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Enteric Salmonella infection is accompanied by inflammation and diarrhea, and yet little is known about its
effects on intestinal epithelial physiology. Since species differences limit the utility of animal tissues and cell
lines lack relevant cell-cell interactions, we have used a human model of fetal intestine grown as xenografts in
SCID mice. We investigated here the effects of Salmonella enterica serovar Typhimurium SL.1344 on xenograft
ion transport. Harvested xenografts were stripped of seromuscular layers by blunt dissection, infected with
Salmonella, and mounted in Ussing chambers. Salmonella infection for 1 h increased baseline ion transport
without altering tissue conductance or morphology. The increased transport was blocked by the cyclooxygenase
inhibitor, indomethacin, or the specific Cox-2 inhibitor, NS-398. Further, xenografts infected for 2 h showed
increased secretory responses to the calcium-dependent agonist, carbachol, and the cyclic AMP-dependent
agonists prostaglandin E, (PGE,) and forskolin, which were blocked by indomethacin. Western blot experi-
ments revealed that infection was accompanied by increased cyclooxygenase 2 (Cox-2) expression, with no
change in Cox-1 levels. Immunoassay demonstrated basolateral PGE, release, which was inhibited by indo-
methacin. Histological examination of infected xenografts illustrated that upregulated Cox-2 expression was
restricted to the epithelium and that little or no invasion of the tissue by Salmonella occurred for up to 2 h. In
summary, Salmonella infection rapidly increases Cox-2 expression in human intestinal tissue, accounting for

increased epithelial ion transport characteristic of infectious diarrhea.

The hallmark of a range of intestinal infectious diseases is
diarrhea. With the exception of intestinal pathogens that elab-
orate enterotoxins, the mechanisms underlying intestinal dys-
function during infections with many bacteria remain largely
unestablished. The intestinal epithelium is the initial site of
contact between enteric microorganisms and the gastrointesti-
nal mucosa and is a continuous layer of cells lining the entire
gastrointestinal tract. It acts as a physical barrier, preventing
the entry of harmful substances from the intestine into the
body, and transports water to and from the intestinal contents.
Water transport is a passive process, which is driven by the
active transport of ions and nutrients. Normally, there is a net
absorption of ions and water but in conditions of disease, such
as intestinal bacterial infection, the epithelium can rapidly
convert from its absorptive to a net secretory phenotype.

Salmonellae are gram-negative bacteria that can cause gas-
troenteritis and enteric fever and represent a major public
health problem worldwide. All Salmonella serotypes share the
ability to invade their host by inducing their own uptake into
nonphagocytic cells of the intestinal epithelium. They facilitate
this uptake through proteins secreted by a type III protein
secretion system encoded within the Salmonella pathogenicity
island 1 that also encodes the effector proteins required for
invasion (13). This system is abundant in several bacteria and,
in addition to being responsible for invasion, functions to se-
crete virulence proteins into host cells. Thus, through secreted
virulence proteins, through invasion, or both, Salmonella can
induce changes in the epithelium, altering the function of the
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intestinal lining and presumably converting it to a hypersecre-
tory state. However, the underlying mechanism(s) by which
Salmonella induces diarrhea are not fully understood.

The understanding of diarrheal disease requires the appli-
cation of model systems. Animal tissues are commonly used
but have a number of shortcomings due to significant species
differences between experimental animals and human hosts.
Moreover, studies with isolated epithelial cell lines lack rele-
vant cell-cell interactions. Thus, new models for studying in-
testinal bacterial infections are being sought. In this regard, we
have previously described a human-derived tissue model for
the study of ion transport mechanisms (4). This model employs
fetal intestinal tissues grown as xenografts in severe combined
immunodeficient (SCID) mice (22). The main advantage of
intestinal xenografts is that they provide a model consistent
with intact human intestinal tissue, which allows for prolonged
infection with bacteria and enables studies of the interactions
of different cell types, in both human small and large intestine,
during bacterial infection.

