, however, mounting evidence suggests
that increased central inﬂammatory processes may be
involved. Indeed, inﬂammatory cytokines are elevated in
depressed patients [9–11], and numerous animal studies
have shown inﬂammatory mechanisms underlie
depressive-type behaviors [9, 10, 12]. In a recent study in
rats, we showed that vulnerability to social defeat is due, in
part, to increases in pro-inﬂammatory processes and vascular remodeling in the ventral hippocampus (vHPC) [13].
Increased vascular density following vascular remodeling
can facilitate neural transmission and communication
across the so-called neurovascular unit [14], thereby promoting increased activity in stress-sensitive regions. These
data are consistent with studies suggesting that inﬂammation is a contributing factor in stress-related mood
disorders [15–18].
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Considerable evidence shows a link between the gut
microbiome and immune system function and regulation
[17, 19]. Furthermore, differences in gut microbiota have
been identiﬁed in humans with a variety of psychiatric
diseases, including depression, anxiety, and schizophrenia
[20, 21], and several animal models of psychiatric diseases
show disturbances in the gut microbiome [17]. The brain
can inﬂuence microbiota composition in the gut through
effects on digestive and immune molecules [19]. In turn, the
gut can inﬂuence the brain via the vagal nerve and other
putative mechanisms [22]. However, the speciﬁc brain
regions that interact with the gut microbiome remain elusive. Based on our previous work that the stress vulnerable
phenotype is characterized by a pro-inﬂammatory state in
the vHPC, we hypothesized that the gut microbiome contributes to vulnerability to stress through inﬂammatory
changes in the vHPC.

Materials and methods
Animals
Singly housed male Sprague–Dawley rats (275–300g) were
used as experimental intruder rats. Male Long–Evans (LE)
retired breeders (600–800g) were used as residents. Rats
were purchased from Charles River (Wilmington, MA) and
were singly housed on a 12:12-h light:dark schedule (lights
on at 0700 hours) with food and water available ad libitum.
All experiments were conducted, and samples were collected between 1000 and 1300 hours to minimize circadian
inﬂuences on microbiome [23]. Procedures were approved
by the Children’s Hospital of Philadelphia’s Institutional
Animal Care and Use Committee and conformed to the NIH
Guide for the Use of Laboratory Animals.

Study 1: Analysis of gut microbiota in resilient,
vulnerable, and non-stressed rats
Experimental design
Rats were randomly assigned to either a defeat group or a
control group. Fresh fecal samples were collected following
handling at 24 h before the ﬁrst social defeat (day 0) and 24
h after the 7th episode of social defeat (30 min/day) or 7th
episode of novel cage exposure (30 min/day) in control rats
(day 8). Retired male breeder LE rats were pre-selected for
aggression and used as the residents. Each intruder was
exposed to a new resident rat on each day, and the same
residents were used for the entirety of the experiment. The
experimental design is shown in Fig. 1a. Group sizes were:
control; n = 8, SL n = 9, LL n = 10, and sizes were selected
based on our previous work using this defeat paradigm

[13, 24, 25]. All samples were collected at approximately
1000 h, frozen on dry ice and stored at −80 °C until analysis. Fecal samples were examined instead of cecum contents to allow us to assess whether pre-existing differences
predict resiliency or vulnerability [26]. Fecal samples provide a reliable measure of gut microbiota composition
[26–28]. Shotgun metagenome sequencing was used to
assess quantitative differences in bacterial species composition between groups. Analysis was conducted at the
PennCHOP Microbiome Program. See Supplementary
Methods for information on shotgun sequencing.
Social defeat paradigm and identiﬁcation of SL/vulnerable
and LL/resilient rats
The social defeat paradigm and determination of shortlatency (SL/vulnerable) and long-latency (LL/resilient) rats
was previously published [24, 29–31] (see Supplementary
Methods). Rats exhibiting passive behavior and shortlatencies (SL/vulnerable) to defeat exhibit increased anxiety- and depressive-like behaviors [13, 18, 25], whereas rats
exhibiting active coping behavior and long-latencies (LL/
resilient) to defeat are not different from controls in these
behaviors and thus are resilient to the effects of defeat.
Control rats are placed in a novel cage for 30 min/day for
7 days. The latency differences are observable by 4–5 days
of defeat [24].

