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Abstract
The indigenous microbiota impact mucosal, as well as systemic, immune responses, but whether
the microbiota are involved in stressor-induced immunomodulation has not been thoroughly
tested. A well characterized murine stressor, called social disruption (SDR), was used to study
whether the microbiota are involved in stressor-induced enhancement of macrophage reactivity.
Exposure to the SDR stressor enhanced the ability of splenic macrophages to produce microbicidal
mediators (e.g., inducible nitric oxide synthase (iNOS), superoxide anion, and peroxynitrite) and
to kill target Escherichia coli. Exposure to the SDR stressor also increased cytokine production by
LPS-stimulated splenic macrophages. These effects, however, were impacted by the microbiota.
Microbicidal activity and cytokine mRNA in splenic macrophages from Swiss Webster germfree
mice that lack any commensal microbiota were not enhanced by exposure to the SDR stressor.
However, when germfree mice were conventionalized by colonizing them with microbiota from
CD-1 conventional donor mice, exposure to the SDR stressor again increased microbicidal activity
and cytokine mRNA. In follow up experiments, immunocompetent conventional CD-1 mice were
treated with a cocktail of antibiotics to disrupt the intestinal microbiota. While exposure to the
SDR stressor enhanced splenic macrophage microbicidal activity and cytokine production in
vehicle-treated mice, treatment with antibiotics attenuated the SDR stressor-induced increases in
splenic macrophage reactivity. Treatment with antibiotics also prevented the stressor-induced
increase in circulating levels of bacterial peptidoglycan, suggesting that translocation of
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microbiota-derived peptidoglycan into the body primes the innate immune system for enhanced
activity. This study demonstrates that the microbiota play a crucial role in stressor-induced
immunoenhancement.
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Introduction
The mammalian body is populated by immense and complex consortia of microbes
generally referred to as the microbiota. Bacteria are by far the most predominant and
beneficial members of the microbiota, but some archaea and eukarya can also be found
residing on the body (O’Hara and Shanahan, 2006). In the healthy host, the vast majority of
the microbiota are found within the lower sections of the gastrointestinal tract (i.e., distal
ileum and colon) where they reside in stable climax communities as a result of ecological
successions involving the selection of microbes best adapted for their given niche
(Huffnagle, 2010). Although these climax communities are relatively resistant to change
(Allison and Martiny, 2008), many factors, such as diet or antibiotic use, can cause transient
alterations in community structure (Antonopoulos et al., 2009; Dethlefsen et al., 2008). We
have shown that exposure to experimental stressors, such as prolonged restraint (Bailey et
al., 2010) as well as social disruption (SDR) (Bailey et al., 2011), also impact the stability of
the intestinal microbiota. For example, exposure to the SDR stressor significantly changed
the relative abundance of 7 out of the top 30 genera of bacteria residing as the microbiota
(Bailey et al., 2011). Whether these stressor-induced effects on the microbiota impact the
health of the host is not yet known.

The microbiota are intimately associated with mucosal surfaces, and are well known to
influence the development of the mucosal immune system. This is most evident in germfree
mice, i.e., mice born and housed under completely sterile conditions, that have smaller
Peyer’s patches, fewer intraepithelial lymphocytes, and lower levels of secretory IgA
(Macpherson and Uhr, 2004). Of importance to this study, colonizing the germfree mice
with microbiota from conventional mice leads to the normal development of these immune
compartments, thus emphasizing the importance of intestinal bacteria in mucosal immune
system development (Macpherson and Uhr, 2004). Fewer studies have focused on the
importance of the microbiota for development of systemic immune compartments, but the
ability of bone marrow-derived neutrophils to kill target microbes was found to be
dependent upon an intact intestinal microbiota (Clarke et al., 2010). This previous study led
us to test the hypothesis that the microbiota are also necessary for stressor-induced increases
in microbicidal activity in splenic macrophages.

Macrophage activation is an essential component of innate resistance to microbial pathogens
due to their production of cytokines and chemokines that initiate the inflammatory response,
as well as their ability to phagocytose and subsequently kill invading pathogens. The ability
of macrophages to kill bacterial pathogens is largely dependent upon the production of
reactive oxygen and nitrogen intermediates (ROI and RNI, respectively). Reactive oxygen
intermediates are formed from superoxide anions that are produced from the reduction of
molecular oxygen using the electrons derived from NADPH oxidase (Geiszt and Leto, 2004;
Lambeth, 2004). Macrophage activation also leads to the expression of inducible nitric oxide
synthase (iNOS) which converts arginine into nitric oxide and citrulline (Nathan and Xie,
1994). Both superoxide and nitric oxide are essential components for the synthesis of
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microbicidal compounds, and when they are both elevated within a cell they rapidly react to
form peroxynitrite (Beckman and Koppenol, 1996; McLean et al., 2010). Because the
microbiota have been shown to enhance the ability of neutrophils to kill bacteria (Clarke et
al., 2010), and because bacterial killing (by both macrophages and neutrophils) is largely
dependent upon peroxynitrite production (McLean et al., 2010; Weatherby et al., 2003), an
additional goal of this study was to determine whether the microbiota are necessary for the
production of peroxynitrite by splenic macrophages.

The physiological stress response is well known to affect the functioning of the immune
system. While the common view has been that stress suppresses immune system activity due
to the suppressive effects of stress-induced glucocorticoid hormones (Padgett and Glaser,
2003), there are now multiple studies demonstrating that stressor exposure can also enhance
the immune response (Fleshner et al., 1998; Johnson et al., 2002; Johnson et al., 2003;
O’Connor et al., 2003). However, the mechanisms by which stressor exposure enhances
immune system activity have not been as extensively studied. We have been using the
murine social stressor SDR to study stressor-induced immune enhancement. Exposure to the
SDR stressor increases both innate and adaptive components of the immune system (Avitsur
et al., 2005; Bailey et al., 2007; Bailey et al., 2009a; Mays et al., 2010; Quan et al., 2001;
Stark et al., 2001). Of particular relevance for the current study, exposure to the SDR
stressor primes splenic macrophages for enhanced reactivity to antigenic stimulation. For
example, the production of cytokines (e.g., TNF-α and IL-1β) is increased in LPS-stimulated
splenic macrophages from mice exposed to the SDR stressor (Avitsur et al., 2005; Bailey et
al., 2009b; Engler et al., 2008). In addition, the ability of splenic macrophages to kill target
Escherichia coli is significantly increased by exposure to the stressor (Bailey et al., 2007).
This increased microbicidal activity is associated with a significant increase in iNOS gene
expression and gene expression of the regulatory subunits of the NADPH oxidase complex
(Bailey et al., 2007). How the stressor primes these cells for enhanced activity, however, is
not understood. Thus, germ-free mice lacking any microbiota, as well as conventional mice
treated with broad spectrum antibiotics, were exposed to the SDR stressor to test the
hypothesis that the microbiota are necessary for the stressor-induced enhancement of
macrophage reactivity to bacterial challenge.

