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The commensal microbiota of the human gastrointestinal tract live in a largely stable community structure, assisting
in host physiological and immunological functions. Changes to this structure can be injurious to the health of the host,
a concept termed dysbiosis. Psychological stress is a factor that has been implicated in causing dysbiosis, and studies
performed by our lab have shown that restraint stress can indeed shift the cecal microbiota structure as well as increase
the severity of a colonic infection caused by Citrobacter rodentium. However, this study, like many others, have focused
on fecal contents when examining the effect of dysbiosis-causing stimuli (e.g. psychological stress) upon the
microbiota. Since the mucosa-associated microbiota have unique properties and functions that can act upon the host, it
is important to understand how stressor exposure might affect this niche of bacteria. To begin to understand whether
chronic restraint stress changes the mucosa-associated and/or luminal microbiota mice underwent 7 16-hour cycles of
restraint stress, and the microbiota of both colonic tissue and fecal contents were analyzed by sequencing using next-
gen bacterial tag-encoded FLX amplicon technology (bTEFAP) pyrosequencing. Both control and stress groups had
significantly different mucosa-associated and luminal microbiota communities, highlighting the importance of focusing
gastrointestinal community structure analysis by microbial niche. Furthermore, restraint stress was able to disrupt both
the mucosa-associated and luminally-associated colonic microbiota by shifting the relative abundances of multiple
groups of bacteria. Among these changes, there was a significant reduction in the immunomodulatory commensal
genus Lactobacillus associated with colonic mucosa. The relative abundance of Lactobacillus spp. was not affected in
the lumen. These results indicate that stressor-exposure can have distinct effects upon the colonic microbiota situated
at the mucosal epithelium in comparison to the luminal-associated microbiota.

Introduction

There are extensive bidirectional interactions between the
brain and the gut, and it is well recognized that during a stress
response, the central and enteric nervous systems have a large
influence on gastrointestinal (GI) motility, secretion, blood flow
and immune reactivity.1-3 Thus, it is not surprising that stressor
exposure has been linked to exacerbations of intestinal diseases,
like the inflammatory bowel diseases (IBD), including ulcerative
colitis (UC) and Crohn’s disease (CD), and irritable bowel syn-
drome (IBS).4,5 The mechanisms through which the stress
response impacts these diseases are not yet completely under-
stood, but it is possible that stressor-induced changes to the intes-
tinal microbiota are involved. Altered profiles of intestinal

microbiota have been identified in both IBD and in IBS
patients.6,7 Thus, understanding factors that maintain microbiota
community stability as well as those that can disrupt the structure
could lead to a deeper understanding of how factors such as stress
can affect intestinal disease.

The microbiota that colonize the human body collectively
outnumber cells of the body by a factor of 10.8 The vast majority
of these microbes are bacteria that reside within the intestines as
part of the intestinal microbiota, with microbiota levels ranging
from <105 bacteria per gram of digesta in the upper parts of the
small intestine, to >1012 bacteria per gram of digesta in the large
intestine.7 The microbiota reside as a largely stable community
that develops as a result of a series of ecological successions
involving the selection of species best adapted for the available
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niche.9 This climax community is relatively resistant and resilient
to long-term disruptions in community structure,10 but many
factors, such as antibiotic use or colonic inflammation can cause
alterations in their community structure.11-14 Whether these
types of alterations impact the function of the microbiota is not
completely understood, but it is recognized that disrupting the
microbiota through the use of antibiotics can enhance pathogen
colonization and proliferation.15

Exposure to stressors has been shown to significantly change
microbial populations in the gastrointestinal tract of both
humans and laboratory animals. This was first demonstrated in
Russian cosmonauts preparing for space flight, who were found
to have significantly different levels of shed microbiota, with later
studies suggesting that the changes could be due to the stress of
confinement.16,17 In a more recent study, it was demonstrated
that lactobacilli levels shed in the stool of college students were
lower during final examinations than during quiescent periods,
suggesting that the stress of the examinations affected the micro-
biota.18 These findings are consistent with findings in laboratory
animals, where stressor exposure has been shown to significantly
impact the populations of certain bacteria shed in the stool of
nonhuman primates, as well as rodents.17,19-22 For the most part,
these studies have relied on culture-based techniques and have
only examined bacteria in the lumen of the intestines or shed in
the feces. Although this approach is informative, there are several
disadvantages. Approximately 90% of the intestinal microbiota
are strict anaerobes that have not been characterized by tradi-
tional culture-based methods due to undefined culture condi-
tions.23 In addition, the diversity of the communities present in
the lumen of the intestines is different than those found in the
mucous layer.24,25 Thus, it is possible that the stressor-induced
alterations to the microbiota might differ between GI
compartment.

A recent study using culture-independent 16s rRNA based
sequencing has shown that only 2 hours of acute exposure to
the social disruption stressor (SDR) altered the mucosa-asso-
ciated microbiota of C57BL/6 mice (Galley et al, under
review). Acute and chronic stressors can have distinct effects
upon gastrointestinal physiology, particularly in mucus secre-
tion, wherein acute stressors tend to increase mucus produc-
tion, while repeated chronic stressors can reduce mucin gene
expression.26-28 It is unknown if chronic stress might also
have unique impacts upon the colonic microbiota, or if such
impacts might be specific to luminal or mucosa-associated
microbial niches. Prolonged restraint (RST) is a widely used
chronic murine stressor that has been extensively character-
ized in the literature and is the most commonly used murine
stressor in biomedical and biobehavioral research.29 This
stressor involves both physical and psychological components.
While the physical components are obvious (i.e., physical
confinement), the psychological components are more com-
plex and are thought to reflect the animal’s perception of
burrow collapse and confinement.30 The autonomic nervous
system and the hypothalamic-pituitary-adrenal axis are stimu-
lated during the stressor as part of a robust physiological
stress response.31-33 SDR and RST, 2 prime representatives

of acute and chronic stressors respectively, have contrasting
effects on host immunity and cellular stress responses,32-38 so
it is important to evaluate how these stressors might differen-
tially affect the gastrointestinal microbiota. In the present
study, it was hypothesized that exposure to the prolonged
stressor, RST, would have a unique impact on the colonic
mucosa-associated microbiota in comparison to the luminal
microbiota. To test this hypothesis, bacterial tag-encoded
FLX amplicon pyrosequencing (bTEFAP) was performed in
this study to comprehensively characterize chronic stressor-
induced changes to community structure in both lumen and
tissue of the mouse colon.

