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Purpose: Commensal microbes are impacted by stressor exposure and are known contributors to cognitive and social behaviors, but
the pathways through which gut microbes influence stressor-induced behavioral changes are mostly unknown. A murine social stressor
was used to determine whether host–microbe interactions are necessary for stressor-induced inflammation, including neuroinflamma-
tion, that leads to reduced cognitive and social behavior.
Methods: C57BL/6 male mice were exposed to a paired fighting social stressor over a 1 hr period for 6 consecutive days. Y-maze and
social interaction behaviors were tested following the last day of the stressor. Serum cytokines and lipopolysaccharide binding protein
(LBP) were measured and the number and morphology of hippocampal microglia determined via immunohistochemistry. Intestinal
mucous thickness and antimicrobial peptide expression were determined via fluorescent staining and real-time PCR (respectively) and
microbial community composition was assessed using 16S rRNA gene amplicon sequencing. To determine whether the microbiota or
the LBP receptor (CD14) are necessary for stressor-induced behavioral changes, experiments were performed in mice treated with
a broad-spectrum antibiotic cocktail or in CD14−/− mice.
Results: The stressor reduced Y-maze spontaneous alternations, which was accompanied by increased microglia in the hippocampus,
increased circulating cytokines (eg, IL-6, TNF-α) and LBP, and reduced intestinal mucus thickness while increasing antimicrobial
peptides and cytokines. These stressor-induced changes were largely prevented in mice given broad-spectrum antibiotics and in
CD14−/− mice. In contrast, social stressor-induced alterations of social behavior were not microbe-dependent.
Conclusion: Stressor-induced cognitive deficits involve enhanced bacterial interaction with the intestine, leading to low-grade, CD14-
dependent, inflammation.
Keywords: social defeat, stress, microbiome, microglia, cytokines, neuroinflammation, mucus barrier

Introduction
The intestinal microbiota are altered by stressor exposure and contribute to stress-induced physiological and behavioral
responses through activation of the brain-gut-microbiota axis.1,2 Signals from the intestinal microbiota that are trans-
duced into the central nervous system (CNS) are thought to play a key role in stressor-induced emergence of
psychopathology. Several pathways connecting the gut microbiota to the brain and behavior have been suggested,
such as signaling through the vagus nerve3–5 and influences on host neurotransmitters and hormones (such as serotonin
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and oxytocin).6–8 However, little is known about the contribution of the mucosal barrier and subsequent immune
activation. We used a murine stressor involving social defeat previously demonstrated to cause cognitive and social
deficits through mechanisms dependent upon the IL-1 receptor on hippocampal neurons10 to test whether stressor-
induced behavioral change was related to alterations in the intestinal tissue, intestinal microbiota, and subsequent
immune activation.

The intestine is lined with a protective layer of mucous that is constitutively produced and secreted by goblet cells and
provides a physical barrier that reduces the ability of bacteria to contact the intestinal epithelium.9,10 This is greatly
enhanced by the secretion of antimicrobial peptides, such as defensins, lysozyme, and regenerating islet-derived protein 3
(REG3) beta and gamma.11–13 While antimicrobial peptide secretion is constitutive, bacterial penetration of the mucus
and contact with the epithelium strongly increases antimicrobial peptides in the intestine. This host response helps to
limit the ability of bacteria to translocate from the lumen of the intestine to the interior of the body, but even with these
protective responses, bacterial translocation still occurs.14

Exposing laboratory mice to different types of stressful stimuli leads to the translocation of microbes and their
products from the lumen of the intestine to the interior of the body.15–18 Stressor-induced inflammatory responses occur
in a wide variety of animal models (including chronic unpredictable mild stress, chronic subordinate colony housing, tail
shock, and social defeat) as well as in human social stress.16–22 In murine models involving social defeat or chronic
unpredictable mild stress, commensal microbes have been linked to the stimulation of low-grade inflammatory
responses,15,16,20,23,24 and an increasing number of human studies have suggested that the gut microbiota are involved
with stressor-induced inflammation.25–28 Increased inflammatory tone is a common consequence of social stressors,29–31

and increases in inflammatory cytokines, such as IL-1β and IL-6 are well recognized to lead to behavioral changes, such
as anxiety-like and depressive-like behaviors32–35 that are associated with enhanced neuronal activity, astrogliosis, and
microglial activation.32,36 In murine models of social defeat, microglial activation leads to the recruitment of circulating
monocytes into the brain,34,37,38 and some stressor-induced behaviors are dependent upon this monocyte
recruitment.34,37,38 This microglial activity and recruitment of peripheral monocytes occurs in a brain region-
dependent manner, causing a variety of neuroinflammatory outcomes within stress-relevant brain regions, such as the
amygdala, prelimbic cortex, and hippocampus.32,34,38,39 The paradigm utilized in the current study leads to social and
cognitive deficits that are dependent upon neuroinflammation specifically within the hippocampus.32 Despite this
realization, mechanisms by which the intestine and its microbiota contribute to stressor-induced increases in these
inflammatory cytokines, and by extension behavioral responses to stressor exposure, are not completely understood.
Studies in human participants have suggested that stressor-induced increases in intestinal permeability contribute to
immune activation and behavioral responses.25,40 These responses have been linked to LPS binding protein (LBP), which
is released by hepatocytes and intestinal epithelial cells in response to bacterial LPS or to intestinal cytokines.41,42 Serum
LPS/LBP complexes bind to CD14 that is constitutively expressed on intestinal epithelial cells, monocytes, macrophages,
and neutrophils and leads to cellular activation.43–45 Thus, CD14 may play an essential role in mediating the link between
stressor-induced immumodulation, behavioral responses, and the gut microbiome. In this study, mice exposed to social
defeat were used to test whether stressor-induced increases in cytokines and microglial activation are affected by
disrupting commensal intestinal microbiota. To determine whether LPS/LBP complexes may link the microbiota to
stressor-induced inflammation, mice lacking the LPS/LBP receptor (ie, CD14) were also tested.