Methods
Animal Handling

Outbred male Swiss-derived CD-1 mice between the ages of 6 to 8 weeks were purchased
from Charles River Laboratories (Wilmington, MA). Prior to experimentation, the mice
were housed 3 – 5 per cage and allowed to adjust to the animal vivarium for 1 week. They
were kept on a 12 hr light:dark schedule with lights on at 06:00 and food and water available
ad libitum. The Ohio State University’s Animal Care and Use Committee approved all
experimental procedures. The pathogen status of all mice maintained at The Ohio State
University is routinely monitored. The mice used in these studies were maintained in
colonies that were confirmed to be free of opportunistic pathogens (See Supplemental Data).

Social Disruption
The murine social disruption (SDR) stressor involves repeated social defeat from agonistic
interactions between an aggressive intruder male mouse and the resident male mice. The
SDR stressor began at approximately 17:00, and continued for a 2 hr period that was
repeated on 6 consecutive days. The aggressive intruders used to defeat the home cage
residents were previously identified as aggressive toward their cage-mates and isolated from
the rest of the colony. SDR began by placing the aggressive mouse into the home cage of the
resident mice. The mice were observed for the first 10 min to ensure that the aggressor
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fought with and defeated all of the residents. If after 5 min the aggressor had not fought and
defeated all of the residents, a different aggressor was added until fighting occurred. After
each 2 hr SDR session the aggressor was removed and the mice left undisturbed until the
next day. The morning following the 6th consecutive day of SDR, the defeated home cage
residents were euthanized. Although fighting may result in wounding, the mice used in this
study had only superficial wounds to the back and tail; mice with wounds penetrating the
cutaneous layer were not used.

Germfree and Conventionalized Mice
Germfree Swiss Webster/Tac/UNC mice were originally obtained from the National
Gnotobiotic Rodent Resource Center (University of North Carolinas), and subsequently bred
and raised in sterile germfree isolators (Park BioServices, Groveland, MD). These germfree
mice were fed sterile food and water, and therefore, contained no endogenous bacterial
populations. Germfree status was confirmed prior to each experiment by culturing stool
samples from all mice to detect living bacteria. In addition, germfree sentinel mice were
euthanized every 3 months for quality assurance necropsy (see Supplemental Data Table 2).
There was no evidence of microbial contamination in any of the germfree mice used in these
studies (Supplemental Data Fig. 1).

When germfree mice were 6–8 wks of age, they were removed from the germfree isolator,
placed in sterile cages with closeable lids, and transported to the laboratory. The sterile
cages were kept in laminar flow hoods to help maintain sterility. Three groups of mice were
used in the initial experiments to assess the role of the intestinal microbiota in stressor-
enhanced macrophage activity. The first group consisted of germfree mice that were kept
germfree by continuous housing in sterile cages in the laminar flow hood. SDR in germfree
mice was accomplished by placing germfree retired breeders, into the residents’ cage using
sterile gloves. The SDR was performed in sterile cages in the laminar flow hood. Germfree
status was confirmed in HCC Control and SDR Stressor germfree mice by culturing the
cecal contents to detect living bacteria (Supplemental Data Fig. 1).

The second group, referred to as conventionalized mice, consisted of germfree mice that
were orally gavaged with intestinal microbiota from conventionally housed CD-1 mice. The
process of conventionalizing the mice involved administering 100 μl of diluted cecal stool
(300 mg/5 ml of pre-reduced PBS, diluted 1:500) from conventionally housed mice via oral
gavage. Conventionalized mice were given the stool suspension approximately 30 hrs prior
to the first exposure to the SDR stressor (i.e., 7 days prior to euthanasia). Like the germfree
mice, the conventionalized mice were housed in the laboratory, but were kept separate from
the germfree mice to prevent contamination. The success of conventionalizing the mice was
confirmed by culturing the cecal contents (Supplemental Data Fig. 1). Results from
germfree and conventionalized mice were compared to results from mice in the third group
(i.e., conventional mice) that were housed in conventional cages and contained an intact
intestinal microbiota.

Antibiotic Administration
Conventional mice were treated with an antibiotic cocktail consisting of vancomycin (0.5
mg/ml; Sigma-Aldrich, St. Louis, MO), metronidazole (1 mg/ml; Sigma-Aldrich), and
neomycin trisulfate (1 mg/ml; Sigma-Aldrich) in sterile water similarly to previously
described studies (Bailey et al., 2011; Ochoa-Reparaz et al., 2009; Rakoff-Nahoum et al.,
2004). The antibiotic cocktail was administered by oral gavage (200 μl) once per day at
1600 for 3 days prior to the start of SDR and throughout the 6-day course of SDR. The
vehicle control mice were orally gavaged with 200 μl of sterile water on the same schedule
as the antibiotic-treated mice. This antibiotic treatment reduced the total microbiota by
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approximately 10 fold (Supplemental Fig. 2). To confirm whether the effects of the
antibiotics were due to effects on the microbiota, rather than direct effects on leukocytes
themselves, a separate experiment was conducted in which the antibiotic cocktail was
injected intraperitoneally at the identical time points (Supplemental Data Fig. 3).