Results

The colonic mucosal microbiome and the luminal
microbiome are significantly different

Initial analysis of 16s rRNA gene pyrosequencing data showed
that regardless of exposure to the stressor, food and water depri-
vation, or control conditions, colonic mucosa and the lumen
each have a distinct microbiota (Fig. 1). This was first manifest
as a significant increase in a diversity in mucosa-associated
microbial communities. Rarefaction using the observed_species
analysis showed that sufficient depth was reached in the sequenc-
ing for both luminal and tissue-associated samples (data not
shown). Shannon Diversity Index (SDI) was significantly differ-
ent in the lumen vs. the mucosa (P < .05) demonstrating that
the colonic mucosa has significantly higher overall a diversity
than in the lumen (Fig. 1A). Microbial richness, assessed using
Chao1, was similar in the luminal and mucosa-associated micro-
biota (Fig. 1B). However, there was significantly higher evenness
in the mucosa-associated microbiota compared to the luminal-
associated microbiota (P < .05 as assessed using the equitability
measurement) (Fig. 1C).

In addition to the changes in the a diversity, the b diversity of
luminal and mucosa-associated microbiota communities were
significantly different independently of whether the mice were
exposed to the stressor, food and water deprivation or control
conditions. Luminal samples clustered separately from the
mucosa-associated samples on a principal coordinate analysis
(PCoA) plot of the unweighted UniFrac distance matrix for all
samples combined (Fig. 1D). The clustering was statistically sig-
nificant (P < 0.0005) based on ANOSIM indicating the mucosal
and luminal microbial populations are significantly different.
These overall differences extended to significant differences in
Actinobacteria, Acidobacteria, Deferribacteres, and Proteobacteria
at the phyla level (Figs. 1E and F). Actinobacteria was signifi-
cantly increased in the luminal group over the mucosal group
(1.31% vs. 0.48%) (P < 0.05), while Acidobacteria (0.01% vs.
0.05%) (P < 0.05), Deferribacteres (0.03% vs. 1.00%) (P <

0.001) and Proteobacteria (0.11% vs. 0.20%) (P < 0.05) were all
significantly enriched in the mucosal group (Fig. 1F). The 2
colonic compartment’s contrasting profiles provided the rationale
for investigating the effect of stressor exposure on the 2 micro-
biomes independently of one another.

www.landesbioscience.com 749Gut Microbes



Restraint Stress alters the b-diversity, but not the a-diversity
of the luminal-associated microbiota

Upon separating the luminal-associated microbiota from the
tissue-associated microbiota, the effect of restraint-stress exposure
on luminal populations alone was examined. SDI was used to
discern changes in overall a diversity as a product of stressor
exposure, but was unchanged in the luminal microbiome due to
restraint stress (Fig. 2A). This was further confirmed by measur-
ing evenness (using the equitability measurement) and richness
(using Chao1) in which there no changes due to restraint stress
(Figs. 2B and C).

The major phyla, Firmicutes and Bacteroidetes, were unaffected
by either restraint stress or food and water deprivation in the
luminal-associated microbiota (Fig. 3A). However, restraint-
stressor exposed groups (RST Stressor) had significantly lower
levels of the phylum Actinobacteria compared to both the food
and water deprivation control group (FWD Control) and the
undisturbed control group (HCC Control) (P < 0.05). Deferri-
bacteres, another phylum was significantly increased in the RST

Stressor group compared to both control groups in the lumi-
nally-associated populations (P < 0.05) (Fig. 3B). HCC Control
and FWD Control were not significantly different among the
phyla abundances in the luminally-associated microbiota. In b
diversity analysis, the PCoA of the unweighted UniFrac distance
matrix for the luminal samples showed significant clustering of
the RST Stressor group compared to the FWD Control group
(P < 0.01), but RST Stressor did not cluster separately from the
HCC Control group. In addition, FWD Control and HCC
Control groups did not cluster significantly differently from each
other (Fig. 3C). Though RST-5 was separated from the other
samples, it was not an outlier using the 2x standard deviation
method when the absolute abundance of Firmicutes and Bacter-
oidetes in RST-5 were compared to other RST samples.