Materials and Methods
Mice
Male C57BL/6 mice or CD14−/− mice (on a C57BL/6 background) between 6 and 8 weeks of age were delivered from
Charles River Laboratories, pair housed, and allowed to habituate for 1 week prior to experimentation. Animals received
standard laboratory chow and water ad libitum. Procedures were approved by the Animal Care and Use Committees at
Ohio State University and the Abigail Wexner Research Institute at Nationwide Children’s Hospital, and conducted in
a laboratory accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care according to
Guide for the Care and Use of Laboratory Animals: Eighth Edition.46
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Experimental Design
Mice were exposed to social defeat each day for 6 consecutive days or left undisturbed as a control. At 14 h following the
final cycle of social defeat, social and cognitive behaviors were assessed using a social interaction test followed by
a Y-maze test. Immediately following testing on the Y-maze, mice were euthanized via CO2 asphyxiation, and blood
collected via cardiac puncture. Brains were collected and formalin fixed. Ileum and colonic tissue, along with their
respective luminal contents, were collected and either fixed or frozen in liquid nitrogen.

Antibiotic Administration
Wildtype (WT) mice were gavaged for 3 days prior to and each day of the stressor with 100 µL of an antibiotic cocktail
to disrupt the microbiome. The cocktail consisted of ampicillin (1 mg/mL), vancomycin (0.5 mg/mL), neomycin sulfate
(1 mg/mL), and metronidazole (1 mg/mL) or sterile H2O as the vehicle treatment as previously reported.20,47,48

Social Stressor
The social stressor was performed as previously described.32 Experimental mice were placed individually into the cages
of CD-1 aggressor mice for up to one hour (between 16:00 to 18:00) per night for six consecutive nights. During each
cycle, submissive behaviors (upright posture, fleeing, crouching) were observed to ensure that the experimental mice
showed signs of defeat. Mice were moved to a new aggressor’s cage if no attack occurred within the first 5 min or if the
experimental mouse defeated the aggressor. At the end of the 1 h period, mice were removed and placed back into their
home cage, left undisturbed until the following day when the paradigm was repeated. To avoid habituation, different
aggressors were used on consecutive nights. The health of the experimental mice was monitored throughout the
experiments by looking for wounding, assessing coat condition, and tracking weight. Although handling controls are
often used for some models of social defeat,49 control mice were left undisturbed in their home cages in this study as
previously described.32 All behavioral and biological measures were obtained 14 h after the last cycle of stressor
exposure.

Behavior Testing
The social interaction test was conducted as previously described.32,50 First, a test mouse was placed in an open field box
for 5 min with an empty cage. Next, a novel juvenile C57BL/6 mouse was placed in the cage and the test mouse was
placed back in the open field box for 5 min. Total distance traveled, time spent in the corner or interacting with the
juvenile mouse were recorded. Approximately 1 hr after the social interaction test, mice were placed into the Y-maze for
5 min as previously described.10 Behavior was recorded via an overhead camera and entries into each arm were counted.
A spontaneous alternation was defined as entering all three arms before revisiting a previously entered arm. The
spontaneous alternations by each mouse were recorded as a percentage of total 3-entry sets.

Real-Time PCR for Assessment of Intestinal Antimicrobial Peptide, Tight Junction, and
Cytokine Gene Expression
RNA was isolated from frozen intestinal tissue using PureLink RNA Mini Kit (Thermo Fisher), with cDNA synthesis
performed using a reverse transcriptase kit (Thermo Fisher). Power SYBR Green Master Mix with primers (Fwd and Rv,
Integrated DNA Technologies) listed in Table 1 were used in PCR reactions. Differences in gene expression were
determined by Real-Time PCR (Quantstudio 5, Thermo Fisher) using the delta-delta cycle threshold method with Eef2
used as the housekeeping gene.

Serum Cytokine and LPS Binding Protein Analysis
Serum cytokine concentrations were determined using the Meso Scale Diagnostics’ V-Plex Proinflammatory Panel 1
Mouse Kit to simultaneously measure IFN-γ, IL-10, IL-12p70, IL-1β, IL-2, IL-4, IL-5, IL-6, KC/GRO, TNF-α per
manufacturer directions (Meso Scale Diagnostics, Rockville, MD). LPS binding protein in the serum was measured using
a commercially available ELISA kit per manufacturer’s instructions (Hycult Biotec, Uden, Netherlands).
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Analyses of Intestinal Mucous Layer and Bacterial Burden with Fluorescent in-situ
Hybridization (FISH) Staining
A section of ileum and mid-colon were collected with intestinal contents left in place and fixed by immersion in Carnoy’s
solution (60% methanol, 30% chloroform, 10% acetic acid) for 48–96 h, followed by two washes in methanol for 35 min,
ethanol for 30 min, and xylene for 25 min. Cassettes were submerged in melted paraffin at 68°C for 1 h, removed, and
kept at RT until sectioning. Blocks were cut into 4 µm sections. Slides were deparaffinized on a 60°C heat block for 10
min followed by an incubation in xylene substitute and 100% ethanol. A solution of hybridization buffer (5M NaCl, 1M
Tris-HCl, 20% formamide, 10% SDS, and dH2O) and EUB probe were added to each slide for 12 h in a humid chamber
at 49°C. Following the incubation, slides were washed (1M Tris-HCl, 5M NaCl, and dH2O) for 15 min at 49°C. For
mucus staining, slides were then incubated with a fluorescein-labeled Ulex Europaeus Agglutinin (UEA-1) antibody
(1:500) for 1 h in the dark. After 3 washes, slides were incubated with Prolong Gold anti-fade DAPI mounting media,
dried at RT for 24 h, and imaged with a LSM 880 confocal microscope (Zeiss Microscopy). After image capture, inner
mucus thickness was analyzed using ImageJ software. All measurements were made by a blinded observer and averaged
across 5 randomly chosen crypt cross sections.