Infection studies with epithelial cell lines have shown that
Salmonella induces host cell responses, including chemokine
and cytokine secretion (8, 9), and upregulation of expression of
cyclooxygenase 2 (Cox-2) (8, 21). Coculture studies also show
transepithelial migration of polymorphonuclear leukocytes
early after Salmonella-epithelial cell contact (17) and that epi-
thelial invasion by Salmonella is not necessary for polymorpho-
nuclear leukocyte movement (11). However, changes in the
secretory phenotype of intestinal epithelial cell lines show a
considerable latency after Salmonella infection and are difficult
to dissociate from frankly injurious effects of the infectious
process (21). These various observations suggest that interac-
tions between intestinal epithelial cells and Salmonella play a
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key role in orchestrating the inflammatory response (9, 17, 18)
and underscore the limitations inherent in cell line models to
understand the full picture of Salmonella infection in human
tissue. It is therefore relevant to the elucidation of Salmonella
pathogenesis to utilize the intestinal xenograft model to extend
findings obtained with cell lines to a more physiological setting,
in which cell-cell interactions may amplify responses to the
pathogen. Thus, we sought to examine here whether Salmo-
nella infection of xenografts had any consequences in terms of
transport function and the characteristics and mechanisms of
any responses seen.

(This work was presented in part at the 2001 meeting of the
American Gastroenterological Association and has been pub-
lished in abstract form [Gastroenterology 120:A3812, 2001].)

MATERIALS AND METHODS

Materials. Blocking reagent for Western blotting (skim milk), Rainbow col-
ored protein molecular weight markers, ECL Plus, and PGE, enzyme immuno-
assay were obtained from Amersham Pharmacia Biotech, Piscataway, N.J. BM
chemiluminescence enzyme-linked immunosorbent assay reagent was from
Boehringer Mannheim, Mannheim, Germany, and NS-398 and indomethacin
were from Cayman Chemical, Ann Arbor, Mich. Carbachol (CCh), PGE,, and
forskolin were obtained from Sigma-Aldrich, St. Louis, Mo., and anti-Cox-1
(H-62; rabbit polyclonal immunoglobulin G [IgG]) and anti-Cox-2 (N-20) anti-
bodies (goat polyclonal IgG) were from Santa Cruz Biotechnology, Inc., Santa
Cruz, Calif. Hoechst 33258 was purchased from Molecular Probes, Inc., Eugene,
Oreg. All other chemicals were of at least reagent grade and were obtained
commercially. Serovar Typhimurium SL1344 was generously provided by Donald
G. Guiney of University of California, San Diego.

Human intestinal xenografts. Segments of human fetal small intestine (ges-
tational age, 16 to 20 weeks) were transplanted subcutaneously into the rear
flanks of SCID mice as previously described (22). At times greater than 10 weeks
thereafter, the intestinal xenografts resembled morphologically mature pediatric
intestine, with an epithelium of entirely human origin. Experimental procedures
were approved by the UCSD Human and Animal Subjects Committees.

Measurement of ion transport across human intestinal xenografts. Salmonella
were maintained by using Luria-Bertani (LB) broth or LB agar plates. Prior to
infection, Salmonella strains were grown overnight without shaking in LB broth
supplemented with 300 mM NaCl. After they reached an optical density at 600
nm of ca. 0.4, the bacteria were washed in phosphate-buffered solution (PBS)
and resuspended in Ringer’s solution. Xenografts were allowed to mature for at
least 10 weeks, and then they were harvested, stripped of seromuscular layers by
blunt dissection, mounted horizontally in chambers, and infected from the mu-
cosal aspect with serovar Typhimurium SL1344 with ca. 5 X 10° bacteria/0.25-
cm? tissue (or incubated with buffer for controls) for various times. Stripped
xenografts were then mounted vertically in Ussing chambers (aperture = 0.07
cm?). The mucosal sheets were bathed in circulating Ringer’s solution composed
of 141.0 mM Na™, 42 mM K*, 3.0 mM Ca®", 1.2 mM Mg>*, 125.8 mM Cl—, 27.6
mM HCO?", and 3.2 mM H,PO,>", with 10 glucose (serosal side) or 10 man-
nitol (mucosal side) and gassed with 95% O, and 5% CO,. The tissues were
voltage clamped to zero potential difference by the continuous application of
short-circuit current (I,.). Changes in ion transport across the mucosa in re-
sponse to agonists were recorded either as changes in I, (AlL) required to
maintain a zero potential difference (PD) or as the open circuit PD measured at
15-s intervals. At all other times, short circuiting was maintained to negate any
transepithelial electrochemical driving force.