Study 2: Determine whether fecal transplants from
vulnerable or resilient rats transfer behavioral and
neural phenotypes into naive, non-stressed
recipient rats
In the current study, we chose to examine the Porsolt forced
swim test (FST) as a measure of depression-like behavior,
and the social interaction task as a measure of anxiety-like
behavior. Both of these tasks show measures of construct
validity including responsiveness to anti-depressant and
anxiolytic drugs, respectively [32–35]. Moreover, previous
work from our lab and others have shown these behaviors to
be consistently altered in SL/rats, and affected by inﬂammatory processes in the vHPC [13, 25].
Experimental timeline
To obtain samples for microbiota transplantation, fecal
samples were collected 24 h after 7 days of social defeat
from (donor) rats identiﬁed as SL/vulnerable or LL/resilient
rats or from control rats. In the microbiota recipient rats, on
day 0, body weights were obtained and fecal samples were
collected to determine their microbiome proﬁles prior to
transplant (experimental design in Fig. 2a). Then on days 1–
5, a fecal slurry (2 ml of 5 mg/ml in phosphate buffered
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saline (PBS)) from non-stressed control, SL/vulnerable, or
LL/resilient donors was delivered by oral gavage into the
naive recipient rats once daily (microbiota recipient groups).
Another group of naive rats was administered PBS by oral
gavage daily. Rats were randomly assigned to one of these
four conditions. Rats were not pre-treated with antibiotics
because pre-treatment with antibiotics provided little impact
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on efﬁcacy of fecal transplants [27] and can affect rodent
behavior [20, 36]. On day 6, a fecal sample was collected
and rats were tested for behavior in the social interaction
test (10 min). Reductions in interaction time with a novel
conspeciﬁc rat are interpreted as increased anxiety-like
behavior [37, 38]. On days 7 and 8, rats were tested in the
FST. Increases in time spent immobile are interpreted as
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Fig. 1 Differences in the fecal microbiome of SL/vulnerable and LL/
resilient rats. a Experimental design used in Study 1. b Signiﬁcantly
lower defeat latencies (averaged over the 7 days of defeat) in SL/
vulnerable compared with LL/resilient rats (SL n = 9, LL n = 10,
control = 8). c There was a signiﬁcant increase in alpha diversity as
represented by richness 10k (richness rariﬁed at 10,000 read counts) in
SL/vulnerable rats as a result of defeat (from days 0 to 8) and on day 8
compared with non-stressed controls. There was a trend (p < 0.06) for
higher alpha diversity in SL/vulnerable compared with LL/resilient rats
on day 8. d PcoA plot based on Bray–Curtis distances demonstrating a
signiﬁcant shift in SL/vulnerable and LL/resilient microbiota on day 8
relative to their pre-stress baseline day 0 sample. e Class-level differences in relative abundance of Actinobacteria (higher abundance in
SL/vulnerable rats relative to control and LL rats at day 8), Bacilli
(increased in LL/resilient rats from days 0 to 8 and higher abundance
relative to control on day 8), Clostridia (higher abundance in SL/
vulnerable rats relative to control rats at day 8), and Bacteroidia
(decreased abundance in SL/vulnerable rats at day 8). f Relative
abundance at genus-level of control, SL/vulnerable, and LL/resilient
rats in select microbiota genera (selected by proportion present in
population). At the genus level, g the relative abundance of Firmicutes
Clostridium was higher in SL/vulnerable rats relative to control rats at
day 8. At the species level, h the relative abundance of Lactobacillus
Reuteri was higher in SL/vulnerable and LL/resilient rats relative to
control rats, and increased in SL/vulnerable rats from days 0 to 8. i
Social defeat signiﬁcantly increased the Firmicutes/Bacteroidetes ratio
in both social defeat groups (SL/vulnerable and LL/resilient). j The
ratio of Bacilli/Clostridia was signiﬁcantly higher in LL/resilient rats
relative to control rats, and this ratio increased in LL/resilient rats from
days 0 to 8. Data represent mean + SEM. *p < 0.05. “a” denotes signiﬁcant time effect (FDR-corrected p < 0.05), and “b” denotes signiﬁcant day 8 group effect (FDR-corrected p < 0.05)