Splenocyte Processing
Mice were euthanized via CO2 asphyxiation and cardiac blood immediately taken. The
spleens from individual mice were weighed and processed as previously reported (Bailey et
al., 2007). Briefly, spleens were removed and macerated with a Stomacher 80 Biomaster
Lab System (Seward, Bohemia, NY) in cold HBSS. The resultant cell suspensions were
washed via centrifugation. Following centrifugation, the supernatants were removed and 1
ml of RBC lysis buffer was added to the cell pellet for 2 min to lyse red blood cells. To stop
the lysis reaction, HBSS containing 10% heat-inactivated FBS was added to the cells. After
washing, the cells were filtered using 70 μm filters, washed again, and re-suspended in
CTLL RPMI 1640 (containing 0.075% sodium bicarbonate, 10 mM HEPES buffer, 100 U/
ml penicillin G, 100 μg/ml streptomycin sulfate, 1.5 mM L-glutamine, and 0.00035% 2-
mercaptoethanol) + 10% FBS. A Z2 Coulter Particle Counter and Size Analyzer (Beckman
Coulter, Brea, CA) was used to count the cells and each sample was adjusted to contain
5×106 cells per ml. 2.5×105 cells were then stained with 1 μl of FITC-labeled anti-Gr1 and
APC-labeled anti-CD11b antibodies to identify cell subsets in the spleen using a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). Monocytes/macrophages
(which will collectively be referred to as macrophages) and granulocytes were identified by
forward- and side-scatter characteristics and differences in CD11b and Gr-1 expression
(Lagasse and Weissman, 1996). Forward- and side-scatter and absence of CD11b and Gr-1
staining was used to identify lymphocytes. The cell suspension was then adjusted so that the
final concentration of macrophages was 5×104 per ml. The cells were cultured in 1 ml per
well in a 24-well tissue culture plate for 2 hr at 37°C with 5% CO2 to allow the macrophages
to adhere. There was no difference in tissue adherence between cells from non-stressed HCC
Control mice and SDR Stressor mice as determined via microscopy (61±17 vs. 52±14 cells
per field of view respectively). We have previously reported that over 98% of these adherent
cells are mononuclear (Bailey et al., 2007), indicating that few neutrophils adhere to the
culture plates.

Bacteria
Escherichia coli strain K12 (ATCC 10798), originally obtained from the American Type
Culture Collection, was grown from frozen stocks in trypticase soy broth overnight at 37°C.

Microbicidal Assay
5×104 splenic CD11b+ macrophages were adhered to 24-well tissue culture plates in
duplicate so that phagocytosis and bacterial killing could be determined after 20 and 90 min,
respectively. After removing nonadherent cells, 1 ml of a mixture containing 5×107 CFU of
E. coli in RPMI was added to each well. The E. coli were opsonized by adding 5% fresh
serum (pooled from non-stressed HCC mice and stressed SDR mice) to the bacterial
suspension. After adding the bacteria, the plates were incubated for 20 min, and then
extracellular bacteria were washed away by pipetting 1 ml of RPMI into the well for 3
washes. After the final wash, 1 ml of 1% Triton X was added to one of the wells to lyse the
splenocytes. This lysate was collected into a sterile tube for pour plate enumeration of
phagocytized bacteria. The duplicate well was washed 3 times with RPMI+10% FBS. After
the final wash, 1 ml of RPMI+10% FBS was added to the duplicate wells and the plates
incubated for an additional 70 min. After 70 min, any extracellular bacteria were washed
from the cells and the cells lysed with 1% Triton X to quantify bacteria remaining alive
within the macrophages via standard pour plate analysis.
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RNA isolation and cDNA synthesis
Two duplicate sets of 5×104 adherent macrophages per ml were plated in 24-well tissue
culture plates at 37°C and 5% CO2. After a 2 hr incubation, the nonadherent cells were
removed by washing 3X with RPMI. Following the final wash, 1 ml of RPMI + 10% FBS
was added to half of the wells and the other half of the cells were stimulated with 1 ml of
RPMI + 10% FBS containing 1 μg/ml of E. coli-derived LPS. After a 90 min incubation, the
cells were washed with RPMI and then collected into 1 ml of Trizol reagent (Gibco,
Rockville, MD). RNA was isolated according to the Trizol protocol provided by the
manufacturer (Gibco). Total RNA was reverse transcribed using a commercially available
kit (Promega, Madison, WI) according to manufacturer’s instructions. Briefly, 2 μg of total
RNA was combined with 5 mM MgCl2, 1 mM of each dNTP, 1X RT buffer, 1 U/μl RNasin,
15 U/μg AMV reverse transcriptase, and primed with 0.5 μg random hexamers and DEPC
H2O to a volume of 40 μl. The reaction was first incubated for 10 min at room temperature,
and then at 42°C for 1 h. This was then followed by a 5 min incubation in boiling water and
a cooling period of 5 min on ice. The volume was adjusted to 50 μl by adding DEPC water.

RT-PCR
Sequences for the primers and probes were previously published and were synthesized by
Applied Biosystems. The 5′ – 3′ sequences are: iNOS (forward: CAG CTG GGC TGT ACA
AAC CTT, reverse: TGA ATG TGA TGT TTG CTT CGG, probe: CGG GCA GCC TGT
GAG ACC TTT GA), TNF-α (forward: CTGTCTACTGAACTTCGGGGTGAT, reverse:
GGTCTGGGCCATAGAACTGATG, probe:
ATGAGAAGTTCCCAAATGGCCTCCCTC), IL-1β (forward:
GGCCTCAAAGGAAAGAATCTATACC, reverse: GTATTGCTTGGGATCCACACTCT,
probe: ATGAAAGACGGCACACCCACCCTG), and 18S as an internal housekeeping gene
(forward: CGCTACCACATCCAAGGAA, reverse: GCTGGAATTACCGCGGCT, probe:
TGCTGGCACCAGACTTGCCCTC). The PCR reaction mixture consisted of 2.5 μl of
cDNA, 2.5 μl primer mix (900 nM), 2.5 μl probe, 5 μl sterile dH2O, and 12.5 μl Taqman
Universal Master Mix (PE Applied Biosystems, Foster City, CA) for a final volume of 25 μl.
Following an initial 2-min cycle at 50 °C followed by 10 min at 95 °C, the reaction ran for
an additional 40 total cycles consisting of a 15-s denaturing phase (90 °C) and a 1-min
anneal/extension phase (60 °C). The change in fluorescence was measured using an Applied
Biosystems 7000 Prism Sequence Detector (PE Applied Biosystems) and analyzed using
Sequence Detector version 1.0. The relative amount of transcript was determined using the
comparative Ct method as described by the manufacturer. In these experiments, gene
expression in unstimulated spleen cells from non-stressed HCC mice was used as the
calibrator. Gene expression, therefore, is expressed as the fold increase in expression over
non-stressed control mice.