Restraint Stress shifts both a and b diversity of the
mucosa-associated microbiota

In contrast to the lack of a diversity changes in the luminal
associated microbiota, restraint stress altered both the a and b

Figure 1. The mucosa-associated and luminal-associated microbiota communities are significantly different from each other. Alpha diversity measure-
ments,including Shannon Diversity, Chao1, and equitability were calculated using QIIME and compared. (A) The Shannon Diversity Index was signifi-
cantly increased in mucosal samples over luminal samples as measured with QIIME and averaged by group. (B) Richness, estimated with Chao1, was
unchanged between both compartments. (C) Evenness, using the equitability measurement, was also increased in the mucosal samples over luminal
samples. All data in A-C are mean § SD. All a diversity measurements were analyzed using a parametric T-test on QIIME at a sequence depth of 6177.
(D) Luminal samples and mucosal samples clustered independently of one another based upon unweighted Unifrac distances on a Principle Coordinate
Analysis using the ANOSIM statistic (P < 0.0005). (E) Major phyla, including Firmicutes and Bacteroidetes, were unchanged when compared between
luminal and mucosal-associated samples. (F) There were significant differences in the lesser phyla when compared between mucosa-associated micro-
biota and luminally-associated microbiota. The relative abundance of Actinobacteria, Deferribacteres, Proteobacteria, and Acidobacteria were all signifi-
cantly different when compared between both gastrointestinal compartments. Phyla-level relative abundance was compared using Mann-Whitney U
non-parametric tests. Mucosal-associated samples are n D 15; luminal-associated samples are n D 14.
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diversity in the mucosa-associated microbiota. Separate analysis
of the mucosa-associated microbiota made evident significant
shifts in the RST Stressor group compared to FWD Control and
HCC Control groups. RST Stressor had a significant reduction
compared to FWD Control in a diversity using the SDI (P <

0.01). SDI was not different between RST Stressor and HCC
Controls or between FWD and HCC Control groups (Fig. 4A).
Further a diversity analysis revealed that there were no differen-
ces between any groups in richness estimated using Chao1
(Fig. 4B), but the RST Stressor group was associated with a
reduction in equitability in comparison with FWD Control (P<
0.05) but not HCC Control (Fig. 4C). HCC Control and FWD
Control groups did not differ in either Chao1 or equitability.

At the phyla level in the mucosa-associated populations, the
Firmicutes and Bacteroidetes were unaffected by exposure to the
restraint stressor (Fig. 5A). Actinobacteria was significantly
reduced in the RST Stressor group compared to both FWD Con-
trol and HCC Control mice, while Deferribacteres was signifi-
cantly increased in RST Stressor mice over HCC Control only
(Fig. 5B) (P < 0.05). There were no significant differences
between FWD Control and HCC Control in phyla abundances
in the mucosa-associated microbiota. PCoA of the unweighted
UniFrac distance matrix for the mucosa-associated samples illus-
trated the clustering of the RST Stressor group from the FWD
Control and HCC Control groups (Fig. 5C). The clustering was
significant, using ANOSIM (HCC Control vs. RST Stressor,
P < 0.01) (FWD Control vs. RST Stressor, P < 0.01). HCC

Figure 3. Stressor exposure significantly affects the community structure of the luminally-associated microbiota. (A) Major phyla were unchanged
between any group. (B) Among the lesser phyla, Actinobacteria was significantly reduced in RST Stressor mice compared to both HCC Control and FWD
Control, while Deferribacteres was significantly reduced in RST Stressor mice compared to HCC Control and FWD Control mice. Abundances were com-
pared using non-parametric Kruskal-Wallis tests, and post-hoc testing was performed with non-parametric Mann-Whitney U tests. (C) Principle coordi-
nate analysis was used to visualize stressor exposure-induced community profile clustering based upon unweighted Unifrac distances. RST Stressor
shifted the community structure of the luminally-associated microbiota compared to FWD Control mice (P < 0.01) significantly using the ANOSIM statis-
tic, but not significantly compared to HCC Control mice. FWD and HCC Controls were unchanged compared to each other. Data are from n D 5 for RST
Stressor and FWD Control groups, and n D 4 for HCC Control.

Figure 2. Stressor exposure was not associated with shifts in a diversity in the luminally-associated microbiota. (A) The Shannon Diversity index (SDI), (B)
richness (using Chao1) and (C). Evenness (using equitability measurement) was measured for each sample using QIIME and averaged by group. None of
the a diversity measurements were affected by stressor exposure. Data are mean § SD. N D 5 for all groups, with the exception of HCC-Control, which
had n D 4. Groups were compared using parametric T-tests on QIIME with a modified Bonferroni correction for multiple comparisons.
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Control and FWD Control also clustered separately (HCC Con-
trol vs. FWD Control, P < 0.05). Overall, these data highlight
that restraint stress as well as food and water deprivation cause
changes in the microbiota community membership and composi-
tion at the mucosal tissue level.

Restraint Stress alters the relative abundance of colonic
microbiota bacterial groups

Larger taxonomic comparisons were performed to distinguish
stressor- induced shifts in the microbial groups associated with
the mucosa and lumen. In the lumen, the family S24-7 of the
order Bacteroidales was significantly reduced in RST Stressor
mice (P < 0.05) compared to HCC Control mice, but not FWD

Control mice (Table 1). At genus level, Adlercreutzia was
decreased in RST Stressor mice (P < 0.05) in comparison to
HCC Control and FWD Control mice (Table 2). Additionally,
an unclassified genus in the family S24-7 was significantly
decreased in RST Stressor mice compared to HCC Control mice
only (P < 0.05)

In the tissue, the family Ruminococcaceae were also increased
in RST Stressor over HCC Control (P<0.05), and the family
S24-7 of the order Bacteroidales was reduced in RST Stressor
compared to both HCC Control and FWD Control (p D 0.05).
The family Lactobacillaceae was also significantly reduced in RST
Stressor-exposed mice (P < 0.05) (Table 3) compared to both
FWD Control (P < 0.05) and HCC Control groups (p D 0.05).

Figure 4. Stressor exposure significantly reduces a diversity in the mucosa-associated microbiota. (A) The Shannon Diversity index (SDI) was measured
for each sample and averaged by group. RST Stressor was significantly lower than FWD Control mice (P < 0.05), but was not significantly different than
HCC Control SDI values. (B) Richness (by Chao1 measurement) and (C) evenness (by equitability) were then calculated using QIIME and averaged by
group. RST Stressor did not affect overall richness, but evenness was reduced in RST Stressor-exposed mice when compared to FWD Control mice
(P< 0.05). Data are mean§ SD for n D 5 for all groups. For a diversity, groups were compared using parametric T-tests on QIIME with a modified Bonfer-
roni correction for multiple comparisons.