in Supplementary Methods). Iba1 is a typical marker for neuroinﬂammation [43–49]. S100β (Abnova cat. no. KA0037), IL1β (Abcam cat. no. 100768), and IL-10 (Novex cat. no.
KRC0101) content in the vHPC and/or in plasma were measured by enzyme-linked immunosorbent assay (ELISA).
Plasma S100β is a soluble astrocytic protein that reliably
reﬂects increased blood-brain barrier (BBB) permeability
[44, 50–56]. IL-1β is a pro-inﬂammatory cytokine that
increases Iba1 expression and promotes neuroinﬂammation
[43, 57]. IL-10 is a well-established anti-inﬂammatory cytokine
[58]. A Luminex assay was used to assess inﬂammatory
cytokines in rats that received fecal microbiome transplants
(Millipore, cat. no. RECYTMAG-65K-13).

increases in passive, depressive-type behavior [39, 40].
Data from our lab and from others have shown that stress
vulnerable rats exhibit reductions in interaction time and
increases in immobility indicating increases in anxiety-like
and depressive-like behavior, respectively, whereas resilient
rats are unaffected [13, 24, 25, 41, 42]. Twenty-four hours
following FST, a fecal sample, brains, and blood were
collected basally. Two cohorts of rats were used in this
study (total group sizes are control n = 14, LL n = 13, SL
n = 13, vehicle n = 15), both cohorts received gavage from
the same set of donor rats. Both cohorts were used for
behavioral testing. Brain measures were from one or the
other of the two cohorts (depending on the measure) and the
ﬁrst cohort was used for microbiome sequencing (control
n = 7, vehicle n = 7, SL n = 8, LL n = 7). 16-s sequencing
was used to assess efﬁcacy of fecal transplants in reshaping
the gut microbiota of one cohort of non-stressed recipient
rats. See Supplementary Methods for information on 16-s
sequencing.

Results

Immunoassays
Immunohistochemical analyses of ionized calcium-binding
adapter molecule (Iba1) and von Willebrand factor (VWF;
marker for blood vessels) were conducted in sections
of the vHPC as previously described [13] (details

Statistical analyses
For statistical comparisons of two groups, the Student’s ttest was used. For comparisons of more than two groups, an
analysis of variance (ANOVA) was used followed by
Bonferroni post hoc tests. An α level of 0.05 (two-tailed)
was set for signiﬁcance. More detail is provided in the
ﬁgure legends. Values over 2 standard deviations from the
mean were removed. Statistical analyses were done in SPSS
version 17, R or Graphpad Prism 7. For all behavioral
analyses, experimenters were blind to group assignment.

Study 1: Analysis of gut microbiota in resilient,
vulnerable, or non-stressed rats
Characterization of SL/vulnerable and LL/resilient rats
Mean latencies to social defeat were signiﬁcantly lower in
SL/vulnerable rats compared with LL/resilient (Fig. 1b), as
deﬁned in our previously published data [13, 24, 25].
Stress vulnerability is associated with increased alpha
diversity
Alpha diversity assesses differences in within-subjects
diversity. It was not different between groups on day 0,
indicating no pre-existing differences. Alpha diversity
increased in SL/vulnerable rats from days 0 to 8 (p = 0.003;
Fig. 1c), but did not increase in control or LL/resilient rats.
On day 8, alpha diversity was higher in SL/vulnerable rats
relative to control rats (p = 0.001) and tended to be higher
in SL/vulnerable relative to LL/resilient rats on day 8
(p = 0.06). These data suggest that SL/vulnerable rats show
increased diversity in their gut microbiome following social
defeat. LL/resilient and control rats were not signiﬁcantly
different from one another.
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Fig. 2 Effects of fecal transplants on reshaping the gut microbiome.
a Experimental design. b PCoA plot showing weighted UniFrac distances, which demonstrate signiﬁcantly changed microbiota in naive
rats receiving fecal transplants from SL/vulnerable and LL/resilient rats from days 0 to 5 but no signiﬁcant changes in gut microbial
communities in rats receiving microbiota from control non-stressed
rats or in rats receiving gavage of vehicle (PBS). c Sourcetracker
analysis assessing the total microbiota composition of the day 6 fecal