Immunoprecipitation and Western blotting. Stripped xenografts were infected
mucosally with S. enterica serovar Typhimurium SL1344 as described above. The
tissue was then placed in ice-cold lysis buffer (consisting of 20 mM Tris base [pH
7.4], 20 mM NaCl, 10 mM MgCl, - 6H,0, 1 mM NaVO,, 1 ug of leupeptin/ml,
100 pg of phenylmethylsulfonyl fluoride/ml, and 50 pg of gentamicin/ml), ho-
mogenized, and incubated at 4°C for 30 min. The samples were then centrifuged
at 10,000 rpm for 10 min, and the pellet was discarded. An aliquot was removed
from each sample to determine the protein content, and samples were adjusted
so that they contained equal amounts of protein. The samples were boiled for
5 min, and proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Separated proteins were transferred onto polyvinylidene diflu-
oride membranes (DuPont NEN) overnight at 4°C. The membranes were
washed in 1% blocking buffer for 30 min, followed by incubation of the mem-
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brane with the appropriate dilution of primary antibody in 1% blocking buffer for
60 min. This was followed by three washes in Tris-buffered saline with 1% Tween
(TBST). After the washes, horseradish peroxidase-conjugated secondary anti-
bodies were added to the membrane in 1% blocking buffer and allowed to in-
cubate for an additional 30 min. This was followed by three further washes in
TBST. Immunoreactive proteins were detected by using an enhanced chemilumi-
nescence detection kit and exposure of the membrane to X-ray film. Quantita-
tion of protein bands was performed by densitometry using NIH Image software.

Histological analysis of xenografts. For immunohistochemical analysis, in-
fected, and control intestinal xenografts were embedded in OCT compound
(TissueTek; Miles Scientific, Naperville, Ill.) and either snap-frozen in methyl-
butene-dry ice or fixed in 10% neutral buffered formalin. Formalin-fixed tissues
were embedded in paraffin, and 5-pum sections were prepared. Immunostaining
was visualized with Cy3-conjugated rabbit anti-mouse or donkey anti-goat anti-
bodies. From snap-frozen tissue samples, serial cryostat sections (5 pm) were
prepared, fixed in 10% formalin for 10 min, and blocked (1% bovine serum
albumin, 0.2% blocking reagent, 0.3% Triton-X-100). Sections were incubated
with the respective antibodies, subsequently washed three times in phosphate-
buffered saline, and then incubated with donkey anti-goat IgG GY3- or anti-
mouse IgG fluorescein isothiocyanate-conjugated secondary antibody (Amer-
sham Pharmacia Biotech). Nuclei were visualized by staining with Hoechst 33258
dye.

PGE, enzyme immunoassay. Xenografts stripped of seromuscular layers were
placed in horizontal chambers and infected with Salmonella organisms as de-
scribed above with or without indomethacin (10 wM) in a solution containing 10
M arachidonic acid. Control tissues were studied in parallel. After 2 h of
infection, the apical and basolateral bathing solutions were collected and ana-
lyzed for secreted PGE, by a commercially available PGE, enzyme immunoassay
(Amersham Pharmacia Biotech) in accordance with the manufacturer’s protocol.

Statistical analysis. All results are expressed as the mean = the standard error
of the mean (SEM) for a series of experiments. Student ¢ tests were used to
compare paired data. One-way analysis of variance with a Student Neuman-
Keuls post-test was used when three or more groups of data were compared. P
values of <0.05 were considered significant.

