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Objective

To define the putative role of the PA-I lectin/adhesin, a bind-
ing protein of Pseudomonas aeruginosa, on lethal gut-derived
sepsis after surgical stress, and to determine if this protein is
expressed in vivo in response to physical and chemical
changes in the local microenvironment of the intestinal tract
after surgical stress.

Summary Background Data

Previous work from the authors’ laboratory has established
that lethal gut-derived sepsis can be induced after the intro-
duction of P. aeruginosa into the cecum of mice after a 30%
hepatectomy. This effect does not occur when P. aeruginosa
is introduced into the cecum of sham operated control mice.
Previous experiments further established that the mechanism
of this effect is due to the presence of the PA-I lectin/adhesin
of P. aeruginosa, which induces a permeability defect to a
lethal cytotoxin of P. aeruginosa, exotoxin A.

Methods

Three strains of P. aeruginosa, one lacking functional PA-I,
were tested in two complementary systems to assess viru-
lence. Strains were tested for their ability to adhere to and
alter the permeability of cultured human colon epithelial cells,
and for their ability to induce mortality when injected into the
cecum of mice after a 30% hepatectomy. To determine if PA-|
is “in vivo expressed” when present in the cecal environment

after hepatectomy, strains were retrieved from the cecum of
sham-operated and hepatectomy-treated mice 24 and 48
hours after their introduction into the cecum and their PA-I
expression was assessed.

Results

Results indicated that PA-I plays a putative role in lethal gut-
derived sepsis in the mouse, because strains lacking func-
tional PA-I had an attenuated effect on cultured human epi-
thelial cells, and were nonlethal when injected into the cecum
of mice after 30% surgical hepatectomy. Furthermore, surgi-
cal stress in the form of hepatectomy significantly altered the
intestinal microenvironment, resulting in an increase in luminal
norepinephrine associated with an increase in PA-I expression
in retrieved strains of P. aeruginosa. Co-incubation of P.
aeruginosa with norepinephrine increased PA-I expression in
vitro, suggesting that norepinephrine plays a role in the ob-
served response in vivo.

Conclusions

Lethal gut-derived sepsis may occur when intestinal patho-
gens express virulence determinants in response to environ-
mental signals indicating host stress. In this regard, the PA-I
lectin/adhesin of P. aeruginosa appears to be a specific ex-
ample of in vivo virulence expression in colonizing pathogens
in the intestinal tract in response to surgical stress.
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Pseudomonas aeruginogathe one of the most common tors such as temperature, pH, osmolality, nutrient availabil-
organisms cultured from critically ill surgical patients and isity, and as most recently described, norepinephrine concen-
associated with the highest mortality rat€he mere pres- tration!® Variability in the virulence phenotype oP.
ence ofP. aeruginosan the intestinal tract of critically ill  aeruginosain response to alterations in the intestinal envi-
surgical patients is associated with a 70% mortality rate—aonment may influence the lethal effect of this organism in
three-fold increase over physiologically matched criticallya given host. Virulence phenotype transformation in re-
ill patients who culture negative for this organisrBimilar ~ sponse to host stress may explain in part the observation that
findings are seen in critically ill infants, in whom the pres- human volunteers ingesting large doses of the organism
ence ofP. aeruginosan feces is associated with a five-fold remain healthy despite persistent fecal shedding of the bac-
increase in the development of sepsis syndrdhile itis  teria for up to 7 days, whereas its presence in the intestinal
tempting to dismiss these high mortality rates as simply reflectract of a critically ill patient is associated with a high
tive of the poor immunologic status of these patients, it ismortality rate***2
possible thaP. aeruginosaacts as a primary pathogen in the  The purpose of the present study was three-fold. First, we
intestinal tract while remaining clinically undetectable. sought to establish the putative role of the PA-I lectin/

Previous work from our laboratory has established Ehat adhesin ofP. aeruginosaon the intestinal epithelial barrier
aeruginosantroduced into the cecum of mice can induce aand mortality in mice after surgical stress (30% hepatec-
state of gut-derived sepsis after a 30% surgical hepatedemy) using a strain oP. aeruginosdacking functionally
tomy, whereas it has no effect in sham-operated controéxpressed PA-l. Second, we sought to determine if environ-
mice> We further established that this effect appears to bemental cues known to affect bacterial virulence, such as pH,
due to the presence of a key binding proteinPofaerugi-  redox state, or norepinephrine concentration, are altered in
nosa the PA-I lectin/fadhesin, which induces mortality in the intestinal tract of mice after surgical stress in the form of
this model by disrupting the tight junctional barrier to lethal a 30% hepatectomy. Finally, we determined if strain® of
cytotoxins of this organism. Mortality in this model is aeruginosaretrieved from the intestinal tracts of mice after
completely independent of bacteremia. In fact, at similathepatectomy have an increase in the functional expression
doses, intravenous or intraperitoneal administration of thi®f PA-I, thereby implicating that it is “in vivo expressed” by
organism is not lethal to the mouse, whereas its introductiothe effects of surgical stress.
into the lung or gut results in 100% mortality at 48 hotirs.

