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Abstract
The endogenous bacteria have been hypothesized to play a significant role in the pathophysiology
of critical illness, although their role in sepsis is poorly understood. The purpose of this study was
to determine how commensal bacteria alter the host response to sepsis. Conventional and germ
free (GF) C57Bl/6 mice were subjected to Pseudomonas aeruginosa pneumonia. All GF mice died
within two days while 44% of conventional mice survived for 7 days (p=0.001). Diluting the dose
of bacteria 10-fold in GF mice led to similar survival in GF and conventional mice. When animals
with similar mortality were assayed for intestinal integrity, GF mice had lower levels of intestinal
epithelial apoptosis but similar levels of proliferation and intestinal permeability. GF mice had
significantly lower levels of TNF and IL-1β in BAL fluid compared to conventional mice without
changes in systemic cytokine production. Under conventional conditions, sepsis unmasks
lymphocyte control of intestinal epithelial apoptosis, since sepsis induces a greater increase in gut
apoptosis in Rag-1−/− mice than wild type (WT) mice. However, in a separate set of experiments,
gut apoptosis was similar between septic GF Rag-1−/− mice and septic GF WT mice. These data
demonstrate that the endogenous bacteria play a protective role in mediating mortality from
pneumonia-induced sepsis, potentially mediated through altered intestinal apoptosis and the local
pro-inflammatory response. Additionally, sepsis-induced lymphocyte-dependent increases in gut
epithelial apoptosis appear to be mediated by the endogenous bacteria.
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INTRODUCTION
Sepsis is the leading cause of death among critically ill patients, killing over 200,000 people
annually in the United States (1). The intestine is hypothesized to play a critical role in the
pathophysiology of sepsis and is frequently characterized as the “motor” of the systemic
inflammatory response (2–4). Alterations in the integrity of the gut induced by sepsis
include increased intestinal epithelial apoptosis, decreased proliferation, decreased villus
length, and increased intestinal permeability (5–9).

The adult human intestine has over 100 trillion bacteria (10). While only a few thousand
bacteria in peripheral tissues can cause a robust inflammatory response, the commensal
bacteria do not induce a spontaneous pathological inflammatory response (11;12). This is
due to the fact that the specialized intestinal environment has minimal microbial recognition,
leading to the development of mutualism, which, in turn, is dependent upon cooperation
between the innate and adaptive immune systems (13;14).

The role of the endogenous bacteria in critical illness is complex (15). This has been studied
by eliminating commensal bacteria in germ-free (GF) mice that entirely lack an endogenous
microflora or in hosts given oral antibiotics to markedly decrease (but not eliminate)
intestinal bacterial content. Alternatively, hosts have been given probiotics to modify the
intestinal microenvironment to favor growth of beneficial species (16;17).

A number of studies support the notion that commensal bacteria are beneficial in critical
illness. GF mice subjected to Klebsiella pneumoniae pneumonia have significantly higher
mortality than conventional mice, mediated in an IL-10 dependent manner (18). Mice
receiving antibiotic pretreatment have worsened survival following Escherichia coli
pneumonia associated with a 15-fold increase in bacteremia (19). Additionally, ventilated
patients given enteral probiotics have a decrease in ventilator associated pneumonia
compared to control patients (20), while patients with traumatic brain injury have decreased
nosocomial infections, shorter ICU stays, and attenuations in abnormalities in Th1/Th2
cytokine ratio following probiotic therapy (21).

In contrast, a number of studies suggest the gut's microflora may be detrimental in critical
illness. GF mice have better survival than conventional animals when subjected to
hemorrhagic shock (22). Similarly, while intestinal ischemia/reperfusion causes 100%
lethality in conventional animals, GF animals have 100% survival when subjected to the
same insult, associated with an abrogation of the systemic inflammatory response (23).
Additionally, extensive experience with selective decontamination of the digestive tract
designed to decrease intraluminal gut bacteria demonstrates a slight decrease in mortality in
selected patient populations (24;25).