RESULTS

Examination of xenograft invasion by S. enterica serovar
Typhimurium. Salmonellae are highly invasive for intestinal
epithelial cells (8, 9, 10, 20). To determine Salmonella infection
in intact human intestinal tissue, we infected the xenografts
with serovar Typhimurium and examined them by histology. At
selected times after infection, tissues were snap-frozen and
stained for Salmonella (red). Histological examination of in-
fected xenografts showed little or no appreciable invasion of
the tissue by serovar Typhimurium at up to 2 h (Fig. 1). How-
ever, costaining for Salmonella and F-actin showed a close
association between Salmonella and the epithelium (data not
shown). In control experiments, we used CFU measurements
to confirm that the serovar Typhimurium strain used was able
to invade Ty, intestinal epithelial cells after a 1-h incubation
period (data not shown).

Serovar Typhimurium infection increased baseline ion trans-
port, which could be inhibited by indomethacin and NS-398.
Despite the unexpected finding that serovar Typhimurium was
not found in deeper layers of the tissue at the times studied, we
were interested in determining any physiological effects that
might appear. Salmonella infection can cause diarrhea within a
short time (hours) after ingestion, and thus any rapid effects of
the pathogen on intact human tissues would be clinically rele-
vant.

We first examined whether ex vivo infection with serovar
Typhimurium alters basal transport properties of human intes-
tinal xenografts. As shown in Fig. 2A, serovar Typhimurium
infection significantly increased baseline ion transport com-
pared to controls (38.1 = 3.6 versus 14.3 * 5.6 pA/cm?, n = 6,
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A

FIG. 1. Salmonella infection in human intestinal xenografts. Hu-
man intestinal xenografts were infected with serovar Typhimurium
SL1344 for 2 h, embedded in OCT compund, and snap-frozen in
methylbutene-dry ice. Histological analysis of Salmonella-infected
xenografts showed attachment but no significant Salmonella (red) in-
vasion of the tissue at up to 2 h of infection. (A) Low power view; (B)
a higher magnification of the section shown in panel A.

P < 0.01) at 1 h of infection. This was not accompanied by any
differences in conductance (160 = 47 mS/cm?® [control] versus
163 = 29 mS/cm? [infected]). Moreover, infection of xeno-
grafts in the presence of indomethacin (10 wM) reversed the
increase in baseline secretion by 88.9% * 19.3% (n = 9),
implicating cyclooxygenase activity in the response. To eluci-
date whether the effect was dependent on the Cox-2 isoform of
cyclooxygenase, we incubated the tissue with the Cox-2 specific
inhibitor, NS-398 (3 wM). This drug was also able to abolish
the increase in ion transport in infected tissue by 99.9% =
38.9% (n = 7; Fig. 2B). Neither inhibitor had any effect on
basal ion transport in uninfected tissue. Thus, the ability of
Salmonella to enhance transport responses might be secondary
to the generation of products of Cox-2 activity.

Ca**- and cAMP-induced ion transport was increased in

INFECT. IMMUN.

Salmonella-infected xenografts compared to controls. Many
agonists can stimulate chloride secretion, although most utilize
common secretory machinery and one of two main signaling
pathways induced either by cyclic nucleotides, such as cyclic
AMP (cAMP), or by intracellular Ca**. Increases in cytosolic
cAMP induce sustained chloride secretion via activation of
cystic fibrosis transmembrane regulator chloride channels,
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FIG. 2. Effect of Salmonella infection on basal ion transport. Intes-
tinal xenografts stripped of their seromuscular layers were infected with
serovar Typhimurium for 1 h prior to mounting in modified Ussing
chambers. Salmonella infection increased baseline ion transport in
human intestinal xenografts. (A) The cyclooxygenase inhibitor indo-
methacin (10 pM) did not alter baseline ion transport in control cells
but did inhibit the enhanced transport induced by Salmonella in in-
fected tissue. I , P < 0.001 versus control; ###, P < 0.001 versus
responses in infected tissue (n = 9). (B) Similarly, the specific inhibitor
of Cox-2, NS-398 (3 wM), did not alter baseline ion transport in control
tissue but reversed the increase in baseline secretion observed in Sal-
monella-infected tissue. [, P < 0.05 versus control; #, P < 0.05 versus
Salmonella-infected tissue (n = 7).
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FIG. 3. Increased CCh-stimulated ion transport responses in infected xenografts are reversed by indomethacin. Xenografts were stripped of
their seromuscular layers, infected with Salmonella with or without concurrent treatment with the cyclooxygenase inhibitor indomethacin (10 pM)
for 1 h, mounted in Ussing chambers, and allowed to equilibrate for 1 h prior to stimulation with agonists. (A) When xenografts were stimulated
with the Ca?*-dependent agonist, CCh, ion transport, measured as a decrease in PD, was significantly increased after 2 h of serovar Typhimurium
infection compared to controls. 00, P < 0.05 versus control (n = 5). In tissues that were treated with indomethacin, the Salmonella-induced
enhanced secretory responses to CCh were inhibited. #, P < 0.05 versus Salmonella-infected tissue (n = 5). The data shown in panel A represent
the incremental changes in PD evoked by CCh addition (i.e., APD). (B) Typical time course of absolute PD response to CCh under the three