Fluorescence Assay (Peroxynitrite and Superoxide)
Splenocytes were collected and processed, and the CD11b+ cells were magnetically
separated from the total cells using CD11b+ microbeads and MACS MS separation columns
according to the manufacturer’s directions (Miltenyi Biotec, Auburn, CA). Consistent with
previous reports (Bailey et al., 2007), the purity of the separated cells was high and the
cultures were composed of >95% CD11b+ cells (data not shown). The separated CD11b+
macrophages were adjusted to 3×106/ml in CTLL RPMI + 10 % FBS and 200 μl/well were
plated in 2 sets of triplicates on opaque 96-well tissue culture plates. Nonadherent cells were
removed and 100 μl of HBSS without phenol red containing 25 μM of 1,2,3-
dihydrorhodamine (Invitrogen, Eugene, OR), a peroxynitrite detecting dye, or 5 μM
dihydroeithidium (Sigma, St. Louis, IL), a superoxide detecting dye, was added.
Additionally, the cells in half the wells were stimulated with 5 ng/ml phorbol myristate
(PMA) (Sigma), 1 μg/ml E. coli LPS (Sigma), and 5 ng/ml recombinant mouse IFNγ
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(Thermo Scientific, Rockford, IL). Peroxynitrite was measured using a fluorescence plate
reader (Synergy HT Biotek, Winooski, VT) every 15 min for 90 min using excitation and
emission wavelengths of 485 nm and 530 nm. Superoxide anion levels were measured every
15 min using excitation and emission wavelengths of 530 nm and 610 nm.

Cytokine Measurement in Culture Supernatants
To determine whether antibiotics would attenuate the stressor-induced increase in LPS-
induced cytokine levels in culture supernatants, splenocytes were collected and processed
and the CD11b+ cells were separated using magnetic beads (Miltenyi Biotec). The CD11b+
cells were adjusted to 5×106 cells per ml and 200 μl of cells were plated in 96 well flat
bottom plates with 1 μg/ml of E. coli-derived LPS. Cultures were incubated for 18 hr at
37°C prior to collecting supernatants. Supernatants were kept frozen at −80°C until TNF-α
and IL-1β levels were determined using OptEIA Set Mouse ELISA’s per manufacturer’s
instructions (BD Pharmingen, San Diego, CA).

Corticosterone Measurement
Whole blood was collected from non-stressed and stressed mice via retro-orbital sampling
immediately following SDR (~19:00). All blood samples were obtained from non-
anesthetized mice within 5 min of disturbing the cage. Serum was separated from the whole
blood and frozen at −80°C until use. Serum corticosterone was measured using a
commercially available kit (Corticosterone EIA, Enzo Life Sciences) per manufacturer’s
directions.

Lipopolysaccharide and Peptidoglycan Measurement
Blood samples were collected via cardiac puncture from HCC Control and SDR Stressor
mice that were either untreated or treated with vehicle or antibiotics. Serum was separated
from the whole blood and frozen at −80°C until use. Levels of lipopolysaccharide were
assessed using the limulus amebocyte lysate (LAL) gel clot method according to
manufacturer’s directions (Associates of Cape Cod, East Falmouth, MA). This is the
preferred method of detecting endotoxin in the blood, and has a sensitivity of 0.03 EU/ml.
Levels of peptidoglycan were assessed using the SLP (silk worm larvae plasma) Reagent Kit
(Wako Chemicals, Richmond, VA). This is a colorimetric assay with a limit of detection of
1.5 ng/ml. Peptidoglycan levels were determined through a standard curve generated with
peptidoglycan derived from Staphylococcus aureus.

Statistics
Two factor analysis of variance (ANOVA) was used to detect differences in cytokine
mRNA with group (i.e., either conventional vs. germfree vs. conventionalized or vehicle vs.
antibiotic) as one between subjects factor and stimulation (i.e., unstimulated vs. LPS
stimulated) as the second between subjects factor. A three factor ANOVA was used to
assess cytokine protein levels with condition (i.e., HCC Control vs. SDR Stressor), group
(i.e., vehicle vs. antibiotic), and stimulation (i.e., unstimulated vs. LPS stimulated) as the
between subjects factors. A mixed factor ANOVA was used to determine statistical
significance in the number of bacteria remaining alive in co-culture with splenic cells, with
time (i.e., 20 min vs. 90 min) as the repeated variable and group (i.e., HCC Control vs. SDR
Stressor) as the between subjects factor. A mixed factor ANOVA was also used to determine
statistical significance for the superoxide and peroxynitrite measurements with time (i.e., 0,
15, 30, 45, 60, 75, and 90 min) as the within subjects factor and group (i.e., HCC Control vs.
SDR Stressor) and condition (i.e., conventional vs. germfree vs. conventionalized or vehicle
vs. antibiotic) as the between subjects factor. Differences in serum corticosterone levels,
spleen mass, splenic cellular composition, and peptidoglycan levels were determined using
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either ANOVA with the between-subjects factors being the treatment groups (i.e. Vehicle
vs. Antibiotics) and condition (i.e., HCC Control vs. SDR Stressor) or independent samples
t-test with HCC Control vs. SDR Stressor as the independent samples. Protected t-tests were
used as post-hoc tests. In all cases, the level of significance was set at p<.05. All statistics
were calculated using SPSS for Windows version 17 (SPSS, Chicago, IL).

Results
Exposure to the SDR Stressor Increases the Ability of Splenic Macrophages to Kill E. coli

Exposing mice to the SDR stressor significantly increased spleen mass (t(4) = 2.70, p =
0.05; Fig. 1A), which was associated with a significant increase in the number of splenic
macrophages (t(4) = 4.28, p < 0.05; Fig. 1B) and neutrophils (t(4) = 3.88, p < 0.05; Fig. 1C),
but not lymphocytes (t(4) = 2.27, p = 0.09 (not significant); Fig. 1D), which is in agreement
with previous studies (Bailey et al., 2007; Engler et al., 2004; Stark et al., 2001). Exposure
to the SDR stressor also increased the ability of splenic macrophages to kill E. coli (F(1,4) =
39.70, p < 0.01). While exposure to the stressor did not significantly affect the ability of the
macrophages to phagocytose the E. coli, as indicated by similar numbers of E. coli within
the cells at the 20 min time point (Fig. 1E), by 90 min there was a significantly lower
number of living E. coli within the macrophages from mice exposed to the SDR stressor (p <
0.05; Fig. 1E). This enhanced microbicidal activity is consistent with a previous study
(Bailey et al., 2007), and was associated with a significant increase in peroxynitrite
production (F(6, 24) = 21.13, p < 0.01; Fig. 1F). Splenic macrophages from mice exposed to
the SDR stressor produced significantly higher levels of peroxynitrite than did cells from
non-stressed HCC Control mice after 60, 75, or 90 min of stimulation (p < 0.05; Fig. 1F).