Brain Immunohistochemistry and Digital Imaging Analysis
A subset of mice were transcardially perfused with PBS and 4% paraformaldehyde (PFA). Brains were removed and
post-fixed in 4% PFA for 24 h and dehydrated in 30% sucrose for 48 h. Fixed tissue was frozen on dry ice and
cryosectioned at 30 µm thickness. Sections were stored in cryoprotectant at −20̊C. Brain regions were identified using the
Allen Mouse Brain Atlas (Allen Institute). Sections were washed in PBS with 1% BSA, blocked with 5% normal donkey
serum, and incubated with primary antibodies: rabbit anti-mouse ΔFosB (1:2000; Abcam; catalog number ab184938),
rabbit anti-mouse Iba-1 (1:1000; Wako Chemicals; catalog number 019–19741). Sections were incubated overnight at
4°C, and then washed in PBS and incubated with a fluorochrome-conjugated secondary antibody (Donkey anti-rabbit;
AlexaFluor 488; Thermo Fisher). Sections were mounted on charged slides, cover-slipped with Fluoromount (Beckman
Coulter, Inc.), and stored at −20°C prior to imaging using an EVOS M7000 imaging system (Thermo Fisher). Iba-1
labeling was analyzed using a digital image analysis in which a threshold for positive staining was determined for each
image that included all cell bodies and processes but excluded background staining. Data were processed by densito-
metric scanning of the threshold targets using ImageJ software in order to determine percent area of labeling in each
image. Iba-1 labeling images were taken from the dentate gyrus region on the hippocampus. For ΔFosB, mean
fluorescence intensity (MFI) was calculated within the dentate gyrus using ImageJ software. For all IHC, 4 images
were taken from 3 different sections per animal.

Table 1 PCR Primer Sequences

Gene Forward Reverse

Il1b GCACTACAGGCTCCGAGATGAAC TTGTCGTTGCTTGGTTCTCCTTGT
Il6 GACTGATGCTGGTGACAAC ATCCTCTGTGAAGTCTCCTC

Nos2 AGTGAAAAGTCGAGCCGCA ACAATCCACAACTCGCTCCA

Il17a ACTACCTCAACCGTTCCA GAGGGATATCTATCAGGGTC
Il10 GCTGAAGACCCTCAGGATGCG CCTGCTCCACTGCCTTGCTCT

Il22 CCTGACCAAACTCAGCAATC GCCTTCTGACATTCTTCTGG

Saa1 TTCCAAGGGGCTGGGGA GTCTGAGTTTTTCCAGTTAGCTTCC
Lyz1 GGAATGGATGGCTACCGTGG CATGCCACCCATGCTCGAAT

Reg3b GTTTCAGATACCACAGACCTGG TTGAGCACAGATACGAGGTGT
Reg3g AAAGCAGTGGTAACAGTGG CACCTCTGTTGGGTTCATAG

Eef2 TGTCAGTCATCGCCCATGTG GGAGATGGCGGTGGATTTGA
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16S rRNA Gene Amplicon Sequencing
Intestinal contents were sent to The Environmental Sample Preparation and Sequencing Facility at Argonne National
Laboratory for DNA extraction, library preparation, and high-throughput sequencing. Paired-end (250 nt forward and
reverse) sequences of the V4 hypervariable region of the 16S rRNA gene (515F-806R) were generated on Illumina
MiSeq. Quantitative Insights into Microbial Ecology 2 (QIIME2) was utilized for amplicon processing, quality control
with DADA2, downstream taxonomic assignment using the SILVAv132 database, and diversity analyses.51,52 All
samples (ileum and colon contents) were rarefied to 18,000 reads/sample (all samples included) for diversity and
differential abundance analyses.

Statistical Analyses
A two-factor analysis of variance was used to assess differences in organ weight, behavioral responses, immunofluor-
escence/fluorescent in situ hybridization staining, gene expression, bacterial alpha diversity, and protein levels using the
group (stressor vs control) and treatment (vehicle vs antibiotics) as between subjects variables. Protected t-tests (using
Bonferroni correction) were utilized for pairwise comparisons when significant group x treatment interactions were
identified. If group x treatment interactions were not statistically significant, only the main effects were reported. In
follow-up studies utilizing CD14−/− mice, Students t-test was used to assess differences in behavioral responses,
immunofluorescence/flourescent in situ hybridization staining, gene expression, and protein levels. ADONIS
PERMANOVA including all factors and interactions was used to test bacterial beta diversity. Differential abundance
of bacterial taxa was determined by Mann–Whitney test. In all cases, p < 0.05 was considered statistically significant.

Results
Social Stressor Effects on Cognitive Behavior in Vehicle-Treated and
Antibiotic-Treated Mice
The social defeat stressor reduced working memory in the Y-maze, which was ameliorated by treatment with antibiotics
(stressor x antibiotic interaction, F(1, 56) = 10.41, p < 0.01; Figure 1A). In general, stressor-exposure resulted in a lower
percentage of spontaneous alternations, but this reduction was not evident in mice treated with antibiotics (Figure 1A).
Stressor-exposure also reduced social behavior, as indicated by a reduction in the duration of time interacting with
a juvenile conspecific (main effect of stressor, F(1, 73) = 12.01, p < 0.01; Figure 1B) with a concomitant increase in time
spent in the corner (main effect of stressor, F(1, 73) = 4.55, p < 0.05; Figure 1C). These main effects of stressor-
exposure were observed in animals treated with antibiotics or water as a vehicle control (Figure 1B and C), suggesting
that social behavior was not affected by antibiotics in this model. These effects were accompanied by an overall
reduction in the distance mice traveled during the social preference task (main effect of stressor, F(1, 73) = 7.01, p <
0.05; Figure 1D).

Hippocampal Neuronal and Microglial Restructuring in Mice Exposed to the Stressor
with or Without Antibiotics
Neuronal activity and microglial restructuring have been shown to be increased in the dentate gyrus of the hippocampus of
mice exposed to social defeat.32 Thus, we determined whether neuronal activity (ΔFosB) and microglial restructuring (Iba-1
staining area) were affected by stress and antibiotics. Hippocampal ΔFosB expression was increased in mice exposed to the
social stressor in a microbe-dependent manner (stressor x antibiotic interaction, F(1, 20) = 7.08, p < 0.05; Figure 2A and B).
Vehicle-treated mice exposed to the stressor had higher ΔFosB expression in hippocampus compared to mice that were not
exposed to the stressor (Figure 2B). However, ΔFosB expression was similar in antibiotic-treated mice exposed to the
stressor or left unstressed as a control (Figure 2A and B). Similarly, the percent area of Iba1+ staining was increased in the
hippocampus of vehicle-treated, but not antibiotic-treated mice exposed to the social stressor (stressor x antibiotic interaction,
F(1, 20) = 5.93, p < 0.05; Figure 2C and D). Higher magnification images (Figure 2C) showed microglia with smaller cell
bodies in the control mice (consistent with resting microglia), but larger cell bodies and thicker processes in microglia in
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mice exposed to the stressor (consistent with reactive microglia). Microglia with larger cell bodies were not evident in
stressor-exposed mice given antibiotics (consistent with the % area of Iba1+ staining).