conditions studied.

whereas increases in Ca®" induce smaller and transient
chloride secretory responses (3). It was of interest, there-
fore, to examine whether infection with serovar Typhimu-
rium had any effect on transport responses stimulated by
either cAMP- and Ca?*-dependent agonists.

When xenografts were stimulated with the Ca**-dependent
agonist, CCh, ion transport was significantly increased after 2 h
of serovar Typhimurium infection compared to controls (Fig.
3A). Note that in these studies we used open circuit PD to
follow transport responses rather than I, to more accurately
quantitate transport in these small tissue specimens. Changes
in PD are expressed as the incremental change after agonist
addition (APD). The figure inset shows a typical time course
for the absolute PD responses to CCh. It has been known for
some time that chloride secretory responses to CCh can be
synergistically enhanced by cAMP-dependent agonists, includ-
ing prostaglandins, as studied in intestinal epithelial cell lines
(2, 6,24). Thus, the increased secretory response to CCh in the
infected xenograft could result from a similar synergistic inter-
action. In control experiments, xenografts were infected either
with serovar Typhimurium or with the nonpathogenic Esche-
richia coli strain, DHS5a. In these experiments, ion transport
responses induced by CCh were increased by 417 = 163% in
tissues infected with Salmonella and 143% = 49% in tissues
infected with E. coli DH5a (n = 9). These data suggest that the
ability of the pathogen to increase secretagogue-stimulated ion
transport was not a general property common to all bacteria. E.
coli DH5a also failed to significantly alter basal ion transport.

Similar to the data in Fig. 3A, when xenografts were stimu-
lated with the cAMP-dependent agonist PGE,, ion transport
was significantly increased after 2 h of serovar Typhimurium
infection compared to controls (Fig. 3B). The figure inset