These findings beg a more complete understanding of the

pathogenesis of this organism, which carries a high degreMATERIALS AND METHODS
of. prevallence.and polyclonality in the intestinal tract of Experimental Design

critically il patients®

Insight into the mechanisms of lethal gut-derived sepsis All experiments were approved by the Animal Care and
due toP. aeruginosamay be gained from basic observations Use Committee at the University of Chicago. Inbred mice of
on the molecular regulation of bacterial virulence. All bac- the Balb/c (Jackson Laboratories) background weighing be-
teria regulate gene expression in response to different enviween 20 and 25 g were used for all experiments. Mice were
ronmental signals, a property that is crucial to their ability tohoused in individual wire bottom cages to limit coprophagy
survive and compete with other organistBor example, during the entire experimental period. Previous work using
invasive pathogens may need one set of genes to adheretfjs mouse model demonstrated that only the combination
the host in a particular situation, such as the intestinaPf hepatectomy and starvation (48 hours of water only)
epithelial lining, and must immediately switch off this gene resulted in significant perturbations in mucosal barrier func-
in transit through the tissues to avoid adhering to a hostiléion as a direct result of its microbial flofd:** P. aerugi-
macrophage or neutrophil. In this situation, virulence strucnosainjected into the cecum of mice after hepatectomy and
tures such as adherence appendages may be helpful osf@rvation results in a 100% mortality raten contrast,
moment and a liability the next. The environmental cuescecal injection of liveP. aeruginosafter sham laparotomy
that act as signals for the control of virulence in animalwith 48 hours of starvation (water only) results in no mor-
pathogens are generally simple physical and chemical fadality and the mice appear healthy. We focused our work on

the cecum because it is the area of greatest adherence of
bacteria, and the area with the greatest permeability defect
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duration of the study period. Mice in the control group 100% mortality at 48 hours after the procedure; animals die
underwent sham laparotomy and were allowed access ta typical septic death with features of chromodacryorrhea,
water and chow ad libitum. Mice were killed after 48 hours, lethargy, scant diarrhea, and ruffled fur. Animals are sacri-
and pH, redox state, and norepinephrine concentration ddiced when they are moribund. Sham-operated control ani-
termined in cecal contents. mals injected with identical doses &f. aeruginosahave

0 . .
Experiment II 100% survival and do not appear ill.

Measurement of pH, Redox State, and

To determine the putative role of the PA-I lectin Bf Norepinephrine in Cecal Contents (Feces)

aeruginosaon lethal gut-derived sepsis in this model,
groups of mice (r= 5) underwent surgical hepatectomy and Two groups of mice were studied. Mice subjected to
cecal injection of one of three strains Bf aeruginosaP.  sham laparotomy fed chow ad libitum were compared to
aeruginosastrain ATCC 27853 was used as positive controlmice undergoing a 30% surgical hepatectomy and allowed
because it formed the basis of our previous experimentaater only for the duration of the study period. At 48 hours,
with this model. Two other strains, ATCC 33347 and ATCC mice were killed and cecal contents harvested by placing the
33347-66, were also injected into the cecum after hepatesurgically excised cecum into a vial of 1 mL of 0.9% saline,
tomy; ATCC 33347 has been previously reported to contairwhich was vortexed and the cecal tissue removed. Oxida-
a very high concentration of PA-I, whereas its mutanttion/reduction potential (redox state) and pH was measured
33347-66 contains no detectable PA-I. Each strain wag suspended cecal contents using separate probes of the
assayed for its PA-I content and toxin production, and waORP/pH electrode system (Orion Research, Cambridge,
also tested for its ability to adhere to and alter the permeMA). Norepinephrine and its immediate precursor, dopa-
ability of cultured intestinal epithelial cells (Caco-2). After mine, were measured by high-pressure liquid chromatogra-
injection into the mouse cecum, the lethal effect of eactphy in both cecal contents and cecal tisstfes.