Microbiome Composition in Stressor-Exposed and Antibiotic-Treated Mice
To determine whether stressor-induced changes in hippocampal ΔFosB, as well as stressor-induced behavioral changes,
were related to changes in the gut microbiome, we used 16S rRNA gene sequencing to characterize the ileal and the
colonic bacteriome. As expected, antibiotic treatment reduced alpha diversity in the colon, as assessed by Shannon’s
diversity index (main effect of antibiotics, F(1, 32) = 184.40, p < 0.0001, Figure 3A) as well as observed ASV’s, Faith’s
phylogenetic diversity, and Pielou’s evenness (data not shown). The stressor did not affect measures of alpha diversity
but did affect beta diversity (Bray-Curtis distances main effect of stressor, F = 5.62, p < 0.005, Figure 3B). The effects of
the stressor on microbiome composition were not prevented by antibiotics, but antibiotics had an orthogonal effect on
microbiome beta diversity (Bray-Curtis distances, main effect of antibiotics, F = 22.66, p < 0.001, Figure 3B). The
relative abundances of colonic bacterial genera are shown in Supplemental Table 1 and the relative abundance of taxa
that were affected by stressor exposure are found in Figure 3C. Specifically, stressor exposure led to significant increases
in unclassified genera within the families Muribaculaceae (U = 238.00, p < 0.001) and Rikenellaceae (U = 227.50, p <
0.001), as well as increases in the genera Muribaculum (U = 203.00, p < 0.01), Odoribacter (U = 203.00, p < 0.01), and
Streptococcus (U = 203.50, p < 0.01). There was also an increase in Enterobacteriaceae (U = 203.00, p < 0.01), but this

Figure 1 Stress effects on cognitive behavior are dependent upon an intact microbiome. Mice were exposed to stress for 6 consecutive days prior to assessing cognitive
behavior (Y maze) and social interactions. (A) Exposure to stress reduced the percentage of spontaneous alternations in the Y maze. This effect, however, was dependent
upon whether the animals were treated with antibiotics (as indicated by a Stress x Abx interaction (p < 0.01)). Follow-up protected t-tests indicated that animals exposed to
stress and treated with antibiotics had a lower percentage of spontaneous alternations than any other group (*p < 0.05 vs all other groups). Exposure to stress also
decreased social interactions. Defeated mice spent less time interacting with a conspecific ((B), main effect of stress, p < 0.01) and more time in the corners of the maze
((C), main effect of stress, p < 0.05). Stressor-exposed mice also had significant reductions in the total distance traveled during the social avoidance testing ((D), main effect
of stress, p < 0.05). n = 12–15 per group from 3 replicate experiments.
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was primarily evident in the stressor-exposed mice treated with antibiotics. In addition to this increase, mice exposed to
the social stressor had reductions in Clostridiales vadin BB60 (U = 74.50, p < 0.05) (Figure 3C).

Neither the stressor (F(1, 32) = 1.16, n.s.) nor antibiotics (F(1, 32) = 1.81, n.s.) affected alpha diversity in the ileum as
assessed by Shannon’s diversity index (Figure 3D) or observed ASV’s, Faith’s phylogenetic diversity, and Pielou’s
evenness (not shown). However, both the stressor (F = 2.31, p < 0.05) and antibiotics (F = 6.35, p < 0.001) affected beta
diversity (Figure 3E). Taxa relative abundances in the ileum are found in Supplemental Table 2 and taxa that were
affected by stress are found in Figure 3F. As with the colon, ileal relative abundances of multiple taxa, including genera
within the families Rikenellaceae (U = 168.00, p < 0.05) and Muribaculaceae (U = 177.00, p < 0.05) were increased in
stressor exposed mice. In addition, stressor exposure increased Lactobacillus (U = 182.00, p < 0.05) and Streptococcus
(U = 198.50, p < 0.01) in the ileum (Figure 3F). Even though stressor exposure had multiple effects on bacterial
composition and bacterial relative abundances, these bacterial measures did not statistically correlate with stressor-

Figure 2 Stress effects on FosB in the hippocampus are microbe dependent. Brain hippocampal FosB and IBA-1 expression were analyzed by immunohistochemistry
following behavior testing. Representative sagittal brain hippocampal sections from experimental groups stained with either (A) FosB or (C) Iba1. Stress-exposed mice had
increased (B) FosB expression in the hippocampus when compared to control mice (*p < 0.05 vs all other groups). The FosB expression increase was ameliorated in
stressed mice gavaged with antibiotics (stress x antibiotic interaction, p < 0.05). Similar to FosB, (D) Iba1 expression was increased in stress-exposed mice gavaged with
water when compared to all other groups (*p < 0.05 vs all other groups). n = 5–6 per group from 2 replicate experiments.
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induced behavior (data not shown). Thus, we assessed whether bacterial interactions with the intestinal epithelium, rather
than bacterial composition itself, might explain why antibiotics prevented stressor-induced changes in cognitive behavior
as well as hippocampal FosB and Iba1 staining.

Intestinal Mucus Thickness and Cytokines in Stressor-Exposed Mice
Intestinal mucous and the tight junctions between intestinal epithelial cells play essential roles in preventing bacteria
from contacting the lumen of the intestine and translocating across the epithelial barrier. Thus, we assessed the expression
of tight junction genes, mucous thickness and antimicrobial peptides in the ileum and colon. Although neither the stressor
nor antibiotics affected tight junction gene expression in the ileum (Table 2), stressor and antibiotic-exposure, increased
claudin-2 and zona occludens gene expression in the colon (stressor x antibiotics interaction, F (1, 32) = 6.18, p < 0.05;
Table 2). Stressor-exposure did not affect claudin-1 gene expression, but antibiotics increased claudin-1 (main effect of
antibiotics, F (1, 32) = 5.41, p < 0.05) and tended to increase zona occludens (main effect of antibiotics, F (1, 32) = 4.11,
p = 0.07).