The mechanisms through which commensal bacteria impact clinically relevant outcomes are
multifactorial and include modulation of intestinal epithelial apoptosis and permeability
(26;27). The adaptive immune system also plays an essential role in controlling intestinal
integrity by controlling whether intestinal epithelial cells proliferate or differentiate under
basal conditions (28) and partially attenuating sepsis-induced gut epithelial apoptosis (29).
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This study sought to determine the role of commensal bacteria in mediating mortality, gut
epithelial integrity and inflammation following Pseudomonas aeruginosa pneumonia, the
most common cause of Gram-negative nosocomial pneumonia. Further, it sought to
determine if the endogenous bacteria modulate lymphocyte control of sepsis-induced gut
epithelial apoptosis.

MATERIALS AND METHODS
Animals

Six to ten week old GF C57Bl/6 and Rag-1−/− mice were bred and maintained in plastic
gnotobiotic isolators as previously described (30). Age matched conventional C57Bl/6 mice
were bred and maintained in a specific pathogen-free environment. Regardless of whether
animals were GF or conventional, all mice had free access to food and water and were
maintained on a 12 hour light-dark schedule. Animal studies were conducted in accordance
with the National Institutes of Health guidelines for the use of laboratory animals and were
approved by the Washington University Animal Studies Committee and Emory University
Animal Studies Committee. Of note, all GF animal surgeries were performed in the
gnotobiotic facility at Washington University. However, analysis of tissue and blood
samples was performed at both this institution and Emory University, following the
relocation of the senior author of the manuscript.

Sepsis Model
All mice were given intratracheal injections of P. aeruginosa (ATCC 27853) or 0.9% NaCl
(31–33) via midline cervical incision while under isoflurane anesthesia. A 20μ-l solution of
bacteria at 0.1 A600nm diluted in 0.9% NaCl(2–4 × 106 CFU) was introduced into the trachea
with a 29-gauge syringe to induce sepsis in conventional animals. A 10-fold dilution of the
same bacterial solution was given to induce sepsis in all GF mice (both WT and Rag-1−/−).
Sham mice were injected with an identical volume of 0.9% NaCl. All animals were then
held vertically for 10 seconds to enhance delivery of the bacteria into the lungs. After
closing the skin, mice received a 1ml subcutaneous injection of 0.9% NaCl to replace
insensible fluid losses. All animals were sacrificed 24 hours after intratracheal injection for
tissue harvest or were followed seven days for survival. Conventional mice underwent
induction of sepsis in a dedicated animal surgery suite, and GF mice underwent induction of
sepsis through a sterile isolator in a gnotobiotic facility using gloves attached to the isolator
to maintain environmental conditions.

Intestinal epithelial apoptosis
Apoptotic cells in the intestinal epithelium were quantified using two complementary
techniques: H&E-staining and active caspase-3 staining. Apoptotic cells were identified on
H&E-stained sections by morphologic criteria where cells with characteristic nuclear
condensation and fragmentation were considered to be apoptotic. For active caspase-3
staining, jejunal sections were deparaffinized, rehydrated, and incubated in 3% hydrogen
peroxide for 10 minutes. Slides were then immersed in Antigen Decloaker (Biocare
Medical, Concord, CA), heated in a pressure cooker for 45 minutes to facilitate antigen
retrieval, blocked with 20% goat serum (Vector Laboratories, Burlingame, CA), and
incubated with rabbit polyclonal anti-active caspase-3 (1:100; Cell Signaling Technology,
Beverly, MA) overnight at 4°C. Sections were then incubated with goat anti-rabbit
biotinylated secondary antibody (1:200; Vector Laboratories) for 30 minutes at room
temperature, followed by Vectastain Elite ABC reagent (Vector Laboratories) for 30
minutes at room temperature and developed with diaminobenzidine which was
counterstained with hematoxylin. Apoptotic cells were quantified in 100 contiguous well-
oriented crypt-villus units per animal.
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Intestinal villus length
Villus length was measured on H&E-stained sections as the distance in μm from the crypt
neck to the villus tip in 12 well-oriented jejunal villi per animal using Image J software
(National Institutes of Health, Bethesda, MA).