strain was determined by assessing mortality at 48 hours.BaC terial Strains and Toxin Characterization

Experiment Il Studies

To determine whether the functional expression of PA-I Three strains oP. aeruginosavere used for the studies
is increased as a result of the altered microenvironment odutlined below. ATCC strain 27853 was obtained from the
the mouse cecum after hepatecton®y, aeruginosawas  American Type Culture Collection (Manassas, VA) and was
retrieved from the cecum of mice by culturing feces onoriginally isolated from a clinical blood culture of a septic
Pseudomonaisolation agar at 24 and 48 hours after hepa-patient.P. aeruginosaATCC 27853 is the prototype strain
tectomy and cecal injection &f. aeruginosaP. aeruginosa for antibiotic sensitivity in most clinical hospital laborato-
was similarly isolated from the cecum of sham-operatedies and its clinical and laboratory behavior is well charac-
controls at 24 and 48 hours. Both groups of mice wereerized'® The PA-I negative strain d?. aeruginosaATCC
allowed water only during the study period. StrainsRFof  33347-66, and ATCC 33347, were obtained as a generous
aeruginosawere also exposed to 0.01% norepinephrine forgift from Dr. Nachem C. Garber (Department of Life Sci-
45 minutes in standard growth media (tryptic soy agar) aneénces, Bar-llan University, Israel). ATCC 33347 contains
PA-I content was determined. the highest concentration of PA-I of all strains reported to
date. Strains were assayed in duplicate for exotoxin A,
elastase (LasB), LasA protease activity, azocasein protease,
pyoverdine, pyocyanin, and phospholipase C, using both

The mouse model we developed involves injection of liveWestern blot analysis and enzymatic activity assays when
strains ofP. aeruginosayrown overnight in tryptic soy agar indicated'® Extracellular virulence factor production was
and washed and resuspended in PBS as desctifiesh  expressed in relative scale fromto +++++.
hundred microliters of- 2x10° cfu/gm of P. aeruginosas PA-| Assa
injected into the cecum based on previously published dose- y
response data. Animals were anesthetized (ketamine Bacterial strains were lysed by sonication and assayed for
100mg/kg, xylazine 10 mg/kg, and atropine 0.04 mg/kgPA-I by erythrocyte agglutination assay, and by Western
intraperitoneally). Through a midline incision, the floppy blot analysis using specific polyclonal antibody as previ-
left lobe of the liver is cauterized using electrocautery, ancbusly described®?* Antibody was generously provided by
weighed to insure uniformity in the resection. Before clo-Dr. N.C. Garber. Because PA-I can be in the “in” (intracy-
sure, a puncture into the cecum with a 27-g needle is usetbplasmic) or “out” (extracellular-fimbrial) position, de-
to inject bacteria. The cecal puncture site is tied off with apending on the growth conditions of the media, erythrocytes
4-0 silk suture and swabbed with alcohol, and the abdomeagglutination assays were performed on both bacterial cell
is closed. We have had no episodes of peritonitis or spillagesonicates and whole bacterial cells. In ideal growth media,
and have performed subsequent cultures of the peritoneumost PA-I is intracytoplasmiét To determine the amount
that have been consistently sterile. This model results if PA-I that is surface expressed, and therefore constitu-

Mouse Model of Endogenous P. aeruginosa
Sepsis
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tively available for adherence to intestinal epithelia, wholeAmbion, Austin, TX)??> Membranes were then incubated
bacteria cells were assayed for PA-I using the erythrocytevith labelled probes for 18 hours. Membranes were then
agglutination assay. Human O erythrocytes specifically agwashed twice in XSSC/0.1% SDS for 15 minutes and then
glutinate PA-I, an effect that can be inhibited by n-acetylthree times in 0.XSSC/0.1% SDS at 65°C. Bands were
D-galactosamine (GalNAc), an oligosaccharide that specifguantified by laser densitometry.

ically binds PA-I. Assays were performed in the Presence—r.. + o¢ p aeruginosa on Adherence to and

and absence of GalNAc. For PA-Il mMRNAR. aeruginosa ; . o .