In addition to assessing tight junction genes, intestinal mucus thickness was also assessed. The mucous layer in the ileum
was diffuse in all animals (as is typical in healthy animals), making it difficult to measure thickness. However, mucous
thickness in the colon was reduced by stressor exposure (stress x antibiotic interaction, F (1, 32) = 4.60, p < 0.05, Figure 4A
and B). Although no main effects of antibiotics were observed, treatment with antibiotics reduced mucous thickness in non-
stressed control mice (as indicated by the stressor x antibiotic interaction, F(1, 32) = 4.60, p < 0.05; Figure 4B). Bacterial

Figure 3 Stress and antibiotics have orthogonal effects on the colonic and ileal microbiomes. (A) Abx reduce Shannon Diversity Index in the colon (main effect of Abx, p <
0.0001). (B) Principle Coordinate Plot of Bray-Curtis distances in the colon. Colonic Bray-Curtis distances were affected by stress (main effect of Str, p < 0.005) and by
antibiotics (main effect of Abx, p < 0.001). (C) Relative abundances of specific taxa found to be increased by Stress in the colon (main effects of Stress, p < 0.05). (D)
Shannon Diversity Index in the ileum was not affected in Abx or Str mice. (E) Principle Coordinate Plot of Bray-Curtis distances in the ileum. Ileal Bray-Curtis distances were
affected by stress (main effect of Str, p < 0.05) and by antibiotics (main effect of Abx, p < 0.001). (F) Relative abundances of specific taxa found to be affected by stress in the
ileum (main effects of Stress, p < 0.05). n = 9 per group from 3 replicate experiments.
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contact with the epithelium, such as when mucus barrier integrity is compromised, results in an antimicrobial response. Thus,
antimicrobial peptides were assessed. Both Reg3b and Reg3g gene expression were increased in the ileum (Supplemental
Figure 1) and the colon of mice exposed to the stressor (Figure 4C and D), but this increase did not occur in mice that were
treated with antibiotics leading to significant stress x antibiotic interactions (Reg3b (F(1, 32) = 12.80, p < 0.01; Reg3g (F(1,
32)= 5.47, p < 0.05). Interestingly, in stressor-exposed mice, the relative abundance of Muribaculaceae in the colon was
correlated with Reg3b (r = 0.52, p < 0.05) and Reg3g (r = 0.73, p < 0.05), gene expression in the colon (Figure 4E and F).
While Reg3b and Reg3g gene expression were strongly increased by stress, the effects of the stressor on other inflammatory

Table 2 Tight Junction Gene Expression

Control Stress CD14−/−

Gene Antibiotic Vehicle Antibiotic Control Stress

Ileum Cldn1 1.00±0.71 1.57±0.35 1.52±0.38 2.80±0.29 1.00±0.40 0.66±0.56
Cldn2 1.00±0.31 1.77±0.45 0.85±0.65 1.65±0.39 1.00±0.47 0.72±0.28

Tjp1 1.00±0.29 0.81±0.40 1.15±0.65 0.83±0.39 1.00±0.34 0.83±0.39

Colon Cldn1 1.00±0.58 1.99±0.31* 1.25±0.69 3.22±0.26* 1.00±0.63 0.88±0.42

Cldn2 1.00±0.16 9.06±0.29 9.98±0.54 9.12±0.16* 1.00±1.04 0.72±0.79

Tjp1 1.00±0.54 2.93±0.57 4.07±0.43 5.44±0.48 1.00±0.51 1.02±0.23

Figure 4 Intestinal mucus thickness is affected by both stress and administration of antibiotics. (A) Representative FISH staining of total bacteria (EUB-338-Cy3), lectin-
based fluorescence staining for terminal fucose on mucin (UEA1-flouorescein; fucose), and host nuclei staining (DAPI) in the colon of Stress and Ctrl mice treated with Abx
or Veh. (B) quantification of mucus thickness showed that Stress reduced mucus thickness, but this was dependent upon an intact microbiome (Stress x Abx interaction, p <
0.05). While Stress decreased mucus thickness in animals treated with Veh, this effect was not abrogated (nor exacerbated) by Abx. But, Abx reduced mucus thickness in
Ctrl mice (*p < 0.05 vs all other groups). (C) Colonic Reg3b and (D) Reg3g gene expression was increased by Stress, but this effect was dependent upon an intact
microbiome (*p < 0.05 vs all other groups). Stress-induced reductions in (E) Reg3b and (F) Reg3g were associated with the relative abundance of an unclassified genus of
bacteria in the family Muribaculaceae in vehicle-treated Str mice only (p < 0.05). n = 6–9 mice per group from 3 replicate experiments.
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markers were less pronounced. Lyz1 gene expression was unaffected by stress in the colon, but there was a stress x antibiotic
interaction in the ileum (F(1, 25) = 7.53, p < 0.05). Likewise, there was a stress x antibiotic interaction for Tnfa (F(1, 25) =
12.75, p < 0.001), Nos2 (F(1, 25) = 11.39, p < 0.01), Il22 (F(1, 25) = 17.03, p < 0.05), and Saa1 (F(1, 25) = 10.99, p < 0.05) in
the ileum (Figure 5A). For these genes, stressor exposure increased their expression, but only in the vehicle-treated mice (ie,
antibiotics prevented the stressor-induced increases resulting in the interaction) (Figure 5A). Stressor exposure also increased
Il6 (main effect of stress, F(1, 25) = 4.11, p < 0.05), whereas antibiotics reduced Il1b (main effect of antibiotics, F(1, 25) =
4.31, p < 0.05) (Figure 5A). In the colon, there were stress x antibiotic interactions for Il6 (F(1, 25) = 7.97, p < 0.05), Tnfa (F
(1, 25) = 9.22, p < 0.05), Nos2 (F(1, 25) = 5.68, p < 0.05), Il10 (F(1, 25) = 4.46, p < 0.05), and Il22 (F(1, 25) = 4.56, p < 0.05),
such that stressor exposure increased the expression of these genes in the colons of vehicle-treated but not antibiotic-treated
mice (Figure 5B). In addition, antibiotics reduced Il1b (main effect of antibiotics (F(1, 25) = 11.14, p < 0.01), whereas stress
increased Saa1 (main effect of stress (F(1, 25) = 4.10, p = 0.05) (Figure 5B).

