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Salmonella enterica serovar Typhimurium causes cell death in bovine monocyte-derived and murine mac-
rophages in vitro by a sipB-dependent mechanism. During this process, SipB binds and activates caspase-1,
which in turn activates the proinflammatory cytokine interleukin-1b through cleavage. We used bovine ileal
ligated loops to address the role of serovar Typhimurium-induced cell death in induction of fluid accumulation
and inflammation in this diarrhea model. Twelve perinatal calves had 6- to 9-cm loops prepared in the terminal
ileum. They were divided into three groups: one group received an intralumen injection of Luria-Bertani broth
as a control in 12 loops. The other two groups (four calves each) were inoculated with 0.75 3 109 CFU of either
wild-type serovar Typhimurium (strain IR715) or a sopB mutant per loop in 12 loops. Hematoxylin and
eosin-stained sections were scored for inflammation, and terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL)-positive cells were detected in situ. Fluid accumulation began at 3 h
postinfection (PI). Inflammation was detected in all infected loops at 1 h PI. The area of TUNEL-labeled cells
in the wild-type infected loops was significantly higher than that of the controls at 12 h PI, when a severe
inflammatory response and tissue damage had already developed. The sopB mutant induced the same amount
of TUNEL-positive cells as the wild type, but it was attenuated for induction of fluid secretion and inflamma-
tion. Our results indicate that serovar Typhimurium-induced cell death is not required to trigger an early
inflammatory response and fluid accumulation in the ileum.

Salmonella enterica serovar Typhimurium is a common cause
of enteritis in humans. The disease is typically localized to the
intestine and mesenteric lymph nodes and characterized by
acute diarrhea, vomiting, and abdominal pain. Rectal biopsies
of patients reveal mucosal edema and acute inflammation with
neutrophils (6, 22). Clinical features closely resemble those
observed during infection of cattle but are different from those
observed during infection of mice, an animal in which serovar
Typhimurium does not cause diarrhea (reviewed in reference
33). Recent studies have thus focused on the calf model to
study the pathogenesis of serovar Typhimurium induced diar-
rhea.

A study comparing the importance of major serovar Typhi-
murium virulence determinants, including Salmonella patho-
genicity island (SPI)-1, SPI-2, SPI-5, and the spv operon, for
diarrheal disease in calves revealed that SPI-1 is the only de-
terminant essential for both diarrhea and inflammation in the
intestinal mucosa (32). The main function of the type III se-
cretion system encoded by SPI-1 is to translocate bacterial
effector proteins into the cytosol of the host cell (10). SPI-1-
dependent protein translocation elicits the release of proin-
flammatory cytokines in intestinal epithelial cells in vitro (15).
Furthermore, in vitro assays have implicated a second cell type,
namely the macrophage, in the SPI-1-dependent release of
proinflammatory cytokines that may lead to neutrophil influx

into the intestinal mucosa during serovar Typhimurium infec-
tion. serovar Typhimurium induces cell death in macrophages
in vitro with features of apoptosis, including positive terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling (TUNEL) staining (4, 19, 20, 24, 28). However, recent
reports suggest that Salmonella-induced cell death of macro-
phages may represent necrosis rather than apoptosis (3, 35).
Nonetheless, Salmonella-induced cell death in murine macro-
phages is dependent on the expression and translocation of the
SPI-1-encoded protein SipB into the macrophage. It has also
been demonstrated that SipB binds and activates caspase-1,
which cleaves and activates the proinfammatory cytokine in-
terleukin-1b (IL-1b) (13). Caspase-1 is required for cytotoxic-
ity induced by SipB, since macrophages of caspase-1 knockout
mice are resistant to Salmonella-induced cell death (13). In
addition, serovar Typhimurium colonization of Peyer’s patches
of caspase-1 knockout mice is significantly lower after oral
challenge (23).