was grown in tryptic soy broth, and 1 mL was washed andAIteratlon of the Intestinal Epithelial Barrier

resuspended in 2 mL of Trizol (Gibco, Rockville, MD) and  The various stains oP. aeruginosawere assessed for
sonicated. The RNA pellet was resuspended in RNase fretheir ability to adhere to Caco-2 cells by incubating bacteria
water and digested using RNase free Dnase (Promega, Madith dispersed cells for 45 minutes at 28°C and then per-
ison, WI). RNA samples were reextracted with phenol andorming quantitative culture as previously descriBeBac-
chloroform. The RNA pellet was resuspended in RNase fregerial strains were also screened for their ability to decrease
water and quantitated spectrophotometrically. RNAW@P the transepithelial electrical resistance (TEER) of monolay-
was separated by gel electrophoresis and transferred &rs of Caco-2 cells grown to confluence on collagen coated
nylon membranes (Amersham, Arlington Heights, IL). Af- transwells as describédTransepithelial electrical resis-
ter cross linking, membranes were prehybridized intance is a sensitive measure of tight junctional barrier func-
XOTCH solution (composition: 7% wt/vol SDS, 1% wt/vol tion and has been previously shown by our lab to be pro-
BSA, 200 mM NaH2P0O4, 10 mM EDTA, with 15% vol/vol foundly affected by the PA-I lectin d?. aeruginos& Based
deionized formamide). A 400 bp cDNA probe specific for on previously published dose-response curveapproxi-
PA-l was radiolabeled with &P-dCTP (cytidine triphos- mately 16 to 10’ cfu/mL of live P.aeruginosawill decrease
phate) using a random primer labeling kit (DECA primer I, TEER by 80% at 4 hours after apical expostgxiefly, 50
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Figure 1. Effect of hepatectomy and starvation on pH, redox state, and norepinephrine concentration in
the cecum of mice. Mice in the control group underwent sham laparotomy and were allowed access to
chow and water ad libitum (Control/fed). Mice in the hepatectomy group underwent a 30% surgical
hepatectomy and were allowed water ad libitum only (Hepatectomy/starved). Results demonstrate that a
statistically significant increase in pH, redox state, and norepinephrine concentration was observed in cecal
contents of mice after hepatectomy and 48 hours of starvation (*P < .001). Norepinephrine concentration
was increased in the cecal contents only, while cecal tissue levels were not statistically different between
groups (data not shown). The small graph represents the cecal tissue levels of dopamine, the immediate
precursor of norepinephrine, between groups. A statistically significant decrease (P < .001) in dopamine
was observed in mice after hepatectomy, suggesting that the elevated luminal concentration of norepi-
nephrine is derived from the cecal tissues.
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wlL of live Pseudomonam nonantibiotic cell culture media after hepatectomy are summarized in Figure 1. A significant
were added to the apical side of the cell monolayer at a finahlteration in the cecal microenvironment was observed after
concentration of~1 X 10’ cfu/mL and TEER measured at hepatectomy and starvation. A statistically significant in-

2 and 4 hours.

Statistical Analysis

crease in norepinephrine concentration was observed in
cecal contents from mice after hepatectomy. This occurred
in the presence of a decrease in the concentration of cecal
mucosal dopamine, the immediate precursor of norepineph-

Data were loaded onto the SigmaStat (Jandel Corporaine. These findings suggest that the increase in fecal nor-
tion, San Rafael, CA) program and tested for significanceepinephrine may be derived from the cecal tissue, and is
using a one-way ANOVA and Newman-Keuls post hocfurther suggested by the observation that two metabolites of
testing where appropriate. For nonparametric data involvinglopamine, HVA or DOPAC, were not increased in cecal
percent (incidence) of mortality, the Fisher exact test wagdissues (data not shown).
used.P values of<.05 were accepted for statistical signif-

icance.

RESULTS

Effect of Hepatectomy and Starvation
on the Cecal Microenvironment

PA-I Alters the Barrier Function of
Cultured Intestinal Epithelia and Plays a
Key Role in Lethal Gut-Derived Sepsis in
the Mouse

Figure 2 displays the PA-I profile of the different strains

The pH, oxidation reduction potential (redox state), do-of P. aeruginosaand summarizes their effects on Caco-2
pamine, and norepinephrine concentration in cecal contentsells and mouse mortality when introduced into the cecum

Bacterial PA-I PA-1 PA-I % decrease | Incidence Mortality
Strains titer surface Western in TEER cecal injection
TOTAL | expressed blot of Caco-2 | + 30% hepatectomy
“IN” “ouT” @ 4 hours
ATCC 27853 1:20 - L -82% £ 12 S/5
ATCC 33347 1:160 _ | |- | 599,121 5/5
ATCC 33347-66 - - -38% + 11* 0/5
(mutant)
33347-66
33347
27853
v