Figure 5. Stressor exposure significantly alters the community structure of the mucosa-associated microbiota. (A) Firmicutes and Bacteroidetes were
unchanged between any of the groups in the experiment. (B) Upon examining the lesser phyla, Actinobacteria was significantly reduced in the RST
Stressor group compared to FWD Control and HCC Control mice. Deferribacteres was significantly increased in RST Stressor mice compared to HCC Con-
trol mice, but not FWD Control mice. Phyla abundance data were compared first using non-parametric Kruskal-Wallis test, and Mann-Whitney U tests
were used post-hoc. (C) Principle coordinate analysis was used to visualize clustering of similar community profiles. Restraint stressor-exposed mice sig-
nificantly clustered using the ANOSIM statistic (HCC Control vs. RST Stressor, P < 0.01) (FWD Control vs. RST Stressor, P < 0.01). FWD Control and HCC
Control also clustered significantly apart from each other (P < 0.05). Data are for N D 5 for all groups.
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When genera were examined in the Lactobacillacea family, Lacto-
bacillus spp was the only genus significantly reduced in stressor
exposed mice compared to both HCC Control (p D 0.05) and
FWD Control (P < 0.05) (Table 4 ); HCC Control and FWD
Control were not significantly different from one another. The
effects of the stressor on the lactobacilli were limited to mucosa-
associated populations, and RST Stressor exposure did not signif-
icantly reduce the relative abundance of luminal-associated Lacto-
bacillus. The relative abundance of the genus Oscillospira was also
significantly increased in the mucosa of RST Stressor-exposed
mice and FWD Control mice compared to HCC control
(P < 0.05). There were not significant differences in Oscillospira
relative abundance in the mucosa of RST Stressor and FWD
Control mice (Table 4). Food and water deprivation also had
effects on bacterial abundances that were independent of stressor
exposure. In the lumen, Candidatus Arthromitus, a group of seg-
mented filamentous bacteria, and the genus Ruminococcus of the
Ruminococcaceae family were decreased in FWD Control com-
pared to HCC Control (P < 0.05) (Table 2). The relative

abundances of bacterial families and genera were not significantly
different between the FWD Control and HCC Control mice
when assessed on the mucosal tissue.

Discussion

Exposure to psychological stress has been associated with
exacerbation of IBD and heightened immune responses to enteric
pathogens.22,39,40 Some studies suggest that changes to the
microbiota could be involved in stressor-induced GI immune
dysfunction, but stressor-induced changes in gut microbiota have
not been well-characterized.41,42 In this study, mice were exposed
to a widely used and well-validated murine model of chronic
stress to elucidate the effects of a long-term stressor upon the
colonic microbiota. The data show that microbial communities
associating with colonic tissue and found in the lumen of the
colon have unique community structures that are differentially
impacted by psychological stressor exposure. In particular, the
restraint stressor significantly reduced the a diversity in the
mucosa-associated compartment of stressed mice compared to
controls, but did not affect the a diversity in the luminal popula-
tions. Furthermore, stressor-induced alterations in b-diversity
were demonstrated when compared with both food and water-
deprived controls and undisturbed HCC Control mice in the
mucosa, but stressor-associated changes were only identified
between RST Stressor and FWD Control groups in the lumen.
The mucosal community-wide effects were partially due to a sig-
nificant reduction in the relative abundance of bacteria in the
immunomodulatory genus Lactobacillus. Stressor exposure also
affected luminal microbiota groups, such as the genus Adlercreut-
zia that was significantly reduced, but the relative abundance of
Lactobacillus was not significantly reduced in the colonic lumen
of stressor-exposed mice.

The lack of a stressor effect on the relative abundance of lumi-
nal lactobacilli was surprising, because previous studies have

Table 1. Top 10 Most Abundant Colonic Luminal-Associated Bacterial
Families

HCC FWD RST

Lactobacillaceae 30.06§ 8.32 37.56§ 8.19 20.50 § 5.27
S24-7 22.54§ 2.82 18.81§ 2.30 13.16 § 2.25** RST vs. HCC
Clostridiales;f__ 12.41§ 1.50 14.25§ 2.83 20.75 § 6.60
Lachnospiraceae 12.80§ 4.79 9.21 § 1.70 17.41 § 3.83** RST vs. FWD
Rikenellaceae 4.52 § 0.43 4.71 § 0.80 7.18 § 0.70** HCC vs. FWD
Bacteroidaceae 3.56 § 0.92 2.20 § 0.29 7.74 § 2.13
Ruminococcaceae 2.42 § 0.49 3.19 § 0.53 5.04 § 1.32
Unassigned 3.32 § 0.38 3.74 § 0.27 2.57 § 0.20
Clostridiaceae 4.36 § 0.94 1.23 § 0.43 1.64 § 0.51
Prevotellaceae 0.38 § 0.19 0.90 § 0.30 2.04 § 1.28