shows a typical time course of the PD response to PGE,. In
some ways this was surprising, since if infection induces the
production of endogenous prostanoids, one might predict that
the tissue could become desensitized to exogenous addition of
such secretagogues. We therefore examined whether infection
also increased responses to another cAMP-dependent secret-
agogue, forskolin. In fact, a significantly increased PD response
to forskolin was seen in tissues infected with serovar Typhi-
murium for 2 h compared to controls (—2.7 = 0.5 mV versus
—1.5 £ 03 mV, P <0.05,n = 9). Similar control experiments
as mentioned above for CCh were also carried out for forsko-
lin. Xenografts were infected with either serovar Typhimurium
SL 1344 or nonpathogenic E. coli DH5a. Secretory responses
to forskolin were increased by 381 * 203% and 113% * 27%
for Salmonella- and E. coli-infected xenografts, respectively
(n = 7), again suggesting that enhanced secretory responses
are specific for pathogenic bacterial infection of the tissue.
Indomethacin diminished the increased agonist-evoked ion
transport due to infection. We next examined whether en-
hanced transport responses to secretagogues were related to
infection-induced changes in prostanoid synthesis, as seen for
the increase in basal ion transport. The cyclooxygenase inhib-
itor, indomethacin (10 M), reversed the increase in ion trans-
port responses to CCh (300 wM) seen in xenografts infected
with serovar Typhimurium. As shown in Fig. 3A, this drug
essentially abolished the effect of infection on responsiveness
to CCh when transport responses were expressed as the change
in PD from baseline. Again, Fig. 3B shows typical time courses
of PD responses to CCh under the three conditions studied.
Similar results were obtained in Salmonella-infected tissues
stimulated with PGE,. The presence of indomethacin also
abolished the enhanced transport responses to PGE, seen in
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FIG. 4. Increased cAMP-dependent ion transport responses in infected xenografts are reversed by indomethacin. Stripped xenograft tissues
were infected with Salmonella with or without concurrent treatment with the cyclooxygenase inhibitor indomethacin (10 wM) for 1 h, mounted in
Ussing chambers, and stabilized for 1 h prior to stimulation with agonists. (A) In tissues that were treated with indomethacin the Salmonella-
induced enhanced secretory responses to PGE, were inhibited. The data are expressed as incremental changes in PD evoked by PGE, addition
(i.e., APD). O, P < 0.05 versus control; #, P < 0.05 versus Salmonella-infected tissue (n = 5). (B) Typical time courses of the absolute PD responses
to PGE, under the conditions studied. (C and D) Similar results obtained with another cAMP-dependent agonist, forskolin (1 pM). [ , P < 0.01

versus control; #, P < 0.05 versus Salmonella-infected tissue (n = 6).

infected tissue (Fig. 4A and B). Finally, similar to the data in
Fig. 4A and B, indomethacin (10 pM) also reversed enhanced
ion transport responses stimulated by forskolin (1 wM) in
serovar Typhimurium-infected xenografts (Fig. 4C and D).

Salmonella infection increased Cox-2 but not Cox-1 expres-
sion. In light of our findings with indomethacin and NS-398, we
suggested that the effects of serovar Typhimurium on xeno-
graft transport responses might be due to the induction of
cyclooxygenase activity. We used Western blotting approaches
to examine levels of the inducible cyclooxygenase isoform,
Cox-2. As shown in Fig. 5, there were no changes in Cox-2
levels in control tissues over time. However, serovar Typhi-
murium infection was accompanied by a progressive increase
in Cox-2 expression that was statistically significant at 1 h and
2 h. This increase in Cox-2 expression was not obtained when
similar experiments were performed with heat-killed serovar
Typhimurium, indicating that cyclooxygenase induction re-
quires viable bacteria (data not shown). Moreover, in contrast
to Cox-2, serovar Typhimurium infection had no effect on
levels of Cox-1 compared to those seen in control human
intestinal xenografts (Fig. 5).

Increased Cox-2 expression occurs primarily in epithelial
cells of infected xenografts. Immunohistological examination
of serovar Typhimurium-infected xenografts showed that the

increase in Cox-2 expression was localized predominantly to
the epithelium. As seen in Fig. 6, the control tissue constitu-
tively expressed low levels of Cox-2, in keeping with prior ob-
servations of others (5, 14). When xenografts were infected
with serovar Typhimurium, Cox-2 expression was markedly
increased, and the increase appeared to be restricted largely to
the epithelium, along the full length of the villus.

Salmonella infection induces basolateral PGE, release that
is sensitive to inhibition by indomethacin. Finally, either con-
trol or infected xenografts were incubated for 2 h in the pres-
ence or absence of indomethacin, and the basolateral and
apical solutions were analyzed for secreted PGE, by an immu-
noassay. As illustrated in Fig. 7, when xenografts were infected
with Salmonella, basolateral PGE, secretion was significantly
increased compared to control tissues, whereas apical secre-
tion was unaltered. The enhanced basolateral secretion of
PGE, seen in infected tissues was blocked by indomethacin.