sample relative to the day 0 sample. The proportion of day 0 fecal
sample composition remaining at day 6 in rats that received microbiota
from SL/vulnerable rats or LL/resilient rats was approximately 10 and
20%, respectively. Thus, rats treated with microbiota from SL/vulnerable or LL/resilient rats had signiﬁcantly altered microbiota from
their pre-treatment levels (F3, 23 = 26.04, p = 0.0001; n = 6–7 per
group). *p < 0.05

Social defeat increases beta diversity

on day 8 showed that SL/vulnerable (p = 0.005) and LL/
resilient rats (p = 0.004) both had signiﬁcantly different
Bray–Curtis distances relative to the resident rats indicating
that the microbiota of defeated rats did not become similar
to that of the resident rats. These data suggest that the shift
in bacterial communities in defeated rats was not due to
exposure to the microbiota of the resident rats.

Beta diversity was examined to determine how the whole
microbial community differs between samples. There were
no signiﬁcant differences in beta diversity as assessed by
Bray–Curtis distances at day 0 (Fig. 1d). Bray–Curtis distances increased in both SL/vulnerable and LL/resilient rats
from days 0 to 8 (p = 0.02). At day 8, Bray–Curtis distances
signiﬁcantly shifted in both SL/vulnerable and LL/resilient
rats relative to control rats (p = 0.022). These data suggest
that there are no pre-existing differences amongst groups,
but with repeated defeat, both SL/vulnerable and LL/resilient rats showed signiﬁcantly different expression of bacteria at the community level. We also examined beta
diversity in the LE resident rats (not shown). This was
signiﬁcantly different in the resident rats relative to control,
SL/vulnerable and LL/resilient rats at day 0. An Adonis test

Class-level differences
From days 0 to 8, four classes (out of ﬁve that met criterion
for analysis; see Supplementary Methods for shotgun
metagenome sequencing for criterion) were signiﬁcantly
changed in SL/vulnerable rats (Fig. 1e): there were signiﬁcant increases in Bacilli (p = 0.01), a trend for increased
Clostridia (p = 0.1), and a signiﬁcant decrease in Bacteroidia (p = 0.007). In LL/resilient rats, there was a trend for
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increased Bacilli (p = 0.1). Although no group differences
were observed on day 0, on day 8, Actinobacteria were
signiﬁcantly higher in SL/vulnerable rats relative to control
rats (p = 0.04) and LL/resilient rats (p = 0.05), Bacilli was
signiﬁcantly higher in SL/vulnerable rats relative to control
rats (p = 0.0004), Clostridia were signiﬁcantly higher in
SL/vulnerable rats relative to control rats, (p = 0.05), and
Bacteroidia were signiﬁcantly decreased in SL/vulnerable
rats relative to control rats at day 8 (p = 0.004). No signiﬁcant differences were observed between LL/resilient and
control rats on day 8 at the class level.
Genus-level differences
There were 13 signiﬁcant time effects between days 0 and
8 with seven genera signiﬁcantly changed in SL/vulnerable effects between days 0 and 8, and six signiﬁcantly
changed genera in LL/resilient rats between days 0 and 8.
There were 18 signiﬁcant group effects at day 8 and none
at day 0. Fourteen of these signiﬁcant comparisons
were between SL/vulnerable and control rats, and four
were between LL/resilient and control rats (select genera
are summarized in Fig. 1f). The most robust change in SL/
vulnerable (p = 0.008) and LL/resilient rats (p = 0.02)
was the reduction of Bacteroidetes Bacteroides (Fig. 1f).
Firmicutes Lactobacillus increased in both SL/vulnerable
(p = 0.008) and LL/resilient rats (p = 0.04) from days 0 to
8. The mean relative abundances for Firmicutes Lactobacillus increased from 0.006 at day 0 to 0.05 in
SL/vulnerable rats, and increased from 0.006 to 0.08 in
LL/resilient rats. As expected from class-level analysis,
many of the increased class-level bacteria identiﬁed in the
SL/vulnerable rats were associated with Clostridia, such
as Firmicutes Clostridium (p = 0.02; Fig. 1g) and Firmicutes Clostridiales (p = 0.06; not shown). The group
means, standard errors, and signiﬁcant effects are in
Supplementary Tables 1 and 2.
Species-level differences
There were 24 signiﬁcantly changed species in SL/vulnerable rats relative to control rats, and 16 signiﬁcantly changed species in LL/resilient rats relative to control rats. There
were no signiﬁcantly changed species between SL/vulnerable and LL/resilient rats. For time effects, 17 species
changed from days 0 to 8 in SL/vulnerable rats, and
17 species changed from days 0 to 8 in LL/resilient rats as
well. Lactobacillus reuteri, which in probiotic form was
shown to have anti-depressant-like effects in rodent models
[22], increased LL/resilient rats (Fig. 1h; average relative
abundance = 0.06; p = 0.0004) and increased to a lesser
extent in SL/vulnerable rats (average relative abundance =
0.03; p = 0.0001). The group means, standard errors, and