Data are the mean relative abundance § standard error.
** P < .05, * p D .05

Table 2. Top 15 Most Abundant Luminal-Associated Bacterial Genera

HCC FWD RST

Lactobacillus spp. 30.06 § 9.61 37.56 § 8.19 20.50 § 5.27
S24-7, g__ 22.54 § 3.26 18.81 § 2.30 13.16 § 2.25** RST vs. HCC
Clostridiales; f__; g__ 12.42 § 1.73 14.25 § 2.83 20.75 § 6.60
Lachnospiraceae; g__ 9.90 § 4.55 7.11 § 1.34 15.57 § 3.61
Rikenellaceae; g__ 4.52 § 0.50 4.71 § 0.80 7.17 § 0.70
Bacteroides spp 3.56 § 1.06 2.20 § 0.29 7.74 § 2.13
Unassigned 3.32 § 0.43 3.74 § 0.27 2.57 § 0.21** RST vs. FWD
Candidatus Athromitus 4.19 § 1.08 1.02 § 0.40 1.50 § 0.51** HCC vs. FWD
Oscillospira spp. 1.06 § 0.22 0.88 § 0.15 2.10 § 0.61
Prevotella spp 0.38 § 0.22 0.90 § 0.30 2.04 § 1.28
Adlercreutzia spp. 2.11 § 0.38 1.61 § 0.30 0.20 § 0.02** RST vs. HCC/FWD
Ruminococcaceae; g__ 0.89 § 0.20 1.23 § 0.28 1.90 § 0.56
Lachnospiraceae; Ruminococcus 1.62 § 0.81 1.08 § 0.30 0.63 § 0.25
Lachnospiraceae; Other 0.75 § 0.29 0.48 § 0.06 0.64 § 0.25
Ruminococcaceae; Ruminococcus 0.21 § 0.09 0.91 § 0.21 0.55 § 0.11** HCC vs. FWD

Data are the mean relative abundance § standard error.
** P < .05, * p D .05
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shown that stressor exposure can reduce fecal lactobacilli. These
studies, however, have primarily involved higher mammals. For
example, rhesus monkeys that experienced a chronic prenatal
stress or maternal separation stress had reductions in Lactobacil-
lus, with similar effects of stress upon lactobacilli being reported
in college students during exam periods.18,20,21 However, our
current study is in agreement with several other studies involving
laboratory rodents that have failed to find a significant effect of
stressor exposure on fecal or luminal lactobacilli levels.19,42,43

However, the finding that colonic mucosa-associated lactobacilli
are reduced in mice exposed to the chronic restraint stressor is
consistent with a previous study in as little as one 2-hour expo-
sure to a social stressor significantly reduced the relative abun-
dance of colonic mucosa-associated Lactobacillus in C57BL/6
and CD-1 mice.44 Thus, it is apparent that stressor exposure
reduces mucosa-associated, but not luminal, lactobacilli in labo-
ratory mice. Additional studies are needed to confirm and extend
these findings in higher mammals.

It is important to note that true stratification of luminal and
mucosal populations does not exist, because there is substantial

crossover between microbes associated with the lumen and those
that can adhere to the mucus layer of the gastrointestinal tract. In
this study, we analyzed the majority of the luminal population
separately from the mucosa-associated populations. The finding
that stressor exposure has strong effects on mucosa-associated
populations is important, because gut microbes that adhere to
the colonic mucosa can have different effects on the host than
luminal populations.45 Mucosa-associated lactobacilli may be
particularly important, because this bacterial group is well known
for its ability to impact mucosal immune responses. Probiotic
Lactobacillus-mediated interventions have been shown to down-
regulate TNF-a in the colon, enhance gut barrier activity, and
reduce overall reductions in colitis-related pathology.46-49 Addi-
tionally, treatment with probiotic Lactobacillus reuteri in mice
abrogates the stressor-induced increases in the severity of the
inflammatory response to a colonic pathogen.40 Interestingly,
though previous studies have found that Lactobacillus is reduced
in the stool,18,20,21,50 this study showed a reduction in mucosal
epithelium-associated Lactobacillus but not in luminal lactoba-
cilli, implying that psychological stressor exposure can have a

Table 3. Top 10 Most Abundant Colonic Mucosal-Associated Bacterial Families

HCC FWD RST

Clostridales; f__ 25.67 § 6.27 31.03 § 3.58 34.92 § 5.49
S24-7 30.74 § 7.85 20.94 § 4.22 9.85 § 2.02* RST vs. FWD/HCC
Lachnospiraceae 8.68 § 1.62 13.15 § 2.82 16.49 § 4.35
Rikenellaceae 8.54 § 1.60 8.74 § 2.20 11.23 § 1.75
Ruminococcaceae 5.23 § 1.26 7.88 § 0.84 10.95 § 1.39** RST vs. HCC
Bacteroidaceae 5.51 § 1.59 3.24 § 0.63 7.98 § 2.01
Lactobacillaceae 6.75 § 3.20 5.46 § 1.39 1.25 § 0.43* RST vs. FWD/HCC
Unassigned 3.64 § 0.63 3.44 § 0.15 0.23 § 0.12** RST vs. FWD
Prevotellaceae 0.98 § 0.56 0.72 § 0.23 1.77 § 1.26
Deferribacteraceae 0.14 § 0.05 2.08 § 1.71 0.74 § 0.12** RST vs. HCC