Inflammatory Cytokines in Stressor-Exposed Mice with or Without Antibiotics
Bacterial contact with the epithelium can lead to the expression of LBP and inflammatory cytokines.43 Thus, we assessed
inflammatory mediators in the serum. Mice exposed to the social stressor had higher levels of LBP (main effect of stress
F(1, 32) = 5.54, p < 0.05), IL-6 (main effect of stress F(1, 32) = 9.92, p < 0.01), and IL-1β (main effect of stress F(1, 32)
= 9.92, p < 0.05) than did non-stressor control mice, whereas the administration of antibiotics reduced LBP (F(1, 32) =
9.33, p < 0.01), IL-6 (F(1, 32) = 7.92, p < 0.05), and IL-1β (F(1, 32) = 7.03, p < 0.05) (main effects of antibiotics;
Figure 6A–C). Exposure to the stressor also increased TNFα (F(1, 32) = 29.36, p < 0.001) and IL-10 (F(1, 32) = 61.25,
p < 0.0001) in the blood, but these were main effects of the stressor that were evident in vehicle and antibiotic treated
mice (Figure 6D and E). LBP levels in the serum were inversely correlated with spontaneous alternations in the Y-maze
(r=−.36, p < 0.05; Figure 6F), but cytokine levels were not correlated with behavior in the Y-maze (data not shown).
Thus, we focused further analyses on LBP-related signaling.

Figure 5 Stress effects on inflammatory gene expression in the ileum and colon occur are attenuated by administration of antibiotics. Gene expression was assessed in the
ileum and the colon in stressor-exposed, as well as non-stress control, mice that were treated with antibiotics or vehicle as a control. Gene expression was normalized
utilizing z-scores prior to plotting on the heat map. Genes were assessed in the (A) ileum and (B) colon. n = 6–9 mice per group from 3 replicate experiments. n = 7–8 mice
per group from 3 replicate experiments. *Indicates significant stress x antibiotic interaction, with Stress group different from all other groups at p < 0.05. †Indicates main
effect of stress (p < 0.05). ‡Indicates main effect of antibiotics (p < 0.05).
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Mucus Thickness, Peripheral Cytokines, and Cognitive Behavior in CD14−/− Mice
Exposed to the Stressor
LPS binds to LBP; LPS-LBP complexes, in turn, bind to CD14 found either in its soluble form or on the surface of
leukocytes and intestinal epithelial cells, which induces cytokine production. To determine whether CD14 was required
for the social stressor-induced increases in cytokines and behavioral responses, CD14−/− mice were exposed to the
stressor (or left undisturbed as a control). Exposing CD14−/− mice to the stressor did not change mucus thickness (colon:
t(9) = 0.31, Figure 7A and B), Reg3b (colon: t(16) = 0.28, n.s., Figure 7C; ileum: t(16) = 0.54, n.s., Supplemental
Figure 1) or Reg3g (colon: t(16) = 0.89, n.s., Figure 7D; ileum: t(16) = 0.29, n.s., Supplemental Figure 1). The levels of
LBP (t(16) = 1.11, n.s), IL-6 (t(16) = 1.64, n.s.), and IL-1β (t(16) = 0.82, n.s.) were similar in Stress and Ctrl CD14-/-
mice (7e-g), but TNF-α (t(16) = 2.98, p < 0.05) and IL-10 (t(16) = 3.56, p < 0.01) were increased in stressor-exposed
CD14−/− mice (Figure 7H and I). Importantly, exposure to the stressor had no effect on the number of spontaneous
alternations (t(16) = 0.59, n.s., Figure 8A), FosB (t(16) = 1.09, n.s.) or Iba1+ (t(16) = 1.31, n.s.) staining in the
hippocampus (Figure 8B) of mice lacking the LBP receptor (ie, CD14−/− mice).

Discussion
We used a murine social stressor to determine whether host–microbe interactions are necessary for stressor-induced
changes in cognitive and social behaviors. Exposure to the stressor impaired social interactions and performance on the
Y-maze. Stressor-induced changes in cognitive, but not social, behavior could be prevented by antibiotics, demonstrating
that cognitive behavior is dependent on an intact microbiome. Although it is not yet known why cognitive, but not social,

Figure 6 Stress effects on serum LBP and cytokine levels are mediated by an intact microbiome. LBP and cytokine levels were assessed in the serum after behavioral testing.
Mice exposed to stress had significant increases in (A) LBP, (B) IL-6, (C) IL-1β, (D) TNF-α, and (E) IL-10 (all main effects of Stress). In addition, Antibiotics reduced (A) LBP,
(B) IL-6, and (C) IL-1β (main effects of Abx). (F) In Veh and Abx-treated mice that were exposed to Stress or Ctrl conditions, LBP levels in the serum were inversely related
to the percentage of spontaneous alternations on the Y maze (r = −.35, p < 0.05). n = 9–11 mice per group. Data are from 3 replicate experiments.
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behaviors are microbiome-dependent, we found that stressor exposure disrupted the intestinal barrier. The intestinal
barrier includes the epithelial barrier, which is largely dependent upon epithelial tight junctions53 and the mucus
barrier.54,55 In our study, stressor exposure reduced mucus thickness in the intestine while increasing LBP levels in
circulation. The stressor-induced increases in LBP were correlated with cognitive, but not social, behavior. Antibiotics
prevented the stressor-induced increases in LBP and mice lacking CD14, which is the receptor for LBP, did not show
stressor-induced changes in cognitive behavior. Together, these data indicate that CD14 is a key link between exposure to
social stressors, gut microbes, and cognitive behavior.