DISCUSSION

The interactions that occur between pathogenic microorgan-
isms and their host cells are complex and intimate. The studies
reported here have focused on a clinically important enteric
pathogen, Salmonella, which can cause gastroenteritis and en-
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FIG. 5. Salmonella infection induces Cox-2 but not Cox-1 expres-
sion. Stripped human intestinal xenografts were infected with Sal-
monella for the times indicated and tissue lysates were analyzed by
Western blotting with antibodies specific for Cox-2 or Cox-1. (A)
Representative example of Cox-2 staining and densitometric analysis
of several similar experiments. The data are expressed as the means =
the SEM for Cox-2 levels in control tissues and tissues exposed to
Salmonella infection, as measured in arbitrary units (a.u.) (n = 5).
Asterisks denote significant differences from control, uninfected tissue
for the respective time point: [l , P < 0.01; I , P < 0.001. (B) The
figure shows a representative Western blot and densitometric analysis
of several similar experiments in which the data are expressed as the
means = the SEM (n = 3). Cox-1 expression was not altered in
Salmonella-infected tissue compared to controls at any of the time
points studied.

teric fever and contributes significantly to worldwide public ill
health. We have shown here that the ability of Salmonella to
induce upregulation of Cox-2 expression accounts, at least in
part, for increased ion transport in human intestinal xeno-
grafts, perhaps paralleling the diarrheal symptoms induced by
this pathogen in human subjects.

In the present study, we found that tissue invasion does not
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seem to be necessary for Salmonella to induce the early effects
on ion transport and Cox-2 expression found here. Actual
invasion of enterocytes has also been shown not to be required
for other pathogenic responses to Salmonella infection, includ-
ing activation of nuclear factor-B (7), which plays a significant
role in the regulation of immune and inflammatory response
genes in intestinal epithelial cells (23). Further, infection of
this human tissue model induces functional changes much
more rapidly than observed in experiments with the same bac-
terial strain conducted in human cell line models.

Data from the present study further showed that serovar
Typhimurium, but not a nonpathogenic E. coli strain, rapidly
increases basal, as well as Ca®>"- and cAMP-stimulated, ion
transport in human intestinal xenografts and that Cox-2 inhib-

A

FIG. 6. Salmonella-induced Cox-2 expression is restricted to the
epithelium. Human intestinal xenografts infected for 2 h with Salmo-
nella were embedded in OCT compound and snap-frozen in methyl-
butene-dry ice. Histological analysis of control and Salmonella-infected
tissue illustrates that the induction of Cox-2 expression is restricted to
the epithelium and occurred along the entire crypt-villus axis. (A) Con-
trol tissue with a low level of background staining for Cox-2. (B) Cox-2
staining in tissue infected with Salmonella for 2 h.
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FIG. 7. Indomethacin decreases Salmonella-induced PGE, secretion into the basolateral medium. Xenografts stripped of seromuscular layers
were infected with Salmonella for 2 h in the presence or absence of indomethacin, and apical and basolateral solutions were analyzed for secreted
PGE, by enzyme-linked immunosorbent assay. Sa/monella infection induced a significant increase in basolateral PGE, secretion, whereas apical
PGE, secretion was unaltered compared to control tissues. The enhanced PGE, secretory responses to Salmonella were reversed in the presence
of 10 M indomethacin. I , Significantly greater than corresponding basolateral release in the presence of indomethacin (P < 0.01); ##, sig-
nificantly greater than basolateral release in uninfected tissue (P < 0.01) (as determined by analysis of variance; n = 5).

itors reversed these increases, as well as Salmonella-induced
PGE, release. This extends the findings of earlier studies by
Eckmann et al. (8), who showed that S. enferica serovar Dub-
lin and serovar Typhimurium were able to induce PGE, and
PGF,,, production in intestinal epithelial cell lines. These same
authors (8) also showed that conditioned media from serovar
Dublin-infected HT-29 cells was capable of inducing chloride
secretion by naive Ty, cells, an effect attributable to the se-
creted prostaglandins.