These findings suggest that Salmonella-induced cell death
may trigger an inflammatory response due to release of acti-
vated IL-1b, thereby contributing to the pathogenesis of diar-
rheal disease. A similar mechanism was previously proposed
for Shigella flexneri, which induces apoptosis of murine macro-
phages in vitro, resulting in the release of IL-1b (14). In vivo
studies using the rabbit ileal ligated loop model suggest that
apoptosis may play a role in the outcome of S. flexneri infection
(37). Salmonella-induced cell death defined by positive
TUNEL reaction has been described in macrophages in the
liver in a model for systemic infection in the mouse (27).
However, there is currently no information available regarding

* Corresponding author. Mailing address: Department of Veteri-
nary Pathobiology, College of Veterinary Medicine, Texas A&M Uni-
versity, College Station, TX 77843-4467. Phone: (979) 845-5092. Fax:
(979) 845-5088. E-mail: gadams@cvm.tamu.edu.

4610

 on S
eptem

ber 21, 2018 by guest
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org/


the role of Salmonella-induced cell death on the enteric disease
caused in calves and humans. The goal of this study was to
determine the possible role of Salmonella-induced cell death in
the pathogenesis of the diarrhea and to correlate Salmonella-
induced cell death with inflammation and intestinal fluid ac-
cumulation induced by serovar Typhimurium infection in peri-
natal calves.

MATERIALS AND METHODS

Bacterial strains and growth conditions. serovar Typhimurium strain IR715
(31) is a spontaneous nalidixic acid-resistant derivative of the strain ATCC 14028
(American Type Culture Collection). A sopB (also known as sigD) mutant of
serovar Typhimurium strain IR715 was generated by transducing the sopB::mudJ
insertion from strain BA1567 (1) into strain IR715 using phage P22, as described
previously (21). The resulting mutant was designated ZA15. The mudJ insertion
was confirmed by Southern hybridization.

For both in vitro and in vivo studies, bacteria were grown in Luria-Bertani
(LB) broth for 20 h at 37°C under agitation (230 rpm). A 50-ml aliquot of the
culture was inoculated into 5 ml of fresh LB broth and cultured for an additional
6 h before inoculation.

Animals, surgical procedure, and sampling. Twelve male Holstein calves 4 to
5 weeks of age and weighing 45 to 55 kg were used. They were fed milk replacer
twice a day and water ad libitum. The calves were clinically healthy before the
experiment and were culture negative for fecal excretion of Salmonella. Detec-
tion of Salmonella serotypes in fecal swabs was performed by enrichment in
tetrathionate broth (Difco) and streaking on brilliant green agar (BBL).

The calves were fasted for 24 h prior to the surgery. Anesthesia was induced
with propofol (Propoflo; Abbott Laboratories, Chicago, Ill.) followed by place-
ment of an endotracheal tube and maintenance with isofluorane (Isoflo; Abbott
Laboratories) for the duration of the experiment. A laparotomy was performed,
the ileum was exposed, and 13 loops with length ranging from 6 to 9 cm were
ligated leaving 1-cm loops between them. The loops were infected by intralume-
nal injection of 3 ml of a suspension of either wild-type or the sopB mutant of
serovar Typhimurium in LB broth containing approximately 0.75 3 109 CFU/ml.
Sterile LB broth was injected into the control loops. The loops were replaced
into the abdominal cavity. Samples for bacteriologic culture, histopathology, and
ultrastructural studies were collected at 5, 15, and 30 min and 1, 2, 3, 4, 5, 6, 8,
10, and 12 h. Tissue samples from Peyer’s patches were weighed, homogenized
in phosphate-buffered saline (PBS), serially diluted, and plated onto LB agar
plates containing nalidixic acid (50 mg/ml) for counting CFU.