Intestinal proliferation
Mice received an intraperitoneal injection of 5-bromo-2'deoxyuridine (BrdU) (5 mg/mL
diluted in 0.9% saline; Sigma, St. Louis, MO) 90 min prior to sacrifice to label cells in S-
phase. Intestinal sections were deparaffinized, rehydrated, incubated in 1% hydrogen
peroxide, immersed in Antigen Decloaker and heated in a pressure cooker for 45 min as
outlined above. Sections were then blocked for 10 min with Protein Block (Dako,
Carpinteria, CA) and incubated with rat monoclonal anti-BrdU (1:500; Accurate Chemical
& Scientific, Westbury, NY) overnight at 4° C. After being incubated at room temperature
with goat anti-rat secondary antibody (1:500; Accurate Chemical & Scientific) for 30 min,
sections were incubated with streptavidin-horseradish peroxidase (1:500; Dako) for 60 min
and developed with diaminobenzidine, followed by counterstaining with hematoxylin.
Jejunal S-phase cells were quantified in 100 contiguous crypts.

Intestinal Permeability
Intestinal permeability was measured in vivo to fluorescein isothiocyanate conjugated-
dextran (FD-4, 22mg/ml, molecular mass 4.4 kDa) (9;34). Mice were gavaged with 0.5 ml
of FD-4 19 hours following induction of pneumonia or sham pneumonia. At time of
sacrifice (five hours after gavage), blood was collected and centrifuged at 3000 rpm at 4°C
for 20 min. Plasma (50 μl) was then diluted with an equal amount of sterile phosphate-
buffered saline (pH 7.4), and the concentration of FD-4 was determined using
fluorospectrometry (NanoDrop 3300, Thermo Scientific, Wilmington, DE) using an
excitation wavelength of 470 nm and an emission wavelength of 515 nm with serially
diluted samples as standards. All samples and standards were run in triplicate.

Western Blot Analysis
Frozen segments of jejunum were homogenized in 5× volume of ice-cold homogenization
buffer and centrifuged at 10,000 rpm at 4 °C for 5 minutes (8;29). The supernatant was
collected, and total protein concentration was determined via the Bradford protein assay.
Protein samples of 40μg and equal volume of 2× Laemmli buffer were heated at 95°C for 5
minutes. Samples were run on polyacrylamide gels (Bio-Rad) and then transferred to
Immuno-Blot polyvinylidene difluoride membrane for 2 hours at 80V. Membranes were
then blocked in 5% nonfat milk in Tris-buffered saline with 0.1% Tween 20 (Sigma) at
room temperature for 60 minutes and incubated overnight with primary antibody in 4°C.
The following primary antibodies were used: rabbit anti-β-actin; rabbit anti-Bax, rabbit anti-
Bcl-xL, rabbit anti-Bcl-2, rabbit anti-Bid, (Cell Signaling Technology) mouse anti-TNF-R1,
and rabbit anti-Fas, (Santa Cruz Biotechnology, Santa Cruz, CA). The next day, membranes
were washed and incubated for 60 minutes at room temperature with horseradish
peroxidase-conjugated goat anti-rabbit or horse anti-mouse immunoglobulin G (Cell
Signaling Technology). Finally, membranes were developed with chemiluminescent system
(Pierce, Rockford, IL) and proteins were detected after exposure to x-ray film.

Cytokines
Bronchoalveolar lavage (BAL) fluid was obtained by cannulating the trachea with a 22-
gauge angiocatheter, and lavaging the lungs with 1 ml of PBS. Both BAL and blood samples
(collected at the time of sacrifice) from each mouse were centrifuged for 5 minutes at 6000g,

Fox et al. Page 4

Shock. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and cytokine concentrations were evaluated using a multiplex cytokine assay (Bio-Rad,
Hercules, CA) according to manufacturer's instructions. All samples were run in duplicate.

Bacterial cultures
Blood and BAL fluid was serially diluted in sterile 0.9% saline and cultured on sheep blood
agar plates. After incubating overnight at 37°C, colony counts were enumerated.

Statistics
Data were analyzed using the statistical software program Prism 4.0 (GraphPad, San Diego,
CA) and are presented as mean ± SEM. Survival studies were analyzed using the Log-Rank
test. All other data were tested for Gaussian distribution using the Shapiro-Wilk normality
test. If data were found to have Gaussian distributions, comparisons were performed using
the Student's t-test. If data did not have Gaussian distributions, two way comparisons were
performed using the Mann Whitney test. A p value of <0.05 was considered to be
statistically significant.