“ mRNA of PA-1

Figure 2. Characterization of strains of Pseudomonas aeruginosa for PA-l concentration and their effects
on the barrier function of Caco-2 cells and mouse mortality after introduction into mouse cecum after a 30%
hepatectomy. Strain 33347 demonstrated a high degree of PA-| expression by both Western blot analysis
and erythrocyte agglutination activity. None of the strains had surface expressed PA-I, as assessed by
erythrocyte agglutination activity using whole bacterial cells. PA-I mRNA was not detectable in 33347-66.
PA-ImRNA correlated to protein expression in 33347 and 27853. The PA-I negative strain ATCC 33347-66
(mutant) had an attenuated effect on the adherence to Caco-2 cells and did not decrease transepithelial
electrical resistance to the same degree as PA-I positive strains (*P < .001). The PA-I negative strain
(83347-66) was completely nonlethal when introduced into the cecum of mice after hepatectomy.
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Exotoxin | Elastase| LasA | Azocasein| Phospholipase |Pyocyanin | Pyoverdine
A (Las B) | Protease | Protease C
Strain
27853 +++ ++ + + + ++ +H+++
33347 +++ ++ + + + -+ |
33347-66 | +++++* | ++ e N.D. N.D. =+ SR

27853 33347 33347-66

Figure 3. Extracellular virulence factor profile of strains of Pseudomonas aeruginosa. Extracellular viru-
lence factor concentration is expressed in relative scale from + to ++ +++. Strains differed significantly in
extracellular virulence factor concentrations. While strain 33347-66 had a considerable increase in the
amount of exotoxin A compared to 33347, it did not induce mortality in mice (see Fig. 2).

*

after hepatectomy. Figure 3 summarizes the extracellular The ability of bacteria to regulate gene expression in
virulence factor profile of the different strains. Although the response to environmental cues is crucial to their ability to
PA-I negative strain was not identical to ATCC 33347, it survive and compete with other organisms. In order to

had significantly increased amounts of exotoxin A. remain metabolically economical, however, gene products
that express survival function predominate during ideal

Effect of the Cecal Microenvironment on growth conditions, while virulence genes are, in general,

PA-1 Expression In Vivo “turned off.” While certain bacteria and bacterial popula-

) ) . . tions may be uniquely opportunistic, harm to the host is
Figure 4 summarizes the effect of norepinephrine on thg,sa|ly an unanticipated and inadvertent consequence of its
functional expression of PA-I as measured by ability ofiryjence repertoire, as bacteria usually depend on the host
whole bacterial cells to agglutinate human erythrocytes, g rive. Therefore the expression of a lethal phenotype in

Figure 4 also demonstrates that strains retrieved from thg given bacterial population may be governed by extraor-
cecum of mice undergoing hepatectomy had.func.t'ona"ydinary provocation of its virulence genes at a time of unique
expressed PA-I whereas those from control mice did not. host susceptibility

Data from the present study suggest that surgical stress
DISCUSSION alters the intestinal microenvironment characterized by al-

Microbial geneticists have long appreciated that bacteriégzred pH, redox state, and norepinephrine release. Each of

change their virulence characteristics in response to chang esle paLamgtelrs has t;een demor;sérateeg'm |an|tro séud|es
in their physical microenvironment. These “environmen- to alter the virulence phenotype of bactefi#/e focuse

tal cues” act as sensory input signals to the moleculaPyr in vitro experiments on the effects of norepinephrine
machinery of bacteria through complex signal transductiorPecause it has been recently shown to promote the adher-
pathways. Many of the genes that regulate the phenotypigNce of commensﬂsche_ncma colio the |ntest|n_al mucosa
capability of an organism do so in a cell-density—dependeni? @ rat model of chronic endogenous norepinephrine re-
manner using a well-established quorum-sensing signalin{fase:° We have previously shown that hepatectomy and
systen?? This system allows intercommunication betweenstarvation in mice shifts the composition of intestigalkoli
bacteria to sense their population density and regulate geri@ that of a more adherent strain capable of altering the
expression accordingly, presumably in the amount necegermeability of cultured mouse colon ceffSE. coli has
sary to overcome the host. Bacterial populations, such ageen reported to increase its adherence phenotype in the
those that exist in biofilms, have been described as multipresence of norepinephrine via signaling molecules in-
cellular organisms that are able to “sense” environmentavolved in the quorum-sensing systéfData from the
changes so as to act in their own best interest using anal@resent study suggest that luminal norepinephrine release
gous systems such as smell, taste, and%eel. may also play a role in increasing the adhesive capacity and
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P. aeruginosa PA-I Titer
intact bacteria
Stock strains 1:10  1:20 1:40  1:80
ATCC 27853 = -
33347 = -