Data are the mean relative abundance § standard error.
** P < .05, * p D .05

Table 4. Top 15 Most Abundant Mucosal-Associated Bacterial Genera

HCC FWD RST

Clostridiales; f__; g__ 25.67 § 6.27 31.03 § 3.58 34.92 § 5.49
S24-7; g__ 30.74 § 7.85 20.94 § 4.22 9.85 § 2.02* RST vs. FWD/HCC
Lachnospiraceae; g__ 6.64 § 1.15 10.60 § 2.60 14.36 § 4.02
Rikenellaceae; g__ 8.54 § 1.60 8.73 § 2.20 11.22 § 1.75
Bacteroides spp 5.51 § 1.59 3.24 § 0.63 7.98 § 2.01
Lactobacillus spp. 6.75 § 3.20 5.46 § 1.39 1.25 § 0.43* RST vs. FWD/HCC
Oscillospira spp 1.75 § 0.32 3.44 § 0.36 4.69 § 0.69** HCC vs. FWD/RST
Unassigned 3.64 § 0.63 3.44 § 0.15 2.33 § 0.12** RST vs. FWD
Ruminococcaceae; g__ 1.98 § 0.54 2.78 § 0.18 3.81 § 0.79
Prevotella spp. 0.98 § 0.56 0.72 § 0.23 1.77 § 1.26
Mucispirillum spp 0.14 § 0.05 2.08 § 1.71 0.74 § 0.12** RST vs. HCC
Ruminococcaceae; Other 0.51 § 0.11 0.73 § 0.25 1.58 § 0.52
Ruminococcaceae; Ruminococcus 0.99 § 0.45 0.91 § 0.18 0.85 § 0.17
Lachnospiraceae; Ruminococcus 0.87 § 0.32 0.93 § 0.16 0.82 § 0.19
Clostridiales; Other; Other 0.69 § 0.04 0.89 § 0.16 0.56 § 0.09

Data are the mean relative abundance § standard error.
** P < .05, * p D .05
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distinct effects upon groups of mucosal microbiota compared to
their luminal counterparts. Since Lactobacillus and other com-
mensals can mediate host gut health, this specific reduction
might be associated with stressor-induced increases in colitic
inflammation.51-53

Despite the constant crossover between luminal and mucosa-
associated populations, unique properties and diversity levels can
be associated with each niche.24,25,45,54 Descriptive analyses often
concentrate on fecal or luminal contents as a read-out for the
entire community structure of the gastrointestinal tract, but the
current data emphasize the importance of a targeted approach. In
this study, stressor-induced changes to bacterial groups and the
extent to which stressor-exposure affected diversity were different
based upon the colonic compartment that was analyzed. Bacteria
in the colonic lumen and associated with the colonic mucosa
have evolved to their present relationship symbiotically and as a
result have different biological function. For example, it is
thought that the luminal-associated microbiota are more heavily
involved in metabolism and digestion, while the microbes of the
mucosal epithelium assist the host in immunomodulation.45

Thus, characterizing how factors that cause dysbiosis, like psy-
chological stress, affect microbes in these niches can have differ-
ent implications.

The current study indicates that chronic stress affects the com-
position of the colonic mucosa-associated microbiota and thus
may influence colonic immunity. Many colonic pathogens, like
enteropathogenic or enterohemorrhagic Escherichia coli (EPEC
or EHEC, respectively), which are often modeled by murine
challenge with Citrobacter rodentium, colonize the intestinal epi-
thelium and can cause severe colitis along the epithelial
barrier.55,56 The colonic microbiota are known to influence sus-
ceptibility and resistance to these attaching and effacing patho-
gens,57,58 since disrupting the mucosa-associated populations
with antibiotics increased disease severity upon pathogen chal-
lenge.59,60 Stressor induced shifts to luminal populations might
also have downstream effects upon host metabolism. The changes
to these niches could be inter-related, wherein possible mecha-
nisms such as stressor-induced reductions or exhaustion of
mucous secretion, as well as increased motility could affect the
composition of both compartments. Increased shedding of
mucosal populations into the lumen would also alter overall com-
munity structure. As these populations shift during stressor expo-
sure, it is likely that overall microbiome function is also being
impacted in regards to how the microbiota interact with the host
and with each other. Proper analysis of these compartment-spe-
cific changes could be performed in future studies using whole
genome sequencing and metagenomic approaches, as well as
metabolomic analyses in order to investigate if the unique
stressor-induced changes to lumenal and mucosal population
structure extends to distinct changes in functional output.

We have previously shown that exposure to prolonged
restraint stressor increases the severity of C. rodentium infection
upon oral challenge.22,40 It is not known whether stressor-
induced changes to the microbiota were solely responsible for the
increased disease severity, but orally treating the mice with probi-
otic L. reuteri reduced the severity of C. rodentium infection in

stressor-exposed mice,40 suggesting that preventing stressor-
induced reductions in lactobacilli might attenuate colonic inflam-
mation. However, the effects may not be specific to lactobacilli.
This study, along with our previous study, demonstrated that
prolonged restraint decreases a diversity in the colonic mucosa,
as well as in the cecal lumen. Reduced diversity has previously
been associated with increased cecal colonization by Campylobac-
ter jejuni,61 marked by marginally increased pro-inflammatory
marker (e.g., IL-1b, IL-6, TNF-a, IFN-g, IL-10) levels, while
mouse strains susceptible to C. rodentium infection have lower
fecal bacterial counts (particularly in Bacteroidetes) than those
that are resistant.61 Thus, it is possible that the shifts in certain
bacterial populations evident in the microbiota of stressor-
exposed mice in this study contribute to enhanced colonic
inflammation. Indeed, a preliminary, unpublished work by Gal-
ley et al. indicate that RST-induced changes to the microbiota
are directly associated with an colonic inflammatory response to
a pathogen challenge, likely due to shifts in microbiome func-
tion. Further studies are already underway to identify how com-
positional changes in the microbiota are related to functional
shifts that affect host health.

It is currently not known whether stressor-induced changes to
the microbiota contribute to exacerbation of human colonic
inflammation, but it has been well-documented that patients
with IBD and IBS often have an altered microbiome compared
to healthy subjects. Such differences include a reduction in over-
all diversity, and shifts in major phyla like the Firmicutes and Bac-
teroidetes, as well as commensals like Bifidobacterium,
Faecalibacterium prausnitzii and Roseburia.63-67 It is not yet clear
whether the changed microbiome is the cause or the effect of the
increased inflammatory flare-ups and sensitivity to pain, but
studies are beginning to demonstrate a role of the microbiota in
the exacerbation of these diseases.68,69 Of particular importance,
exposure to psychological stress often precedes the exacerbation
of IBD.4,5 In our experience, the effects of stressor exposure on
microbial community structure are more consistently manifest
on the mucosal surface versus the luminal or fecal compartments.
While it is a goal to understand how changes to microbial com-
munity structure in the feces predicts changes to community
structure at the mucosal surface, until these relationships are well
understood, mucosa-associated populations should be assessed in
studies of the brain-gut microbiota axis during periods of health
and disease.