RESULTS
Sham GF mice have similar intestinal integrity as sham conventional mice

Since GF mice have baseline differences in multiple organs compared to conventional mice
(35;36), intestinal integrity was first assayed in animals subjected to sham surgery. No
detectable differences were observed between sham GF and conventional mice in intestinal
apoptosis, proliferation, or permeability (data not shown). In contrast, sham GF mice had
longer villi compared to sham conventional mice (417±18 μm vs. 341±10 μm, p=0.013).
Neither GF nor conventional mice had bacteria detectable in their BAL fluid or blood 24
hours following sham surgery. BAL and blood levels of TNF, IL-6, IL-10, IL-1β, IL-13, and
IFN-γ were low in all sham mice, regardless of whether they had endogenous bacteria (data
not shown). Both sham GF and conventional mice had 100% 7-day survival following sham
surgery with intratracheal injection of 0.9% saline.

Septic GF mice have higher mortality than septic conventional mice
When given the identical dosage of P. aeruginosa, all GF mice died within two days, while
44% of conventional mice survived for 7 days (p=0.001, Figure 1A). For further analysis, a
choice was required between a) injecting an identical amount of bacteria into all animals
with the knowledge that mortality was markedly disparate between GF and conventional
mice which would lead to an obligate survivor bias in GF mice due to the fact that most of
them die within one day of induction of pneumonia or b) matching mortality by using a
lower concentration of bacteria in GF mice. The decision was made that matching mortality
(despite a different quantity of bacteria injected) rather than matching bacterial dose (with a
markedly different mortality) would be a more meaningful comparison. Therefore, an
additional survival curve was generated using a 10-fold dilution of P. aeruginosa in GF
mice. Utilizing these different doses, 7-day mortality was similar in both groups (64% GF
vs. 54% conventional, p=0.59, Figure 1B). Subsequent experiments were performed using
the matched mortality model.

Septic GF mice have decreased intestinal epithelial apoptosis compared to septic
conventional mice

To assess intestinal integrity, gut epithelial apoptosis, proliferation, villus length and
permeability were compared in GF and conventional mice subjected to P. aeruginosa
pneumonia. Gut apoptosis was decreased in septic GF mice compared to septic conventional
mice by both H&E (Figure 2A) and active caspase-3 staining (Figure 2B). This was not
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associated with statistically significant differences of pro-apoptotic proteins Bax, Fas, Bid,
and TNF-R1 or anti-apoptotic proteins Bcl-2, Bcl-XL between septic GF and septic
conventional mice as measured by Western blots (Figure 2C–H).

No differences in intestinal proliferation were detected between the groups (Figure 3A).
Villus length was longer in septic GF mice compared to septic conventional mice (Figure
3B). This difference appeared to be related to basal differences between GF and
conventional mice rather than an effect of sepsis in light of the fact the ratio of GF/
conventional length was similar in both sham and septic animals. Intestinal permeability was
also similar between septic GF and conventional mice (Figure 3C).

Septic GF mice have decreased pulmonary but not systemic cytokines compared to septic
conventional mice

In order to determine if P. aeruginosa pneumonia differentially altered cytokine production
in GF and conventional mice, BAL and serum was analyzed 24 hours after the onset of
sepsis. GF mice had significantly lower levels of TNF and IL-1β in BAL fluid as well as a
trend towards lower levels of all cytokines measured except IFN-γ (Figure 4). In contrast,
no differences were noted in any systemic cytokine between GF and conventional mice
(Figure 5). Of note, low levels of bacteria were detectable in the lungs (800 cfu/ml) but not
blood of GF mice, 24 hours after the onset of pneumonia. This differs from conventional
mice where higher levels of P. aeruginosa can be cultured from the lungs 24 hours after
induction of pneumonia and mice are bacteremic (5;33).