ATCC 27853 +

0.01% norepinephrine (NE) + + - =
ATCC 33347 +

0.01% norepinephrine (NE) + + - =

— Strains harvested
T T T T from cecum of mice

24° following sham-laparotomy | - -

negative positive 48° following sham-laparotomy | - -
agglutination agglutination
24° following hepatectomy + + + -
48° following hepatectomy + + + +

Figure 4. Erythrocyte agglutination assays of the various strains of Pseudomonas aeruginosa exposed to
norepinephrine in vitro or harvested from the cecum of sham-operated control or 30% surgical hepatec-
tomy mice. Results demonstrate that while neither 27853 nor 33347 had functionally (surface) expressed
PA-I, both strains expressed PA-I when coincubated with 0.01% norepinephrine. This effect was GalNAc-
inhibitable. Strains were harvested and assayed for PA-I 24 and 48 hours after cecal injection of strain
27853 into the cecum of sham operated control and 30% surgical hepatectomy. Only strains harvested
from the cecum of mice undergoing 30% surgical hepatectomy displayed evidence of functionally ex-
pressed PA-I. The agglutination titer of PA-I after 48 hours in the mouse cecum after hepatectomy (1:80)
was higher than its total PA-| titer at baseline in vitro (1:20; see Fig. 2), suggesting that the cecal environment
after 30% hepatectomy may increases the synthesis as well as the surface expression of PA-| as a result of
the in vivo condition.

lethal effect ofP. aeruginosantroduced into the intestinal of mice after hepatectomy appears to be mediated via a PA-I
tract of mice after hepatectomy. The further finding thatlectin/adhesin-induced permeability defect to its cytotoxin,
norepinephrine increased the surface expression of PA-I iaxotoxin A® The injection of the combination of purified
P. aeruginosamay demonstrate a general strategy amond?A-l and exotoxin A into the cecum of mice after hepatec-
colonizing intestinal microbes to increase their adherencéomy is lethal, whereas each alone has no effect in this
phenotype in response to their perception of host stressnodel. Furthermore, pretreatment Bf aeruginosawith
Because the intestinal tract is disproportionately vasoconGalNAc, a specific binder of PA-I, completely prevents
stricted during catabolic stress and is among the organs witmortality in this modeP. P. aeruginosainjected into the
the most abundant concentration of norepinephrine, catazecum of sham-operated controls does not result in mortal-
bolic stress such as occurs after surgery and short-teriity despite an equal level of translocation to the liver and
starvation, may create a unique local microenvironmenblood? Although it is possible that the lethal effect Bf
whereby bacteria sense extreme host stress via such signalsruginosainjected into the cecum of mice after hepatec-
as luminal norepinephrir€.Further experiments are under- tomy may be a result of abnormal immune function imposed
way to address the additive or synergistic effects of pH andy hepatectomy, it is also possible that the surgical stress
redox state orP. aeruginosavirulence in this model. itself alters the virulence phenotype of intestinal bacteria in
We have previously established that injection Bf these animals, in part due to norepinephrine release into the
aeruginosainto the cecum of mice can induce a state ofintestinal tract. The findings of alterations in pH, redox
lethal gut-derived sepsis similar to that seen in severe anstate, and norepinephrine concentrations in the intestinal
prolonged catabolic streSsAnimals appear septic through- tract of mice after hepatectomy suggest the potential of
out the course of the study, yet do not display evidence ofurgical stress on the local microenvironment itself to shift
histologic breakdown in the intestinal tissues. The lethathe virulence phenotype of the intestinal microflora.
effect of P. aeruginosaafter its introduction into the cecum  Results from the present study confirm that PA-I is a key
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factor in P. aeruginosagut-derived sepsis in mice after a the large increase in the agglutination titer of PA-I to 1:80,
typical yet recoverable surgical stress. The behavioP.of using intact bacterial strains harvested from the cecum of
aeruginosain the Caco-2 cell system is similar to other mice after hepatectomy, would suggest an increase in both
intestinal pathogens in that it readily adheres to and altersurface expression and total concentration. A similar in-
their epithelial barrier function. Studies in cultured humancrease above baseline values for total PA-I was found when

intestinal epithelial cells demonstrate that intestinal pathostrains were coincubated with norepinephrine (Fig. 4).