Synergism is known to occur between the secretory effects of
Ca®"- and cAMP-dependent agonists (2, 6, 24), and Cox-2
induction in infected tissue is observed at times consistent with
the induction of increased chloride secretion. Thus, the in-
creased responses to CCh can likely be explained as synergistic
responses evoked by stimulation in the context of prostaglan-
dins produced by Cox-2. The potentiated responses to cAMP-
dependent secretagogues are, however, more difficult to ex-
plain. However, many ion channels are affected by arachidonic
acid and/or the various metabolites of arachidonic acid (19),
and we have recently shown that bacterial infection of HT29/
cl.19 cells increases total and membrane abundance of cystic
fibrosis transmembrane regulator and the Na™ K" 2CIl™ co-
transporter (NKCC-1) in a manner dependent on the induc-
tion of Cox-2 (21). Previous studies (12, 15, 16) have also
shown that cAMP-dependent chloride secretion, such as that
evoked by forskolin or PGE,, is critically dependent on the
membrane abundance of at least NKCC-1 to provide for sus-
tained chloride entry across the basolateral membrane. Thus,
the rapid effects we observed on cAMP-induced secretion may
be explained by an effect of Salmonella to increase NKCC-1 in

the basolateral membrane and/or to increase synthesis of this
transporter.

In control tissues, Cox-2 was only expressed at low levels, but
levels of this enzyme increased rapidly after Salmonella infec-
tion. In contrast, Cox-1 was constitutively expressed, and Sal-
monella infection did not alter expression of this protein. These
data suggest that tonic production of prostaglandins by Cox-1
is likely not involved in the basal regulation of transport, where-
as induction of prostanoid synthesis secondary to Cox-2 ex-
pression can rapidly upregulate ion and likely fluid secretion.
The effect of selective Cox-1 and -2 inhibitors on cholera toxin
(CT)-induced fluid secretion has recently also been studied in
infected rat jejunum (5). That study showed, similar to results
reported here for Salmonella, that CT enhanced Cox-2 levels
and that the increase in Cox-2 contributes to the abundant
fluid secretion after CT infection (5). Similar findings were
obtained in another recent study investigating Cox-2 expres-
sion in rabbit intestinal tissue after Clostridium difficile infec-
tion (1) and in enteroinvasive E. coli- and serovar Dublin-
infected HT29/cl.19A cells (21). Thus, even though these data
were obtained by utilizing different bacterial infections, the
intestinal epithelium responded in a similar manner by increas-
ing Cox-2 expression.

The increased Cox-2 expression in infected human intestinal
xenografts is observed predominantly in the epithelium with
expression levels increasing from the crypt to villus during
infection and essentially no expression in the underlying tissue.
An increase in Cox-2 expression after S. enterica serovar Typhi
infection in human intestinal tissue has been reported previ-
ously (8), but here we have significantly extended that finding
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by demonstrating the functional consequences of Cox-2 induc-
tion in serovar Typhimurium-infected tissue.

In summary, our model proposes that the initial increase in
secretion observed after Salmonella infection, as well as initial
Salmonella-induced signaling may not be dependent on bacte-
rial invasion. Instead, human intestinal tissue responds to in-
fection with serovar Typhimurium by rapidly increasing Cox-2
expression, which in turns accounts for increased secretion.
Further, responses obtained in intact human tissue are much
faster than those observed in cell culture models, which under-
score the importance of this complementary approach using a
novel and more physiologic system. Our data are consistent
with the hypothesis that subepithelial elements communicate
with infected epithelial cells to augment their response to the
bacteria. However, the detailed mechanisms and signals by
which Salmonella induces these effects still need to be exam-
ined. In any event, the secretory response could be considered
as a primitive, nonimmune defense mechanism allowing the
intestine to “flush out” the unwanted bacteria. The unique na-
ture of the present study derives from its ability to examine
Salmonella infection in intact human intestinal tissue, thereby
allowing studies of infection in a more physiological setting.
From the present study, we conclude that augmented Cox-2
expression is responsible for increased epithelial ion transport
in infected tissue, which likely underlies secretory diarrhea
associated with Salmonella infection. A greater understanding
of the specific host signaling pathways and intracellular mes-
sengers evoked by invasive bacteria might ultimately lead to
development of new therapies for the treatment of infectious
diarrhea.
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