signiﬁcant effects are in Supplementary Tables 3 and 4.
Collectively, the results of the shotgun metagenome analysis showed that stress had a greater impact on reshaping
the gut microbiota of SL/vulnerable rats than LL/resilient
rats.
Increased ratio of Bacilli to Clostridia
A low ratio of Firmicutes to Bacteroidetes (F/B ratio) is
considered a normal, healthy state of the intestinal microbiome [17, 19]. In the current study, the F/B ratio was
increased in both SL/vulnerable and LL/resilient rats from
days 0 to 8 (p < 0.05) and was higher in SL/vulnerable and
LL/resilient rats relative to control rats on day 8 (p < 0.05;
Fig. 1i). We also examined the ratio Bacilli to Clostridia (B/
C ratio) because Bacilli contain several anti-inﬂammatory
bacterial species such as Lactobacillus rahmnosus, Lactobacillus acidophilus, Lactobacillus reuteri [59–61], while
increased Clostridia are often associated with an inﬂammatory phenotype and contain several highly pathogenic
species [62–64]. The B/C ratio was signiﬁcantly increased
from days 0 to 8 in LL/resilient rats (p = 0.02; Fig. 1h) and
was higher in LL/resilient rats relative to control rats on day
8 (p = 0.004), whereas there was no signiﬁcant change in
SL/vulnerable rats. These data suggest the B/C ratio is a
novel index of stress effects, and an increase in the B/C ratio
may indicate protection against the inﬂammatory effects of
stress.