gens known to cause disease in man, su®edmonelland

In summary, the PA-I lectin/adhesin &f. aeruginosa

enteropathogenikE. coli, induce a contact-dependent defectplays a key role in experimental gut-derived sepsis in the
in epithelial barrier function via dysregulation of tight junc- mouse. The finding that the PA-I lectin/adhesin Bf
tional proteins’®3*In fact, it is proposed that the ability of aeruginosais “in vivo” expressed in the intestinal tract of
the epithelium to maintain tight junction integrity is a major mice after surgical hepatectomy is the first example to

defense against bacterial invasion and cytotoxititif.de-

suggest that clinically relevant and potentially lethal patho-

fined by its ability to adhere to and alter the TEER of gens may sense host stress and change their virulence phe-

cultured human epithelial cell§. aeruginosanduces the

notype accordingly. Thus, the mere presenc® oerugi-

most rapid and severe permeability defect of any pathogenosain the intestinal tract of critically ill patients may be of

reported to date. The finding that the strairPoaeruginosa

etiopathogenic importance in the development of sepsis

lacking PA-I had an attenuated effect in the Caco-2 systemsyndrome and multiple organ failure, and its true virulence
and failed to induce mortality when injected into the cecumpotential may remain elusive if examined under ideal
of mice after hepatectomy suggests a putative role for PA-growth conditions only.

in the mortality demonstrated in this model. The PA-I
negative strain contained a very high concentration of exo-

toxin A and therefore had significant potential to induceReferences
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As Dr. Alexander asked, what else translocates in your model?
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binding and cytotoxicity ofPseudomonas aeruginasam J Physiol bowel and in the cecum of both mice and humans, and it only tak_es
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systemic inflammatory response. Do you have any evidence that
this might be occurring? Given this, what therapeutic strategies
would you recommend for us to follow to take advantage of the

Discussion fine work you presented to us today?

Dr. J. WEsLEY ALEXANDER (Cincinnati, Ohio): As most people PreESENTERDR. JoHN C. ALverDpy (Chicago, lllinois): In terms of
realize, translocation is an easy phenomenon to produce in expelruman correlates of this work, to our knowledge there are no
imental animals. A lot of studies have been done in mice, and it hastudies that have demonstrated that bacteria change their virulence
been shown that the degree of translocation is clearly related to thghenotype as a result of surgical stress or the critically ill state. The
occurrence of death in those animals. main reason for this is that before the molecular biology explosion,

In man, studies have shown that at least 11% of people comingve have been concerned with only two aspects of bacteria in our
to a surgical operation where the abdomen is open have translg@atients, what is their species and which antibiotics are they
cation of live bacteria to the mesenteric lymph nodes or to thesusceptible to in terms of microbicidal activity. A recent study
serosa of the bowel wall. Other studies using more sensitive an(Am J Respir Crit Care Med 999;160:1212) has demonstrated
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that P. aeruginosas highly prevalent in the feces of critically ill two pathogen for nosocomial pneumonia, as you are aware, is
patients and carries a high degree of polyclonality. This studyPseudomonas aeruginas@ne of the major virulence factors for
suggests that in critically ill patients, not &ll. aeruginosaare Pseudomonasgn the pathogenesis of nosocomial pneumonia is
alike. The experiments we have presented today are an extensitrelieved to be its propensity for adherence to oropharyngeal mu-
of our previous work withE. coli and are the first to demonstrate cosal cells. Are there any correlates in your data with the adher-
that bacteria can be transformed to a more virulent state wheence phenomena identified f®seudomonasnd oropharyngeal
present in the environment of the intestine after surgical stresanucosal cells, or any evidence that there may be a systemic
Previous studies such as these have not been performed becaussponse that affects clonesRdeudomonaslsewhere in the body
they are methodologically difficult and have problematic observa-once the local gut phenomenon has developed?

tional indeterminancies. While we attempted to use proper and

carefully selected controls, one must keep in mind that we have Dr. ALverpy: The use of systemic norepinephrine for cardio-
examined these bacteria after they have been isolated and grownjpulmonary support can be lifesaving. It is not known whether
ideal growth conditions, thus removing them from the effect of thesystemic norepinephrine administration results in significant tissue
very environment in which we wish to examine them. Despite this,accumulation of the drug in the intestinal mucosa or lumen. This
they seem to retain their transformed virulence phenotype. Thesis doubtful given the short half-life of the drug. Lyte and col-
types of studies will be extremely difficult to perform in critically leagues have used a rat model in which endogenous norepineph-
il humans and will be subject to the Heisenberg uncertaintyrine release was increased using a prodrug, and this effect did
principle of physics, which states that in a changing environmentresult an increase i. coli adherence to the intestinal mucosa and
certain measurements (position and momentum) are fleeting phéherefore the potential for increasing bacterial virulence via sys-
nomenon. temic norepinephrine does exist.