The Enhancive Effects of the SDR Stressor on the Functioning of Splenic Macrophages
are Attenuated in Germfree Mice

To determine whether indigenous microbiota were necessary for the SDR stressor-induced
increases in macrophage reactivity to manifest, we exposed germfree mice to the SDR
stressor. To be sure any significant effects were due to a lack of microbiota, and not due to
an inherent underdevelopment of innate immunity in germfree mice, the germfree mice were
conventionalized by colonizing them with stool from conventional mice that had an intact
microbiota. The effects of the SDR stressor on spleen mass (F(1, 30) = 4.16, p < 0.05; Fig.
2A), splenic macrophages (F(1, 30) = 11.98, p < 0.05; Fig. 2B), and neutrophils (F(1, 30) =
6.78, p < 0.05; Fig. 2C) were manifest in both germfree mice and conventionalized mice (as
indicated by main effects for stress). But, conventionalizing the germfree mice with
microbiota led to larger spleen masses (F(1, 30) = 5.45, p < 0.05) and increased numbers of
splenic macrophages (F(1, 30) = 11.48, p < 0.05) as indicated by main effects for condition.
The stressor did not affect the number of lymphocytes in the spleen (F(1, 30) = 0.78, p =
0.38 (not significant); Fig. 2D).

As predicted, exposure to the SDR stressor did not enhance the microbicidal activity of
splenic macrophages from germfree mice (F(1, 15) = 0.15, p = 0.70 (not significant); Fig.
2E). Splenic macrophages from conventionalized mice that were exposed to the SDR
stressor killed significantly more E. coli than did splenic macrophages from
conventionalized mice that were left undisturbed as HCC Controls (F(1, 15) = 18.66, p <
0.001; Fig. 2E).

Peroxynitrite levels differed depending upon the presence of an intact microbiota (F(6, 180)
= 16.92, p < 0.001; Fig. 2F). Splenic macrophages from conventionalized mice that were
exposed to the SDR stressor produced significantly higher levels of peroxynitrite than did
splenic macrophages from mice in all other groups after 45, 60, 75, and 90 min of
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stimulation (p < 0.05). While peroxynitrite levels were higher in germfree mice exposed to
the stressor in comparison to non-stressed HCC Control germfree mice (Fig. 2F), the levels
of peroxynitrite in germfree mice were still significantly lower than levels found in the
conventionalized mice exposed to the stressor (p < 0.05; Fig. 2F).

Nitric oxide is necessary for peroxynitrite production and is produced when the enzyme
iNOS reacts with arginine. Therefore, iNOS gene expression was assessed in unstimulated
and LPS stimulated splenic macrophages, and was found to be significantly higher in splenic
macrophages from the SDR Stressor mice compared to HCC Control mice (F(1, 16) = 9.58,
p < 0.05; Fig. 3A). This effect was evident in both unstimulated and stimulated cells (p <
0.05; Fig. 3A). Exposing germfree mice to the SDR stressor failed to increase iNOS gene
expression in either unstimulated or stimulated splenic macrophages (Fig. 3A). In fact, iNOS
gene expression was significantly lower in unstimulated splenic macrophages from germfree
mice exposed to the SDR stressor (F(1, 29) = 26.38, p < 0.001; Fig. 3A). While iNOS gene
expression remained low in unstimulated macrophages from conventionalized mice,
exposure to the SDR stressor restored the stressor-induced increase in iNOS in splenic
macrophages stimulated with LPS (F(1, 25) = 29.03, p < 0.001; Fig. 3A).

Exposure to the SDR stressor increased both TNF-α (F(1, 16) = 74.67, p < 0.001; Fig. 3B)
and IL-1β (F(1, 16) = 10.34, p < 0.005; Fig. 3C) gene expression in conventional mice. This
effect of the SDR stressor was absent in germfree mice. TNF-α gene expression was
unaffected by stressor exposure in germfree mice (F(1, 30) = 0.08, p = 0.78 (not significant);
Fig. 3B), whereas IL-1β gene expression was lower in germfree mice exposed to the SDR
stressor compared to nonstressed HCC Control germfree mice (F(1, 30) = 22.80, p < 0.05;
Fig. 3C). Conventionalizing the germfree mice restored the effects of the stressor on TNF-α
gene expression (F(1, 30) = 55.47, p < 0.001; Fig. 3B). Conventionalizing also led to a
significant increase in IL-β gene expression in LPS stimulated splenic macrophages from
mice exposed to the SDR stressor (F(1, 30) = 10.30, p < 0.005; Fig. 3C), but overall IL-1β
levels were lower in conventionalized mice in comparison to conventional mice (Fig. 3C).

Antibiotic Administration Attenuates the Ability of the SDR Stressor to Enhance the
Functioning of Splenic Macrophages

In a follow up experiment, the intestinal microbiota were disrupted by orally administering
an antibiotic cocktail to conventional mice. Antibiotic administration did not abrogate the
effects of the SDR stressor on spleen mass (Fig. 4A), the number of splenic monocytes/
macrophages (Fig. 4B) or the number of splenic neutrophils (Fig. 4C) as indicated by
significant main effects for stress (F(1, 26) = 31.11, p < 0.05; F(1, 26) = 14.76, p < 0.05;
F(1, 26) = 19.29, p < 0.05, respectively), but no significant main effects for condition (i.e.,
vehicle vs. antibiotics) or significant interactions in the two-way ANOVA. Unlike previous
studies, however, stressor exposure enhanced the number of splenic lymphocytes in the
spleens of vehicle and antibiotic-treated mice (F(1, 26) = 5.13, p < 0.05; Fig. 4D). Repeated
oral gavage of water as a vehicle control significantly affected the ability of splenic
macrophages from SDR Stressor mice to phagocytose E. coli (F(1, 14) = 47.15, p < 0.001;
Fig. 4E). However, the increased capacity of these cells to kill E. coli was still evident by a
significant reduction in the number of E. coli remaining alive within the macrophages at the
90 min time point (Fig. 4E, p < 0.05). This stressor-induced increase in phagocytosis and of
bacterial killing was not evident in mice treated with the antibiotics (F(1, 14) = 2.89, p =
0.11 (not significant); Fig. 4E). In addition, antibiotics disrupted the production of
peroxynitrite (F(6, 168) = 4.17, p < 0.001; Fig. 4F). Peroxynitrite production was
significantly higher in splenic macrophages from vehicle-treated SDR Stressor mice
compared to all other groups after 60, 75, and 90 min of stimulation (p < 0.05, Fig. 4F).