Lymphocyte control of sepsis-induced apoptosis is dependent upon endogenous bacteria
Rag-1−/− mice lack an adaptive immune system, and conventional unmanipulated Rag-1−/−

mice have similar levels of gut epithelial apoptosis as conventional unmanipulated WT mice
(29). However, sepsis unmasks a lymphocyte-dependent increase in gut apoptosis since
intestinal epithelial apoptosis is higher in conventional septic Rag-1−/− mice than septic WT
mice (Figure 6A, B). In contrast, no upregulation in gut apoptosis is seen in GF septic
Rag-1−/− mice, which have a similar low level of apoptosis as seen in GF septic WT mice
(Figure 6C, D). Systemic and BAL cytokine levels were similar in both GF septic Rag-1−/−

mice and GF septic WT mice (data not shown).

DISCUSSION
While exogenous bacteria causing infection are a primary focus of therapy in septic patients,
the gut's endogenous bacteria may also play a critical role in the pathophysiology of critical
illness. This study demonstrates that the commensal bacteria are beneficial in sepsis, as all
GF mice died rapidly when subjected to a model of P. aeruginosa pneumonia that, in
conventional mice, mimics the mortality seen in clinical studies of septic shock. This
survival difference was associated with alterations in intestinal apoptosis and the local pro-
inflammatory response. Additionally, the commensal bacteria mediate lymphocyte
regulation of sepsis-induced gut epithelial apoptosis, as the augmentation in intestinal
apoptosis seen in conventional septic Rag-1−/− mice compared to conventional septic WT
mice is abrogated in GF mice.

Existing literature on the role of the endogenous bacteria in critical illness is conflicting,
with some studies demonstrating a benefit (18–21) and others demonstrating harm (22–25).
There are a number of reasons why unraveling the role of the endogenous bacteria in critical
illness may be difficult. The gut flora is dramatically altered in critical illness in patients,
and this is exacerbated by antibiotic usage and changes in intestinal motility, which can lead
to differences in type and virulence of bacteria (37;38). Next, there is no fully-accepted
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method in which to alter the endogenous bacteria. In patients, this can be done by
administration of probiotics, but the type of bacteria to administer as well as the optimal
dose and timing are not yet understood in any detail. In contrast, selective decontamination
of the gut decreases but does not eliminate gut flora and also includes administration of
systemic antibiotics in addition to oral antibiotics. Animal studies that upregulate or
downregulate intestinal bacteria face similar issues as studies in patients. GF mice have the
advantage of totally eliminating the endogenous bacteria so a comparison can be made
between mice with commensal flora and those with a lifelong deficiency. However, they
have the limitation of chronic immune alterations as well as the fact that the endogenous
flora are not a single organism, but a complex ecosystem of trillions of bacteria including
numerous different types of microorganisms.

Within this context, this study adds to the existing literature on the importance of the
endogenous bacteria in a clinically relevant model of sepsis. Our findings that mortality is
strikingly higher in GF mice following P. aeruginosa pneumonia mimic those recently
published by Fagundes et al. in K. pneumoniae pneumonia (18). However, the
pathophysiology of the infections appears to be, at least somewhat different. Mice with P.
aeruginosa pneumonia have decreased TNF and IL-1β levels in BAL fluid whereas mice
with K. pneumoniae pneumonia have a marked increase in pulmonary IL-10 levels. Further,
we identified minimal or no bacteria in either lungs or blood of GF mice, which was
significantly less than bacterial concentrations in conventional infected mice. This pattern is
precisely the opposite of GF mice given K. pneumoniae pneumonia, which have a
significantly higher bacterial burden in GF mice than conventional mice. It should be noted,
however, that there were significant differences in study design in these two studies of GF
mice with different species of pathogenic Gram-negative pneumonia. Whereas both studies
sacrificed mice 24 hours after onset of pneumonia, we chose to study a different model of P.
aeruginosa pneumonia where conventional and GF mice had similar mortalities
(approximately 50%), whereas the study using K. pneumoniae pneumonia had 100%
survival in conventional mice and 25% survival in GF mice at this timepoint. Since our
model had matched mortality but a smaller injury (with less bacteria injected in GF mice) as
opposed to matched injury with widely varying mortality, it is difficult to know if the
discrepancies seen are due to differences in bacteria studied, the differences in severity of
insult/number of bacteria injected or differences in mortality.