Regarding Dr. Christou’s questions as to the cause of mortality However, this model may not be applicable to the clinical use of
in this model, we now have compelling evidence to suggesiRthat norepinephrine. Regarding extrapolation of the data from the
aeruginosaalters epithelial permeability to a number of its known present experiments to the lung, Dr. Dara Frank and colleagues
cytotoxins such as exotoxin A and elastase. We have previouslftave recently published a model in which lung instillationFof
published data using this model which demonstrate that translocaeruginosawas lethal to the mouse whereas its intravenous ad-
tion of whole bacteria and bacteremia®f aeruginosaare irrel- ministration had no effect. Similar to our model, the lethal effect
evant events in the mortality associated with this model. In factwas dependent on the ability of the organism to deliver its toxins
intravenous or intraperitoneal injection of similar dosesRof  systemically, which in this case required the well-described type
aeruginosadoes not result in mortality in this model. Our previous Il secretion system oP. aeruginosa
data demonstrate that it is the PA-lI-induced epithelial permeability
defect to exotoxin A that is the cause of mortality in this model. Dr. ANDREw M. MunsTER (Baltimore, Maryland): | just have a
We believe that use of the PA-I negative strain in the present studgingle question. | am not sure that you have answered, at least to
confirms our previous studies. Regarding the role of lipopolysacimy satisfaction, Dr. Christou’s question about what kills the pa-
charide (LPS) and endotoxin in this model, while there has beeitient. To that end, | would like to ask if it would be possible that
much enthusiasm for gut-derived LPS as a cause of sepsis sythe translocation induces local cytokine induction in the cecal wall
drome in animal models, neither in vitro or in vivo studies dem- or adjacent lymph nodes? If so, did you measure the induction of
onstrate that lethal quantities of this product leak across the gutny other inflammatory cytokines? Second, is it possible that this
epithelium, nor does LPS injection into the intestine result inexotoxin allows the translocation of endotoxin? If so, did you
mortality. In fact, recent studies suggest tBatcoli LPS does not measure endotoxin in the portal vein or in the liver?
leak across the gut after catabolic stress in mice, despite the
demonstration of a significant epithelial permeability def&ttqck Dr. ALverpy: While it is certainly possible and likely that
1998;10:43). cytokines play a role in the mortality observed in this model, | do

not believe they are the inciting event. One proposed theory of

Dr. PHiLip S. Barie (New York, New York): | have two ques- sepsis syndrome and multiple organ failure is that there is discor-
tions that relate to potential clinical translation of these observadance or pathologic amounts of cytokines that initiate and perpet-
tions. uate the septic response. | do not believe we should discard the

First, many studies now suggest that norepinephrine, as opposegbssibility that it is the pathogens themselves that are running the
to dopamine or other vasopressors, may be the first choice ashow. Our data clearly show that surgical stress itself can alter the
vasopressor when necessary for clinical therapy of septic shockirulence phenotype oP. aeruginosaand that this organism can
Your studies, however, would suggest that one would need to banduce a state of gut derived sepsis that is lethal in a vulnerable
careful about the clinical administration of norepinephrine in ther-host. While the cytokine response to infection is important, it is
apeutic doses for the treatment of shock. Have you any datdownstream of the most proximate point in the infection process,
looking at norepinephrine administered systemically in these aninamely the point at which bacteria adhere to mammalian cells.
mals rather than locally into the cecum in terms of its effect onBacterial adherence to host cells has been established to be the
your model? crucial initiating event for infection. We are focusing our efforts to

Second, we now recognize that nosocomial pneumonia is bednderstand exactly how surgical stress is unique in its ability to
coming more common than surgical site infection as the numbeinitiate this process, which perhaps lies in its effect on the molec-
one nosocomial infection afflicting surgical patients. The numberular machinery of the microbe.