Allen et al. Page 9

Brain Behav Immun. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Because of the importance of superoxide for the formation of peroxynitrite, we also assessed
superoxide anion levels in this follow up experiment, and found that antibiotics also affected
superoxide anion levels (F(6, 96) = 34.83, p < 0.001; Fig. 5A). While levels of superoxide
anion were significantly higher in the macrophages from vehicle-treated SDR Stressor mice
compared to all other groups (p < 0.05), antibiotic administration significantly reduced
superoxide anion in macrophages from stressed mice (p < 0.05 after 15, 30, 45, 60, 75 and
90 min of stimulation). Overall superoxide anion levels, however, were still elevated in the
stressor-exposed mice treated with anitibiotics compared to the non-stressed controls (Fig.
5A). In addition, iNOS gene expression, which was significantly increased in LPS
stimulated macrophages from vehicle-treated mice exposed to the SDR stressor (F(1, 16) =
7.03, p < 0.001; Fig. 5B) was significantly affected by antibiotic treatment. Macrophages
from antibiotic-treated SDR Stressor mice expressed similar levels of iNOS mRNA as did
nonstressed controls (F(1, 16) = 0.07, p = 0.79 (not significant); Fig. 5B).

Treatment with antibiotics also significantly affected cytokine gene expression. TNF-α gene
expression (F(1, 16) = 48.43, p < 0.001; Fig. 5C) and IL-1β gene expression (F(1, 16) =
11.57, p < 0.005; Fig. 5D) were significantly elevated in the LPS-stimulated macrophages
from vehicle-treated SDR Stressor mice. However, administration of antibiotics attenuated
these stressor-induced increases (Fig. 5C and 5D) (F(1, 16) = 0.03, p = 0.86 (not significant)
and F(1, 16) = 0.94, p = 0.35 (not significant), respectively).

Stimulating splenic CD11b+ cells with LPS for longer periods (i.e., 18 hrs) increased TNF-α
(Fig. 6A) and IL-1β levels (Fig. 6B), but the effects were dependent upon whether the mice
were exposed to the SDR Stressor or were treated with antibiotics as evidenced by the 3-way
interaction in the ANOVA (TNF-α: (F(1, 32) = 8.68, p < 0.01; IL-1β: (F(1, 32) = 10.40, p <
0.01)). Post-hoc testing determined that cells from vehicle-treated mice exposed to the SDR
stressor produced higher levels of TNF-α and IL-1β than did cells from mice in any other
condition (p < 0.05). Treatment with antibiotics reduced the cytokine levels (p < 0.05), but
cytokine production by cells from antibiotic-treated mice exposed to the SDR stressor was
still higher than from antibiotic-treated, HCC Control mice (p < 0.05; Fig. 6A & B).

Antibiotic Administration Does Not Block SDR Stressor-Induced Corticosterone Levels
To confirm that treatment with antibiotics did not affect the physiological stress response,
we assessed circulating corticosterone, which is well known to be affected by exposure to
the SDR Stressor. Corticosterone levels were significantly elevated in both the vehicle and
antiobiotic-gavaged mice (F(1,15) = 7.68, p < 0.05; Table 1), confirming that the SDR
stressor activated the HPA axis in these animals.

Stressor-Induced Increases in Serum Peptidoglycan is Attenuated by Antibiotic
Administration

To begin to understand the mechanisms by which the microbiota could impact the innate
immune system, we determined whether bacterial products likely derived from the
microbiota could be detected in the serum. Gram-negative bacterial LPS was below the
detectable limit of 0.03 EU/ml in the serum of non-stressed HCC Control mice and of mice
exposed to the SDR stressor (data not shown). In contrast, mice had detectable levels of
peptidoglycan (Table 2), and the levels of peptidoglycan were significantly higher in the
stressor exposed mice in comparison to the non-stressed HCC Control (F(1, 20) = 9.20, p <
0.05; Table 2). Treating mice with the antibiotic cocktail significantly reduced the stressor-
induced increase in circulating peptidoglycan (p < 0.05; Table 2).
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Discussion
The results of this study demonstrate that the microbiota contribute to stressor-induced
increases in macrophage cytokine production and microbicidal activity. This was first
evident in germfree mice that were born and raised in sterile environments, and thus were
not colonized by any microbiota. Exposing germfree mice to the SDR stressor failed to
increase the microbicidal activity of splenic macrophages. Even though germfree mice are
known to have an underdeveloped immune system (Macpherson and Uhr, 2004), it is not
likely that the inability of the SDR stressor to enhance microbicidal activity was due to
aberrant development of the innate immune system. This is based on the finding that
conventionalizing the mice by colonizing them with microbiota from conventional mice was
sufficient to restore the effects of the stressor on macrophage activity. However, to more
fully understand the importance of intestinal bacteria on stressor-induced
immunomodulation, follow up experiments were conducted in conventional
immunocompetent mice treated with antibiotics. Consistent with findings in germfree mice,
administering broad spectrum antibiotics reduced the stressor-induced increase in splenic
macrophage microbicidal activity. Although vancomycin and neomycin are poorly absorbed
from the gut (Phongsamran et al., 2010; Wilhelm and Estes, 1999), metronidazole can be
absorbed and can impact the phagocyte oxidative burst (Miyachi, 2000). However, it is not
likely that antibiotic administration abrogated the stressor-induced increase in splenic
macrophage activity through direct effects on splenic macrophages, because administering
the antibiotic cocktail through intraperitoneal injection (rather than oral administration) did
not prevent the stressor-induced increase in macrophage microbicidal activity or
peroxynitrite production (Supplemental Data, Fig. 3). This suggests that antibiotic effects on
the microbiota, rather than on leukocytes themselves, attenuated the stressor-induced
increases in splenic macrophage reactivity.