Survival in critically ill GF mice is drastically different depending on whether the injury is
initiated via pneumonia or noninfectious inflammation. While mortality is markedly
increased in GF septic animals, it is improved or abolished in GF mice subjected to either
hemorrhagic shock or SMA occlusion (22, 23). The reason for this discrepancy is not
entirely clear. It may relate to differences in acuity of insults as both shock and SMA
occlusion represent single, time-limited insults while sepsis is an ongoing process. What
may be adaptive in responding to a short-term insult may prove to be maladaptive when the
insult is ongoing and the host response fails to turn itself off. It may also relate to either
differences in production of toxic substances or receptor signaling that mediates the host
response. The intestine generates toxic lymph in preclinical shock models which has been
shown to increase mortality. There is also increased production of reactive oxygen species in
ischemia/reperfusion injuries. While there is assuredly overlap, bacteria in sepsis may signal
via pathogen associated molecular pattern molecules while shock and ischemia/reperfusion
are noninfectious insults that may signal through endogenous danger signals mediated by
danger associated molecular pattern molecules. Ultimately, the differences in mortality in
GF mice between sepsis and noninfectious models of critical illness must involve crosstalk
between the endogenous bacteria and the host response in some fashion. The microflora
must be able to modulate a beneficial response to an infectious insult but contribute to a
negative response to a severe, acute noninfectious insult.
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The gut has been hypothesized to be the “motor” of the systemic inflammatory response
syndrome, and it has long been established that there is crosstalk between the three main
elements of the gut – epithelium, commensal bacteria, and immune cells (2). It was therefore
reasonable to examine whether eliminating the microflora in GF mice affected integrity in
the surrounding intestinal epithelium. Of all elements of gut integrity examined, apoptosis
was the only one that was different, with lower levels of apoptosis present in septic GF mice
than conventional GF mice. This was counterintuitive as gut epithelial apoptosis is
associated with increased mortality in sepsis (5;8;9), and we do not have a clear explanation
for this unexpected finding. It is important to note, however, that our results demonstrate
that the endogenous bacteria not only impact gut epithelial apoptosis, they impact
lymphocyte control of sepsis-induced gut epithelial apoptosis. Under basal conditions in
conventional mice, unmanipulated Rag-1−/− mice have similar levels of gut apoptosis as
unmanipulated WT mice. Sepsis induces an upregulation in gut apoptosis in WT mice, and
this is further augmented in Rag-1−/− mice. We have previously demonstrated that sepsis
unmasks lymphocyte control of gut apoptosis in a model of fecal peritonitis (29) and extend
that observation herein by demonstrating similar findings in P. aeruginosa pneumonia. In
contrast, gut epithelial apoptosis is similar in GF septic Rag-1−/− mice and GF septic WT
mice. Taken together this suggests that following sepsis a) the endogenous bacteria have a
pro-apoptotic effect on the gut epithelium, b) lymphocytes have an anti-apoptotic effect on
the gut epithelium, and c) the endogenous bacteria help mediate the anti-apoptotic effect the
lymphocytes have on the gut epithelium since this is nullified in the absence of the
endogenous bacteria.

This study has a number of limitations. First the decision was made to match mortality
rather than using similar doses of bacteria in GF and conventional mice subjected to
pneumonia. The rationale behind this was that most GF mice were dead within 24 hours, and
there was significant concern that matching injury would lead to a survivor bias in mice
since only animals that survived could be assayed at 24 hours. Further, we were concerned
that the differential mortality between GF and conventional mice was so profound that the
differences in host response secondary to the fact that one group of mice was destined to die
shortly after the experiments were concluded might have overwhelmed any differences
resulting from the lack of endogenous bacteria. While we have used a similar strategy in
aged mice (39), it is important to note that figures 2–5 represent mice given different injuries
with similar mortalities. All observed differences as well as parameters that were not
different could have resulted from the decreased initial bacterial burden in GF mice. To
address this, in part, additional experiments were performed on conventional mice receiving
either 2–4 × 106 CFU or 2–4 × 105 CFU of bacteria. Both BAL and systemic cytokine levels
were as likely to be higher as lower in animals that received the lower dose of bacteria (data
not shown), suggesting that the differences seen in GF mice are not exclusively due to
bacterial load. Additionally, even though WT and Rag-1−/−GF mice received the same dose
of bacteria, we did not examine mortality in Rag-1−/−GF mice so do not know if they had
similar survival following sepsis as WT GF mice had. Furthermore, all studies with GF mice
have the inherent limitation of the fact that they have a number of baseline differences.
Although GF mice are a well-accepted method of studying the endogenous bacteria, it is
impossible to attribute all observed phenotypes following sepsis simply to the absence of the
endogenous bacteria since this does not take basal differences into account. Finally, the
study design was limited to a single timepoint (24 hours) and assaying limited tissues (gut,
blood, BAL cytokines). A more detailed timecourse or analysis of other tissues may have
led to additional insights that were missed by our study design.