In the current study, mice were exposed to repeated daily
exposures to the prolonged restraint. Interestingly, this results in
partial habituation; corticosterone levels after 1 day of the
stressor are higher than corticosterone levels after 6 days of the
stressor (even though corticosterone levels are higher than base-
line levels on all days of stressor exposure).70 Despite this habitu-
ation, past studies show that the effects of stressor exposure upon
the microbiota are additive, with significant effects of the stressor
on microbiota composition, including absolute levels of Lactoba-
cillus reuteri, only being evident after repeated cycles of the
stressor.44 It is not yet known whether alterations in the micro-
biota contribute to this stressor-induced corticosterone profile,
but it is known that microbiota do significantly impact
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hypothalamic-pituitary-adrenal activity and corticosterone lev-
els.71,72 Thus, it is possible that differences in corticosterone lev-
els and in microbial communities over repeated cycles of stressor
exposure are inter-related. However, repeated cycles of stress are
not always needed in order for changes in the microbiome to
manifest. For example, a single 2-hr exposure to a social stressor
was sufficient to significantly shift the mucosa-associated micro-
biome.44 Further research is needed to determine why a single
exposure to some stressors is sufficient to change the microbiome,
whereas others require repeated exposures.

Prolonged restraint is a widely used murine stressor that has
been extensively characterized in the literature and is one of the
most commonly used murine stressors in biomedical and biobe-
havioral research29, in part because it reliably induces a physio-
logical stress response that results in the elevation of endogenous
glucocorticoids.31-33 Because the strong glucocorticoid response
can suppress multiple components of the immune response32,73,
it seemed plausible that stressor-induced suppression of the
mucosal immune response led to the observed changes in micro-
biota community structure. However, RST did not induce
changes in TNF-a, iNOS, or IL-6 message levels in the colonic
tissue (data not shown). Moreover, in the absence of pathogen
challenge, stressor exposure had no effect on other measures of
mucosal immunity (e.g., secretory IgA, b-defensin-1, and leuko-
cyte infiltration into the colon) in previously published work.22

Thus, it is unlikely that RST-induced suppression of immune
activity strongly affects the composition of the gut microbiota.
However, immunomodulation is not the only way in which
stressor exposure may impact the composition of the gut micro-
biota. In an olfactory bulbectomy model of stressor sensitization,
Park et al. (2013) demonstrated that stressor-induced increases
in colonic motility impact microbiota structure through a corti-
cotrophin-releasing hormone (CRH)-dependent mechanism.85

Because CRH-induced alterations in colonic motility can be dis-
rupted by cutting the vagal nerve86, and because the vagus nerve
is considered a primary route through which the brain and gut
microbiota interact87-89, it is possible that the observed stressor-
induced changes in the colonic microbiota are vagally-mediated.
This hypothesis warrants further attention.

Results from studies involving behavioral stressors in laboratory
animals must be cautiously extrapolated to humans due to differen-
ces in host perceptions to stressful stimuli, the physiological stress
response, and available coping mechanisms. However, microbiota
community structure alterations that consistently occur in response
to stressors of different type (e.g., physical vs. social), different dura-
tion (e.g., a few hours vs. a few days or weeks), and in different host
species (e.g.,, rodents vs. non-human primates) can be predicted to
occur in human populations. Although the prolonged restraint
stressor used in the current study is considered a severe, chronic
stressor, results obtained with prolonged restraint are consistent with
an increasing number of studies indicating that stressor exposure
changes gut microbiota community composition.19,22 This was pre-
viously demonstrated with exposure to as little as 2 hrs of a social
stressor,44 and now has been demonstrated with a prolonged expo-
sure to a physical stressor. In both cases, exposure to the stressor
reduced lactobacilli. Stressor-induced reductions in lactobacilli have

also been observed in non-human primates,20,21 suggesting that
reductions in lactobacilli are a conserved response to stressor expo-
sure that is likely to occur in human populations. In support of this
contention, stressor-induced reductions in lactobacilli have been
observed in college students during examination periods.18

Diet can greatly affect the GI microbiota.74,75 The data here
demonstrate that food and water deprivation is able to affect the
community structure of the mucosal associated microbiota in
comparison with undisturbed controls, while also affecting the
abundances of select bacterial groups in the lumen. This confirms
a previous study that showed separate clustering of control mice
from FWD mice after a single 16-hr period of food and water
deprivation.22 Thus, it is difficult to fully control for the effects
of food and water deprivation in stress studies. However, samples
from RST Stressor mice consistently cluster separately from sam-
ples from FWD Control (and HCC Control) mice indicating
that the psychological and physical aspects of the prolonged
stressor have unique effects on the microbiome, including a
reduction in Lactobacillus and overall a diversity. These changes
cannot simply be accounted for by the fact that mice in restrain-
ing tubes do not consume food or water, since the effects are not
evident in animals deprived of food and water. We have not
found that the overall quantity of food consumption is affected
by RST, as the stressor-exposed mice consume an equivalent
amount of food as HCC mice, despite having reduced access
(unpublished observations). However, since mice are restrained
during the dark (i.e., active) cycle, which is when mice typically
consume their food, exposure to the RST stressor undoubtedly
skews feeding patterns while leaving overall food quantity
unchanged. This likely affects overall metabolism, since mice
exposed to the RST stressor lose weight with repeated exposures
to the stressor. Thus, it is clear that further studies are needed to
understand the individual contributions of the stress response
and food and water deprivation on stressor-induced alterations of
the GI microbiota.