Psychosocial stressors lead to immune activation in both humans and laboratory animals, which contributes to the
behavioral sequelae of stressful stimuli such as reductions in cognitive ability56 and reduced sociability.57–59 Social
defeat models are widely used in the neurosciences36,60–62 and, more recently, microbiome research.63–65 And, while
these models can involve wounding that contribute to immune and behavioral sequelae,66–68 the current stressor was
developed to limit defeat-associated wounds. Interactions between the aggressors and subordinates were carefully
monitored during the social defeat, and none of the mice in this study were found to have wounds that penetrated the
skin and punctured underlying tissues. Because there was no evidence of overt immune activation due to wounding (such
as redness or purulence), we focused on intestinal bacteria as potential contributors to stressor-induced immunomodula-
tion. Our findings are consistent with an increasing number of studies that have linked stressor-induced immune
activation to the gut microbiota.23,69,70 Low-grade inflammation correlates with changes in the composition of the gut
microbiota,20,71 and the administration of broad-spectrum antibiotics, as well as the use of germ-free mice, show the
importance of gut microbes for stressor-induced immune activation and priming.47,70,72 Interestingly, we have observed
changes in microbial composition, as well as increases in bacterial translocation, in mice exposed to a prolonged restraint
stressor.15 However, this type of chronic, physical restraint leads to suppressed inflammatory responses rather than
enhanced responses.73–78 Although the reasons that more acute, social stressors enhance immune activity, whereas more

Figure 7 Stress effects on colonic mucus and antimicrobial peptides, as well as serum LBP and IL-6, but not TNF-α and IL-10, are CD14-dependent. (A) Representative FISH
staining of total bacteria (EUB-338-Cy3), lectin-based fluorescence staining for terminal fucose on mucin (UEA1-flouorescein; fucose), and host nuclei staining (DAPI) in the
colon of Stress and Ctrl CD14−/− mice. (B) quantification of mucus thickness showed that stress does not affect mucus thickness in CD14−/− mice., (C) Colonic Reg3b and
(D) Reg3g gene expression was unaffected by Stress in CD14−/− mice. CD14−/− exposed to stress did not have increases in serum (E) LBP or (F) IL-6, or (G) IL-1β but still
showed increases in (H) TNF-α and (I) IL-10 (*p < 0.05 Stress vs Ctrl). n = 6–9 per group from 3 replicate experiments.
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chronic stressors suppress immune activity even though both affect the microbiome and the gut barrier are not completely
clear, it is possible that glucocorticoids are involved. Prolonged restraint leads to chronic elevations in corticosterone,79

which has well-known anti-inflammatory properties,80 whereas social defeat leads to elevations in corticosterone that are
shorter in duration.81 Moreover, social defeat leads to glucocorticoid insensitivity,82,83 suggesting that chronic elevations
in corticosterone after restraint suppresses inflammatory responses (and affects hippocampal neurons involved in
cognitive processes), whereas glucocorticoid insensitivity after social defeat is conducive to enhanced inflammatory
processes. These inflammatory processes occur throughout the body, including the brain, and gut microbes have been
implicated in stressor-induced neuroinflammation.23,84 Our behavioral tests demonstrated that cognitive behavior was
diminished by the social stressor in a microbe-dependent manner.

In previous studies, we have found that stressor exposure reduces bacterial alpha diversity in the cecum,20,85 but not
in the colon,86,87 with significant differences in bacterial relative abundances in both niches. Our current findings are
consistent with these previous studies, showing a lack of stressor effect on bacterial alpha diversity in the colon, but
significant differences in beta diversity and in the relative abundances of specific bacterial taxa. Stressor exposure
increased the relative abundances of unclassified genera of bacteria in the families Muribaculaceae and Rikenellaceae, as
well as bacteria in the genera Muribaculum and Odoribacter. The microbiome encodes for multiple carbohydrate
enzymes that are capable of degrading a broad range of carbohydrates, including those found in mucous.88,89

Interestingly, Rikenellaceae, and more prominently Muribaculaceae, are mucus monosaccharide foragers.90 Thus, it is
tempting to speculate that an expansion of taxa capable of degrading mucus and utilizing its monosaccharides was
responsible for the observed stressor-induced decrease in mucus thickness. However, this study was not designed to
assess the functional capacity of the microbiome, which would require shotgun, metagenomic sequencing or functional
assays to determine whether stressor-induced changes in the microbiome led to changes in the mucus (or vice versa, since
mucus composition is known to affect the microbiome).91–93 Increased abundance in Rikenellaceae has also been
observed in subordinate mice, and fecal transplants from subordinate mice into germ-free recipients can recapitulate
many behaviors associated with subordination, including depressive-like behavior and social avoidance.94 Thus, it was
reasonable to test whether bacterial relative abundances were related to behavior. However, in our analyses, the relative

Figure 8 Stress does not affect spontaneous alternations or hippocampal FosB in CD14−/− mice. CD14−/− mice were exposed to stress for 6 consecutive days prior to
assessing cognitive behavior (Y maze). (A) Exposing CD14−/− mice to stress did not affect percentage of spontaneous alternations in the Y maze. (B) Representative sagittal
brain hippocampal sections from experimental groups stained with either FosB or Iba1. FosB and Iba1 in the hippocampus were not affected when CD14−/− were exposed to
stress. n = 6–9 mice per group from 3 replicate experiments.
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abundance of specific bacterial types did not directly correlate with any behavioral differences. Instead, Muribaculaceae
relative abundance was positively correlated with Reg3b and Reg3g gene expression, suggesting that stressor-induced
increases in these antimicrobial peptides are driven by Muribaculaceae that are capable of breaking down mucus.
Because the bacteria were statistically correlated with antimicrobial peptide expression, but microbiome composition
was not statistically correlated with serum cytokine levels, microglia measures, or behavioral responses, we began to
question whether bacterial contact with the epithelium, rather than overall changes in microbiome composition, was an
important mediator between the gut microbiota and behavioral responses to stressor exposure.