Study 2: Determine whether fecal transplants from
vulnerable or resilient donor rats transfer
behavioral phenotypes of the donors into nonstressed recipient rats
Oral gavage of fecal microbiota effectively reshaped
microbiota of non-stressed recipients
At day 0 (24 h prior to ﬁrst oral gavage; Fig. 2a shows
experimental design), there were no community differences
(assessed by Bray–Curtis distance) in the gut microbiota of
rats assigned to any condition, as expected. On day 6 (after
5 days of gavage), there were signiﬁcant shifts in Bray–
Curtis distance of bacterial communities in rats receiving
microbiota from SL/vulnerable rats or LL/resilient rats (p =
0.005; Fig. 2b). Sourcetracker analyses conﬁrmed these
ﬁndings: fecal communities of rats that received oral gavage
of vehicle (PBS) or microbiota from non-stressed controls
did not change from days 0 to 6, whereas the microbiome
communities from naive rats treated with SL/vulnerable and
LL/resilient microbiota changed signiﬁcantly from their day
0 levels (Fig. 2c). We assessed whether there was a change
in microbiome from days 6 to 9 (after behavioral testing).
The only signiﬁcant differences in microbiota between days
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6 and 9 were in rats treated with samples from control rats
(p = 0.04). There was no signiﬁcant difference in weight
gain over the course of the experiment across groups,
indicating no adverse effects of fecal transplants compared
with gavage of PBS (Fig. 3a). Taken together, these data
show that oral gavage delivery of microbiota from
SL/vulnerable or LL/resilient rats effectively altered the
microbiota of otherwise naive non-stressed rats.
Fecal transplants from SL/vulnerable rats to naive, nonstressed rats promote some behavioral indices of stress
vulnerability
There were no differences in time spent interacting in
the social interaction test between the recipient groups (Figure
3b). These data suggests no differences in anxiety-like
behavior during the social interaction test across the recipient groups (Fig. 3b). This ﬁnding was intriguing as previous
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work showed decreased social interaction in SL/vulnerable
rats [13, 25]. In the FST, rats treated with microbiota from
SL/vulnerable rats had decreased latency to immobility
(Fig. 3c) and increased time spent immobile (Fig. 3d) suggesting increased passive, depression-like behaviors [40].
Rats treated with SL/vulnerable microbiota spent signiﬁcantly
less time swimming (Fig. 3e). Finally, SL/vulnerable rats
spent less time climbing but this effect did not reach statistical
signiﬁcance (Fig. 3f).
Fecal transplants from SL/vulnerable rats to naive nonstressed rats promote pro-inﬂammatory phenotypes in the
vHPC
There was an increase in the number and area of Iba1positive cells in vHPC of rats treated with microbiota from
SL/vulnerable rats (Fig. 4a–c) indicating increases in
microglial activation. There were no signiﬁcant differences
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in vascular remodeling as assessed by VWF staining
between any groups (Fig. 1d, e). Expression of the proinﬂammatory cytokine IL-1β was signiﬁcantly increased in
rats that received microbiota from SL/vulnerable rats
(Fig. 4f). The anti-inﬂammatory cytokine IL-10 [58] was
signiﬁcantly increased in rats that received microbiota from
SL/vulnerable and LL/resilient rats (Fig. 4g). The BBB
permeability marker S100β was signiﬁcantly increased in
plasma of rats that received microbiota from SL/vulnerable
rats (Fig. 4h) consistent with previous data showing
increased inﬂammation-induced BBB permeability in SL/
vulnerable rats [13]. Corticosterone was signiﬁcantly
increased in the plasma of rats that received microbiota
from SL/vulnerable rats (Fig. 4i).
No change in plasma levels of inﬂammatory cytokines
Results of Luminex assays showed that inﬂammatory
cytokine protein concentrations did not change in any
condition (Supplementary Table 5). In several cases, the
concentrations of cytokines were below the detection limit
of the assay. Out of 44 samples tested, there were only
16 subjects with detectable levels of IL-1β, and 4 subjects
with detectable levels of IL-6. We conﬁrmed these low
levels using ELISAs. Low plasma concentrations of
inﬂammatory cytokines suggest that peripheral inﬂammation was not increased in rats treated with fecal samples
from rats in any condition.

Discussion
It is becoming increasingly recognized that the gut microbiome can play a role in stress-related mood disorders. Here,
we speciﬁcally studied the contribution of the gut microbiome to the stress resilience/vulnerable phenotype in rats.
We ﬁrst determined that there were no pre-existing differences in the composition of gut microbiota between rats that
subsequently become vulnerable or resilient to stress.
Although stress exposure induced signiﬁcant changes in
microbiota in both SL/vulnerable compared with LL/resilient rats, only SL/vulnerable rats showed signiﬁcant chances in alpha diversity as reﬂected by increased numbers of
changed microbiota at class, genus, and species levels.
These ﬁndings suggest that physiological processes induced
by stress, processes that may not pre-exist in the gut, create
conditions that allow for the growth of different bacterial
communities in SL/vulnerable and LL/resilient rats. It is
unclear what those processes are but one possibility is glucocorticoids. The synthetic glucocorticoid dexamethasone
can increase Clostridia and other Firmicutes classes [65],
which were increased in SL/vulnerable rats. These ﬁnding
are intriguing as SL/vulnerable rats show delayed