Despite these limitations, this study demonstrates that GF mice have a marked increase in
mortality when subjected to P. aeruginosa pneumonia, associated with alterations in gut
apoptosis and the local inflammatory response. Further the endogenous bacteria not only
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play a role in mediating sepsis-induced intestinal epithelial apoptosis, but they are also
necessary for lymphocyte control of sepsis-induced gut apoptosis. Further experiments are
needed to determine the cellular and molecular determinants of the crosstalk between the
gut's epithelium, immune system and endogenous bacteria and how this impacts survival in
sepsis.
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FIG. 1. Mortality in GF and conventional mice subjected to P. aeruginosa
When given the identical dosage of bacteria, all GF mice died within two days, while 44%
of conventional mice survived for 7 days (n=5–9, p=0.001, A). GF mice were then given a
10-fold dilution of P. aeruginosa compared to conventional mice, yielding similar 7-day
mortality between the two groups of animals (n=13–14, p=0.59, B).
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FIG. 2. Intestinal epithelial apoptosis in septic GF and conventional mice
Gut apoptosis was decreased in GF mice compared to conventional mice (n=11–15)
following P. aeruginosa pneumonia by both H&E (p=0.02, A) and active caspase-3 staining
(p=0.048, B). No statistically significant differences were detected in protein levels between
groups in Bax (n=7–8), Fas (n=3–4), Bid (n=5–6), TNF-R1 (n=8–9), Bcl-2 (n=6), or Bcl-XL
(n=4–6, panels C–H respectively). Protein densities were normalized to β-actin and are
shown as fold difference from conventional mice (assigned the value of 1 in arbitrary units).
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FIG. 3. Intestinal integrity in septic GF and conventional mice
Proliferation was similar in GF mice compared to conventional mice (n=12–13) following P.
aeruginosa pneumonia (p=0.71, A). Villus length was longer in GF mice compared to
conventional mice (n=15–17, p=0.0002, B). However, this mimicked a difference seen in
sham GF and conventional mice, and the ratio of villus length in GF/conventional mice was
similar in both septic and sham mice. Intestinal permeability as measured by the amount of
FD-4 in the plasma was also similar between GF and conventional mice (n=7–13, p=0.13,
C).
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FIG. 4. BAL cytokine levels in septic GF and conventional mice
GF mice had significantly lower levels of TNF (p=0.008, A) and IL-1β (p=0.007, B). No
statistically significant differences were detected in IL-6, IL-10, IFN-γ, and IL-13 levels
(C–F, n=10–11 for all cytokines measured).
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FIG. 5. Serum cytokine levels in septic GF and conventional mice
No statistically significant differences were noted in any systemic cytokine levels (A–F,
n=12–13 for all cytokines measured).
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FIG. 6. Intestinal epithelial apoptosis in septic GF and conventional mice, in the presence and
absence of lymphocytes
Gut apoptosis was higher in conventional Rag-1−/− mice than conventional WT mice (n=8–
10) following P. aeruginosa pneumonia by both H&E (p=0.0003, A) and active caspase-3
staining (p=0.0006, B). In contrast, gut apoptosis was similar in GF septic Rag-1−/− mice
and GF septic WT mice (n=9–13, p=0.78 and 0.24 respectively, C, D).
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