Reduced mucus thickness, such as that observed during stressor exposure, can allow bacteria to stimulate the
intestinal epithelium to produce antimicrobial peptides, like Reg3b and Reg3g,95,96 which were strongly increased in
stressor-exposed mice and correlated with Muribaculum relative abundance in the colon. This stressor-induced increase,
along with increases in inflammatory cytokines, was attenuated by the administration of antibiotics. Interestingly,
antibiotics disrupted mucus thickness, consistent with previous reports,97,98 but they did not increase Reg3b or Reg3g.
Because antibiotics significantly reduce bacteria in the intestine, the results emphasize that the combination of a reduction
in mucus, along with the presence of bacteria, leads to increases in antimicrobial peptides and cytokines in the intestine.
Stressor-induced increases in antimicrobial peptides were not strongly correlated with behavior or with circulating
cytokines, but it is known that LBP is also increased when bacteria contact the intestinal epithelium.99 Because LBP
induces inflammatory responses and has been related to behavior,25,26 we assessed whether LBP may link gut microbes to
stressor-induced behavioral responses.

Commensal bacteria are able to translocate from the intestine during stressor exposure.15,16 The translocation of
bacteria or bacterial LPS, as well as bacterial contact with the epithelium, leads to the expression of LBP,99 which is an
acute phase protein released by the liver as well as by intestinal epithelial cells.100 CD14 is constitutively expressed on
monocytes, macrophages, and neutrophils where it binds to LPS-LBP complexes to activate TLR4101 and in some cases
TLR2.102 Although the relationships between individual gut bacteria and CD14 are not completely known, bacterial taxa
that were the most strongly increased by the social stressor (eg, Muribaculaceae unclassified, Muribaculum,
Rikenellaeae) are Gram-negative. The Toll-like receptor for Gram-negative bacterial LPS, namely TLR4, has been
shown to play an essential role in stressor-induced immune enhancement,21,82 suggesting possible links between these
bacteria and stressor-induced immune enhancement. Given the interactions between CD14 and TLR4, and the importance
of TLR4 for stressor-induced immunopotentiation, it was not surprising that the stressor did not increase IL-6 or TNF-α
in CD14−/− mice. However, it was surprising that reductions in colonic mucus thickness, and subsequent increases in
antimicrobial peptides and LBP itself did not occur in CD14−/− mice. While these effects may be due to loss of CD14
signaling in innate immune cells, CD14 is also expressed on intestinal epithelial cells where it is involved with cytokine
production103 and disruption of tight junctions and epithelial permeability.104 Indeed, Gram-negative LPS strongly affects
goblet cells, Paneth cells, and enterocytes (the cellular sources of mucus, antimicrobial peptides, and LBP). Although
further investigation is needed to delineate differential effects of immune and epithelial CD14+ cell subsets on the
intestine, our results are the first to show an essential role of CD14 for stressor-induced disruption of colonic mucus and
increase of serum LBP. It should be noted that studies involving CD14−/− were conducted separately from studies using
wildtype mice. Although a limitation of the study, we have found the social stress paradigm to be highly reproducible and
CD14−/− mice exposed to stress still had stressor-induced increases in TNF-α and IL-10, suggesting that the stressor was
capable of inducing physiological changes in CD14−/−.

Elevated serum LBP has been linked to a myriad of diseases and conditions in human studies, such as Parkinson’s105

and Alzheimer’s diseases.106 And while stressors (such as marital distress) have been shown to increase LBP, and
increased serum LBP has been linked to emotional disorders, such as major depressive disorder,25,107 no studies have
linked LBP to cognitive behavior. In addition, few studies have provided evidence that stressor-induced increases in LBP
are dependent upon an intact microbiota supporting a paradigm wherein the stress response leads to LBP and subsequent
CD14 activation through microbiota-dependent mechanisms.

In murine models of social defeat, microglial activation leads to the recruitment of inflammatory monocytes into the
brain that influence behavioral responses through cytokine production.34,108–112 Interestingly, social defeat-induced
cognitive deficits, as assessed on the Y maze, have been shown to be dependent upon IL-1-induced activation of neurons
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in the hippocampus.32 In the current study, the social defeat stressor increased microglial restructuring (based on Iba1
staining percent area) and neuronal activity (based on ΔFosB staining) in the hippocampus. Treatment with antibiotics
prevented microglial restructuring, neuronal activity, and cognitive deficits in stressor-exposed mice suggesting that
stressor-induced reductions in cognition involve the gut microbiota. Interestingly, social behavior was reduced in
stressor-exposed mice regardless of whether the mice were treated with antibiotics. This is consistent with previous
results showing that cognitive, but not social behavior, is dependent upon inflammation-induced neuronal activity in the
hippocampus. It should be noted that metronidazole, which was used in the antibiotic cocktail, can be absorbed and enter
the brain to have neurological side effects in humans. However, the mechanisms by which this occurs are hypothesized to
be related to neuroinflammation.113 In mice given the antibiotic cocktail, there was no evidence of neuroinflammation.
Rather, mice given antibiotics had a reduction in microglial restructuring after stressor exposure. When considered
together, the data suggest that differences in cognitive behavior were microbiome-dependent and not due to nonspecific
effects of metronidazole. The specificity of the behavioral dependence of cognitive, but not social, behavior on the
presence of microbes highlights the complexity of the relationship between gut microbes and the brain. Recent studies
demonstrate a key role for microglia in the medial prefrontal cortex (mPFC) and TLR2/4 in mediating alterations in
social behavior following the social stressor.59 Our work now suggests hippocampal neurobiological underpinnings for
the gut-brain-axis in cognitive behavior. Future work should focus on dissecting a specific role for gut microbiome
changes and alterations in microglial restructuring in the mPFC versus the hippocampus.

Conclusion
This study highlights the importance of dynamic host–microbe interactions at the intestinal mucosal interface for
behavioral sequelae of stressor exposure. Exposure to social stressors leads to reduced intestinal mucus thickness that
allows commensal bacteria to contact the epithelium. These bacteria increase the expression of antimicrobial peptides (in
the intestine) and of inflammatory cytokines and LBP in circulation. The increase in LBP is a key component of these
stressor-induced effects, because mice lacking the LBP receptor (ie, CD14) do not show increases in inflammatory
cytokines. When considering that mice treated with antibiotics do not show a stressor-induced increase in LBP (or change
in behavior), along with findings that CD14−/− mice do not show stressor-induced behavioral change, we propose that
bacterial penetration of intestinal mucus leading to LBP production is necessary for social stressor-induced cognitive
deficits.
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