corticosterone habituation relative to LL/resilient following
repeated social defeat [24]. In turn, Clostridia-related genera
can potentially regulate corticosterone production [66].
These ﬁndings are consistent with the elevated basal glucocorticoids observed in rats that received microbiota from
SL/vulnerable rats in the current study. Alternatively or in
addition, the gut could be inﬂuenced by central stressinitiated processes through vagal inputs, through factors
produced by the brain that access the gut through the
bloodstream or factors produced in the periphery that regulate the gut [19, 22, 67]. Together, the results suggest that
the gut microbiome is shaped by stress experience differently in animals that become vulnerable vs. resilient to the
effects of stress.
We then examined the speciﬁc contribution of the gut
microbiome to the behavioral and neural phenotypes characteristic of vulnerable and resilient rats by transferring the
microbiota from SL/vulnerable and LL/resilient rats into
otherwise stress-naive rats. Microbiome transplants from
SL/vulnerable rats were sufﬁcient to recapitulate speciﬁc
aspects of stress vulnerability, including increasing proinﬂammatory processes such as microglial density and IL-1β
expression in the vHPC, and increasing depression-like
behaviors. Intriguingly, we did not observe increased
anxiety-like behaviors or increased vascular remodeling in
the vHPC of rats that received microbiota from SL/vulnerable rats, which we have previously identiﬁed in vulnerable
rats [13]. This suggests that stress experience itself is
required to produce changes in vascular remodeling, likely
subsequent to stress-induced changes in neural activity, and
that these contribute to increases in anxiety-related behaviors
in vulnerable rats. Together, these ﬁndings suggest that the
complex neural and behavioral phenotypes of vulnerable rats
can be dissociated: induction of inﬂammatory processes in
the hippocampus and depressive-like behaviors are regulated
by the gut microbiome of stressed animals whereas vascular
remodeling and anxiety-like behaviors are not, and likely
require neural activity initiated by exposure to stress.
Although we did not detect changes in anxiety-like
behavior using the social interaction task, it is possible that
inclusion of another behavioral test for anxiety-like behavior would have yielded different results. We chose the
social interaction task because treatment with anxiolytic
drugs increases interaction times [33, 34], suggesting this
task has strong construct validity as a measure of anxietylike behavior in rodents. Furthermore, based on extensive
work from our lab and others, reductions in interaction time
are a robust and well replicated effect in SL/vulnerable rats
[13, 25]. Finally, reductions in interaction time are strongly
associated with brain inﬂammatory measures that we
examined in the current study [13].
Rats treated with microbiota from SL/vulnerable rats had
increased pro-inﬂammatory processes in the vHPC. Greater
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Fig. 4 Ventral hippocampus (vHPC) and plasma markers of inﬂammation are increased in non-stressed rats receiving SL/vulnerable gut
microbiome transplants. a Representative immunohistochemical
staining of Iba1 in the vHPC. b Average number of Iba1 immunoreactive cells and c average area of Iba1 immunoreactivity increased in
vHPC of rats that received microbiota from SL/vulnerable rats relative
to the other groups (n = 5–7 per group, F3, 17 = 4.86, p = 0.01). No
signiﬁcant differences in d number of VWF immunoreactive cells or e
area of VWF immunoreactivity (n = 5–7 per group). f IL-1β protein
was increased in the vHPC of rats that received microbiota from

SL/vulnerable rats relative to other groups (n = 4–6 per group, F3, 19 =
5.84, p = 0.005). g IL-10 protein was increased in the vHPC of rats
treated with SL/vulnerable or LL/resilient rats microbiota (n = 5–6 per
group). h The blood–brain barrier permeability marker S100β was
increased in plasma of rats treated with microbiota from SL/vulnerable
rats relative to vehicle, control, and LL/resilient treatment groups
(F3, 28 = 6.86, p = 0.002; n = 7–9 per group). i Plasma corticosterone,
taken when rats were killed 24 h after FST, was increased in rats
treated with SL/vulnerable microbiota (F3, 22 = 7.50, p = 0.002;
n = 5–6). Data represent mean + SEM. *p < 0.05

area and increased cell count of Iba1-positive microglia are
indicative of increased cellular proliferation of microglia and
morphological changes in microglia towards a pro-