The stressor-induced increase in microbicidal activity was associated with a significant
increase in iNOS gene expression and superoxide anion levels. These stressor-induced
increases were partly dependent upon the microbiota, and likely led to the enhanced
microbicidal activity. Nitric oxide and superoxide rapidly react to form peroxynitrite
(Beckman and Koppenol, 1996), which has been shown to mediate the ability of
macrophages to kill microbial pathogens, including E. coli (McLean et al., 2010; Weatherby
et al., 2003). In our study, peroxynitrite levels were highest in splenic macrophages from
mice exposed to the SDR stressor that also had an intact microbiota. These data suggest that
the microbiota are involved with priming splenic macrophages for enhanced microbicidal
activity by enhancing peroxynitrite production.

In addition to priming for enhanced microbicidal activity, exposure to the SDR stressor also
primes splenic macrophages for enhanced cytokine production (Avitsur et al., 2005; Bailey
et al., 2009b; Engler et al., 2008; Quan et al., 2001; Stark et al., 2002). In the current study,
the stressor-induced increases in TNF-α and IL-1β mRNA only occurred when the
macrophages were taken from mice with an intact microbiota; splenic macrophages from
germfree or antibiotic-treated mice that were exposed to SDR did not have elevated cytokine
gene expression. While antibiotics blocked the SDR stressor-induced increase in cytokine
mRNA in short (i.e., 90 min) cultures, treating mice with antibiotics only attenuated the
stressor-induced increase in cytokine levels in cultures stimulated for longer periods (i.e., 18
hrs). This suggests that additional factors, such as danger associated molecular patterns or
even activation of the sympathetic nervous system contribute to the stressor-induced
increase in cytokine production (Campisi and Fleshner, 2003; Fleshner et al., 2007; Johnson
et al., 2005). However, even small differences in TNF-α and IL-1β due to alterations in the
microbiota could be biologically meaningful, because both cytokines have been shown to
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increase phagocyte production of superoxide anion and iNOS gene expression (Brown et al.,
2004; El-Benna et al., 2008; Guha and Mackman, 2001).

It is not yet clear how the intestinal microbiota can impact systemic immunity, but the
effects likely involve the translocation of bacteria, or their products, from the lumen of the
intestines to the interior of the body. Exposure to a variety of different types of stressors
increases intestinal permeability (Gareau et al., 2007; Saunders et al., 2002; Soderholm et
al., 2002), and alterations in the community structure of the intestinal microbiota can
facilitate the translocation of intestinal bacteria from the lumen of the intestines to the
interior of the body (Berg, 1999). We have previously shown that exposure to the SDR
stressor significantly affects the microbial composition in the gut and also increases bacterial
translocation (Bailey et al., 2006; Bailey et al., 2010; Bailey et al., 2011). In previous
studies, living bacteria were identified in the spleens of approximately 40% of mice exposed
to the SDR stressor (Bailey et al., 2006), but SDR stressor-induced enhancement of splenic
macrophage microbicidal activity is evident in nearly all mice. Thus, we tested whether the
translocation of bacterial products could also be detected in the circulation of mice exposed
to the SDR stressor.

Mice exposed to the SDR stressor had higher levels of bacterial cell wall peptidoglycan in
their serum than did non-stressed control mice. This was detected with the SLP reagent that
has high reactivity with peptidoglycan. But, it must be noted that the SLP reagent is not
selective for bacterial peptidoglycan and can also react with 1→3 β-glucan, which is often
found in fungi (Tsuchiya et al., 1996) In our model, it is likely that the SLP reagent is
reacting with bacterial peptidoglycan and not 1→3 β-glucan, because the LAL reagent (used
to detect bacterial endotoxin) can also reacts with 1→3 β-glucan (Roslansky and Novitsky,
1991). None of the serum samples from HCC Control mice or from SDR Stressor-exposed
mice reacted with the LAL reagent, suggesting that the serum does not contain detectable
levels of endotoxin or 1→3 β-glucan.

The finding of bacterial cell wall peptidoglycan in the serum of stressor-exposed mice is
important, because once within the host, microbial cell wall components can prime the
innate immune system for enhanced reactivity to microbial stimuli. For example, others
have shown that microbiota prime the innate immune system by activating the nucleotide-
binding, oligomerization domain-containing protein-1 (Nod1) receptor, which recognizes
meso-diaminopimelic acid-containing peptidoglycan found in the cell wall of Gram-
negative, but not Gram-positive, bacteria (Clarke et al., 2010). Future studies will confirm
whether bacterial peptidoglycan is a critical link between the microbiota and stressor-
induced enhancement of innate immunity.

Our findings of stressor-induced enhancement of microbicidal activity are consistent with
others (Campisi et al., 2002; Campisi and Fleshner, 2003), and illustrate the importance of
considering the microbiota in studies within the field of PsychoNeuroImmunology.
Bidirectional communication exists between the brain and gut microbiota such that
alterations in one can impact the functioning of the other (Rhee et al., 2009). While we have
focused on “top-down” communication and implications on immune activity (Bailey et al.,
2010; Bailey et al., 2011), an increasing number of studies demonstrate “bottom-up”
communication and have shown that the microbiota impact animal behavior, such as
learning and memory (Gareau et al., 2011; Li et al., 2009), anxiety (Neufeld et al., 2011),
and exploratory behavior (Bercik et al., 2011). This may have implications in human
diseases, since bacterial translocation, as assessed by an increased occurrence of circulating
antibodies to microbiota, has been linked to mood disorders, such as depression (Maes,
2008; Maes et al., 2008). Our studies have revealed an important physiological function of
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the microbiota, particularly during stressful periods, and indicate that the microbiota are
interactively involved in stressor-induced immunoenhancement.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Research Highlight