Dysbiotic microbial profiles are associated with inflammation
and increases in disease severity. Stressful periods, which can alter
microbial community structures, can worsen the pathology of
colonic pathogens (e.g., EHEC) and inflammatory disorders (e.
g.,, IBD).4 Thus, investigations into the disruptions in the com-
munity structure of beneficial GI microbes as a result of external
effectors like psychological stress are especially important. These
results further develop the relationship between psychological
stress and the microbiota by demonstrating that restraint
stressor-induced dysbiosis in the colonic microbiota changes the
community composition of both the luminal and mucosa-associ-
ated populations, but that the stressor-induced disruptions upon
each niche are distinct.

Materials and Methods

Mice
All experiments were performed using male CD-1 mice, 6-8

weeks of age, from Charles River Laboratories. Upon arrival,
mice habituated to surroundings for 1 week. Vivarium was
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AALAC-approved. Food and water provided ad libitum, unless
experimentation was being performed (food and water depriva-
tion or restraint). Mice were kept on a 12:12 hr light:dark sched-
ule (lights on at 0600). All procedures were approved by The
Ohio State University’s Animal Care and Use
Committee.

Stressor Paradigm
Mice were placed in restraint stress (RST Stressor), non-

stressed home cage control (HCC Control) or non-stressed
food and water deprivation control (FWD Control) groups.
For restraint stress, mice were placed inside ventilated 50-ml
conical tubes beginning at 1800 (start of mouse active cycle)
and removed at 0900 the following morning. This was
repeated for a total of 7 consecutive overnight restraint ses-
sions. During the stressor period, the HCC Control had full
access to food and water and were not handled, and the
FWD Control had access to food and water removed to con-
trol for the RST Stressor diet conditions. During non-stress
periods, all mice were allowed full access to food and water
and were not handled.

Tissue Removal
Immediately following the seventh and final cycle of RST

Stressor, all mice were humanely euthanized by CO2 asphyxia-
tion. Colons were sterilely removed with forceps, and all fecal
contents were so that mucous layer was not disturbed. Both the
colonic contents and tissue were snap-frozen and stored at
¡80C.

DNA extraction
Samples were centrifuged at 14000 rpm for 30 seconds,

then resuspended in 500 mL of RLT buffer with b-mercap-
toethanol (Qiagen, Valenica, CA). Samples were further lysed
in a QIAgen TissueLyser (30 Hz for 5min) with the use of a
single sterile steel bead (5-mm) and 500 mL of glass beads
(0.1-mm) (Scientific Industries, Inc.., NY, USA). After the
samples were quickly centrifuged, a 100 mL aliquot of sample
was combined with 100 mL of 100% ethanol. This combina-
tion was added to a Qiagen DNA spin column, and the
QIAamp DNA Mini Kit Tissue Protocol was followed,
beginning with Step 7. Elution was performed using 30 mL
of water. Samples were quantified with a Nanodrop spectro-
photometer (Nyxor Biotech, Paris, France). Samples were
then diluted to 20 ng/mL.

Pyrosequencing
bTEFAP was performed as described previously at the

Research and Testing Laboratory (Shallowater, TX).22

Sequence analysis
The Quantitative Insights Into Microbial Ecology (QIIME)

software package was used to analyze the sequences obtained
from bTEFAP pyrosequencing.76 In summary, sequences were

grouped by unique barcode labeling. The mean of all high-qual-
ity sequences among all samples was 9119. Lower bound on
sequence length was 200 bases and upper-bound was 600 bases.
Barcode lengths were 8. Maximum homopolymer run and
ambiguous bases allowed were set at 6. No mismatches were
allowed in primer sequences. 89.47% of obtained sequences were
selected for analysis based upon these thresholds. The analysis
was performed on tissue and lumen samples combined as well as
both groups separated.

Operational Taxonomic Units (OTUs) were made using the
pick_otus.py command pipeline. UCLUST was used in OTU-
picking at a threshold level of 0.97 in order to cluster like-
sequences.77 A representative sequence was obtained from each
OTU and aligned to the GreenGenes reference database of
sequences using PyNAST.78,79 Taxonomy was then assigned to
each representative sequence using the Greengenes taxonomy
database at a minimum confidence threshold of 0.8.80 A phyloge-
netic tree was constructed using these aligned sequences for
downstream analysis using UniFrac.81

Statistical analyses
Non-parametric Kruskal Wallis Tests were used for compari-

son of HCC Control, FWD Control, and RST Stressor group
abundances. Non-parametric Mann-Whitney U Tests with mod-
ified Bonferroni corrections were used as post-hoc tests and were
performed using SPSS for Windows (v.21, Chicago, IL). The a
diversity measurement, Shannon Diversity Index (SDI) was com-
puted by QIIME. Shannon, equitability and Chao1 significance
was calculated using a parametric T-test at a depth of 7402
sequences for mucosal samples and 5589 sequences for luminal
samples with a modified Bonferroni correction, and at a depth of
6177 sequences for combined a-diversity comparisons of muco-
sal and luminal microbiota.82 Unweighted UniFrac principal
component analyses and dendograms were created using a rare-
faction depth of 8500 for tissue samples alone and 6303 for lumi-
nal samples alone and both groups combined. The b-diversity
analysis, analysis of similarity (ANOSIM), was used to detect sig-
nificant differences in the distance matrices between groups. This
was performed using the vegan package of R, implemented in
QIIME.83,84

Sequence availability
Sequences were deposited on the Metagenomic Analysis

Server MG-RAST and are identified as MG-RAST 4573854.3
through 4573884.3.
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