inﬂammatory phenotype [43–49, 68–70]. These effects can
be directly induced by IL-1β [13, 43–49], which was also
increased in rats treated with SL/vulnerable microbiota. We
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also observed increased expression of the BBB permeability
marker S100β in rats that received microbiota from SL/vulnerable rats. Previous data, including our own, have shown
that elevated plasma S100β is strongly reﬂective of increased
BBB permeability [13, 44, 50–56]. BBB permeability is
regulated by inﬂammatory processes in the brain and is used
routinely as an index for brain inﬂammation [65, 71–75].
Taken together, these data suggest that changes in the gut
microbiota of SL/vulnerable rats, possibly towards higher
levels of Clostridia and potentially Actinobacteria [76], created a milieu of inﬂammatory intermediates that promoted
brain inﬂammation, potentially increasing depression-like
behaviors characteristic of stress vulnerable animals.
Rats that received microbiota from SL/vulnerable or
LL/resilient rats both showed increased expression of the
anti-inﬂammatory cytokine IL-10. However, increased
pro-inﬂammatory processes, including elevated IL-1β in
the vHPC, were only observed in rats that received
microbiota from SL/vulnerable rats. This ﬁnding suggests
rats treated with microbiota from LL/resilient rats may
have had increased pro-inﬂammatory processes, but via
activation of appropriate anti-inﬂammatory mechanisms
downstream of IL-10, these rats were able to buffer
inﬂammation in the vHPC. We did not ﬁnd differences in
cytokine expression in plasma in any condition. Most
samples were below detectability limits of the assays. This
could be because blood was taken 4 days after end of
transplant gavage and after behavioral testing. It is intriguing to ﬁnd that the gut changes in this study were
associated with changes in brain inﬂammation in absence
of peripheral changes. It is possible that peripheral
inﬂammation is not changed or that its changed early on
but brain inﬂammatory processes are activated and stay
elevated longer, past the stress and thus are measurable at
the timepoints assessed here. In the current study, we
focused on the vHPC because our previous work showed
that inﬂammation in the vHPC, rather than the dorsal
hippocampus, was an important mediator of vulnerability
[13]. It is possible that other brain regions were affected
by microbiome transplants and may exhibit changes in
neuroinﬂammatory processes and inﬂuence behavior.
We discovered patterns in LL/resilient rats that may
improve our understanding of the contribution of the gut
microbiome to stress resilience. The increase in the ratio of
Bacilli to Clostridia in LL/resilient rats is especially intriguing as there is beneﬁcial Lactobacillus in this class.
Lactobacillus reuteri, which has beneﬁcial mood effects
[22, 77], had higher relative abundances in LL/resilient rats
than in SL/vulnerable rats. These data suggest Lactobacillus
are generally increased by social defeat stress, but to a
greater extent in LL/resilient rats. Therefore, Lactobacillus
in LL/resilient rats may provide a protective mechanism
against the adverse effects of increased Clostridia, or

perhaps occupy the ecological niche that would otherwise
be occupied by Clostridia or Actinobacteria.
Collectively, the results of this study suggest that the gut
microbiome is shaped by stress experience differently in
vulnerable compared with resilient animals. Stress, regardless of vulnerability or resilience, altered the proliferation of
some bacterial species in all rats. In addition, unique bacterial species were promoted in SL/vulnerable vs. LL/resilient rats, particularly the immune-modulating class
Clostridia. The gut microbiota of vulnerable rats was sufﬁcient to drive inﬂammatory processes in the vHPC such as
increased microglial activity and increased IL-1β in the
vHPC, as well as increased BBB permeability. Importantly,
the gut microbiota of SL/vulnerable rats was sufﬁcient to
produce the depressive-like phenotype. However, gutdriven processes did not increase vascular remodeling or
promote anxiety-like behavior during social interaction that
we previously observed in stress vulnerable rats [13, 31].
These data suggest stress effects in the brain are required for
vascular remodeling and anxiety-like behavior during social
interaction, whereas the gut microbiome is a driver of
important pro-inﬂammatory processes in the vHPC and
depressive-like behaviors in rats vulnerable to stress. Conﬁrmation of these ﬁndings using a broader behavioral battery is important. Future work will be aimed at determining
whether inﬂammatory processes in the vHPC are necessary
for depressive-like behavior promoted by gut microbiota. In
conclusion, this study advances our understanding of the
unique contribution of the gut microbiome in stressed animals and identiﬁed inﬂammatory processes in the vHPC
associated with depressive-like behaviors that are shaped
speciﬁcally by the gut microbiome.
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