The indigenous microbiota are important contributors to social stressor-induced increases
in splenic macrophage microbicidal activity and cytokine production.
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Figure 1.
Splenic macrophages from mice exposed to the SDR stressor kill more E. coli and produce
more peroxynitrite than macrophages from non-stressed control mice. Spleen mass (Fig 1A),
the number of splenic monocytes/macrophages (Fig. 1B), and the number of splenic
neutrophils (Fig. 1C) were increased in conventional mice exposed to the SDR stressor
(*p<0.05 vs. HCC Control). Exposure to the SDR stressor did not affect the number of
splenic lymphocytes (Fig. 1D). The number of E. coli remaining alive within splenic
macrophages from SDR stressor-exposed mice was significantly lower than the number
remaining alive within macrophages from non-stressed HCC Control mice (*p<0.05 vs.
HCC Control at 90 min) (Fig. 1E). Splenic macrophages from mice exposed to the SDR
stressor produce significantly higher levels of peroxynitrite after stimulation in comparison
to levels produced by cells from nonstressed HCC Control mice (*p<.05 vs. HCC Control at
60, 75, and 90 min) (Fig. 1F). Values are means ± SE [n=3 HCC and 3 SDR].
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Figure 2.
Intestinal microbiota are necessary for SDR stressor-induced enhancement in bacterial
killing and peroxynitrite production. Fig 2A–C: Spleen mass, the number of splenic
monocytes/macrophages, and number of splenic neutrophils were increased in both germfree
and conventionalized mice exposed to the SDR stressor (*p<0.05 vs. HCC Control). Fig.
2D: Stressor exposure did not affect the number of splenic lymphocytes. Fig. 2E: Splenic
macrophages from SDR stressor-exposed germfree mice that lack any endogenous
microbiota failed to kill more E. coli than cells from nonstressed HCC Control germfree
mice. Conventionalizing the Germfree mice with stool from conventionally-housed mice
recapitulated the SDR stressor-enhanced bacterial killing. Splenic macrophages from
conventionalized mice exposed to the SDR Stressor killed significantly more E. coli than did
cells from nonstressed HCC Control conventionalized mice (*p<0.05). Fig 2F: Splenic
macrophages from conventionalized mice exposed to SDR produced significantly more
peroxynitrite at 45, 60, 75, 90 min compared to macrophages from mice in all other groups
(*p<0.05). Values are means ± SE [n=9(HCC Control Germfree), n=8(SDR Stressor
Germfree), n=9(HCC Control Conventionalized), n=8(SDR Stressor Conventionalized),
*p<0.05)].
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Figure 3.
Exposure to SDR increases iNOS and proinflammatory cytokine gene expression in LPS-
stimulated splenic macrophages from mice with intact intestinal microbiota. Fig 3A: iNOS
mRNA expression was significantly increased in LPS-stimulated splenic macrophages from
stressor-exposed conventionally-housed and conventionalized mice in comparison to cells
from nonstressed controls (*p<0.05 vs. all other groups; †p<0.05 vs. unstimulated HCC
Control). Fig 3B: Stressor exposure increases TNF-α mRNA expression in splenic
macrophages from conventional and conventionalized mice regardless of stimulation
(*p<0.05 main effect for stress). Stressor exposure failed to enhance TNF-α mRNA in
splenic macrophages from germfree mice. Fig 3C: IL-1β mRNA expression is higher in
LPS-stimulated macrophages (†p<0.05 vs. unstimulated HCC Control). Exposing mice with
microbiota to the SDR stressor further increased IL-1β mRNA expression (*p<0.05 vs. all
other groups). Stressor exposure failed to increase IL-1β mRNA expression in macrophages
from germfree mice even with LPS-stimulation. Values are means ± SE [n=5(HCC Control
Conventional), n=5(SDR Stressor Conventional), n=9(HCC Control Germfree), n=8(SDR
Stressor Germfree), n=9(HCC Control Conventionalized), n=6(SDR Stressor
Conventionalized)].

Allen et al. Page 20

Brain Behav Immun. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Antibiotic reduction of the intestinal microbiota abrogated the SDR stressor-induced
increase in bacterial killing and peroxynitrite production. Fig. 4A–D: Exposure to the SDR
stressor increased spleen mass, the number of splenic monocytes/macrophages, the number
of splenic neutrophils, and the number of splenic lymphocytes in both vehicle- and
antibiotic-treated mice (*p<0.05 vs. HCC Control). Fig 4E: Exposing vehicle-treated mice to
the SDR stressor significantly increased phagocytosis (*p<0.05 vs. HCC Control at 20 min)
and bacterial killing (*p<0.05 vs. HCC Control and 90 min). However, SDR stressor
exposure failed to enhance bacterial killing by macrophages from antibiotic-treated mice.
Fig 4F: Splenic macrophages from vehicle-treated mice exposed to the SDR stressor
produced significantly higher levels of peroxynitrite (*p<0.05 vs. all other groups at 60, 75,
and 90 min of stimulation). Values are means ± SE [n=8(HCC Control Vehicle), n=8(SDR
Stressor Vehicle), n=8(HCC Control Antibiotics), n=8(SDR Stressor Antibiotics)].
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Figure 5.
Antibiotic treatment attenuates the SDR stressor-induced increase in splenic macrophage
reactivity to stimulation. Fig 5A. Splenic macrophages from vehicle-treated mice exposed to
the SDR stressor produce significantly higher levels of superoxide anion (*p<0.05 vs. all
other groups at 15, 30, 45, 60, 75, and 90 min). Fig. 5B. iNOS gene expression is
significantly higher in LPS-stimulated macrophages from vehicle-treated mice exposed to
the SDR stressor (*p<0.05 vs. all other groups). SDR exposure results in significantly lower
iNOS gene expression in unstimulated macrophages from vehicle-treated mice (†p<0.05 vs.
unstimulated HCC Control). Antibiotic administration prevented these effects. Fig 5C: TNF-
α mRNA expression is increased in LPS-stimulated macrophages from vehicle-treated
stressor-exposed mice in comparison to macrophages from nonstressed controls. Antibiotic
treatment prevented this increase. Fig 5D: IL-1β mRNA expression was significantly
increased in LPS-stimulated macrophages from vehicle-treated stressor-exposed mice
compared to macrophages from nonstressed HCC Controls (*p<0.05 vs. all other groups).
Vehicle treatment significantly reduced IL-1β gene expression in unstimulated splenic
macrophages from mice exposed to the SDR stressor (†p<0.05 vs. unstimulated HCC
Controls). Values are means ± SE [n=5 for all groups].

Allen et al. Page 22

Brain Behav Immun. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Stressor-induced increases in TNF-α and IL-1β production by splenic CD11b+ cells were
attenuated in mice treated with antibiotics. Splenic CD11b+ macrophages were stimulated
with 1 μg of E. coli-derived LPS. After 18 hr in culture, TNF-α (Fig. 6A) and IL-1β (Fig.
6B) levels were measured via ELISA. **p< 0.05 vs. all other groups. *p<0.05 vs. HCC
Antibiotic+LPS and vs. SDR Vehicle+LPS. Values are means± SE [n=5 for all groups].
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