Macrophage isolation, culture, and infection. The protocol used for monocyte
isolation was described previously (26). Briefly, venous blood was collected into
anticoagulant (acid citrate-dextrose), diluted 1:2 in PBS-citrate (pH 7.4), layered
over a Percoll (Amersham Pharmacia Biotech AB, Uppsala, Sweden) solution
with a specific density of 1.0770 (mixture of the following solutions: 10:1 percoll
and 1.5 M NaCl in 1.2% NaH2PO4; 130 mM trisodium citrate; 5% bovine serum
albumin; PBS, adjusted for a final refractive index of 1.3460), and centrifuged at
1,000 3 g for 30 min. The fraction containing white blood cells was collected,
washed in PBS-citrate, resuspended in supplemented RPMI (Gibco BRL Life
Technologies, Inc., Grand Island, N.Y.) with 4% autologous serum, and incu-
bated at 37°C with 5% CO2 overnight in Teflon flasks. Medium containing the
nonadherent cells was removed and replaced by supplemented RPMI with 12.5%
autologous serum. The medium was changed every 3 days. Monocytes differen-
tiate into macrophages after 7 to 10 days in culture. All the experiments were
conducted with macrophages kept in culture for 10 to 11 days.

For inoculation, the bacterial suspension was diluted in supplemented RPMI.
The macrophages were inoculated in Teflon flasks with a multiplicity of infection
of 50:1. Inoculation was followed by centrifugation (1,500 rpm, 5 min) and
incubation at 37°C in 5% CO2 for 30 min. Subsequently, gentamycin (Gibco BRL
Life Technologies, Inc.) was added to the medium to a final concentration of 25
mg/ml in order to kill extracellular bacteria.

Morphologic evaluation. Fragments from the Peyer’s patches were fixed in
formalin, processed according to the standard procedures for paraffin embed-
ding, sectioned at 5-mm thickness, and stained with hematoxylin and eosin.

Inflammatory changes were scored from 1 to 5 according to the following
criteria: 1, no inflammation; 2, margination and perivascular infiltration of neu-
trophils and/or mild diffuse infiltration of neutrophils at the tips of absorptive
villi; 3, moderate diffuse infiltration of neutrophils in the mucosa and perivas-
cular multifocal infiltration in the submucosa; 4, severe diffuse infiltration of
neutrophils in the mucosa and mild to moderate infiltration in the submucosa;

and 5, severe diffuse infiltration of neutrophils throughout the mucosa and
submucosa associated with edema and necrosis of the mucosa.

Small fragments from Peyer’s patches were fixed overnight at 4°C in a solution
of 5% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate
buffer. Tissues were then washed three times with 0.1 M sodium cacodylate
buffer and postfixed for 2 h at 4°C in 1% osmium tetroxide in 0.1 M sodium
cacodylate buffer. For transmission electron microscopy, the samples were
stained overnight at 4°C in a saturated uranyl acetate solution. Tissues were
dehydrated in a graduated series of ethanol solutions and propylene oxide and
embedded in Epon Araldite. Then, 0.5-mm sections were stained with toluidine
blue and examined under light microscopy for selection of the microscopic fields.
The blocks were trimmed and thin sections (60 to 90 nm) were cut, mounted onto
copper grids, stained with uranyl acetate and lead citrate, and examined with a
Zeiss 10C transmission electron microscope. For scanning electron microscopy,
the samples were dehydrated, critical point dried, coated with a thin layer
(approximately 500 Å) of AuPd, and examined with a JEOL JSM-6400 scanning
electron microscope at an accelerating voltage of 15 kV.

TUNEL. A TUNEL assay (12) was used for in situ detection of apoptotic cells.
Five-micrometer sections of the Peyer’s patches were deparaffinized, hydrated,
and treated with a proteinase K (Sigma, St. Louis, Mo.) solution (20 mg/ml) and
0.5% Triton X-100 (Sigma). In situ detection of apoptotic cells was performed
using a commercial kit (Apoptag Plus kit; Intergen, Purchase, N.Y.) according to
the manufacturer’s instructions. Briefly, endogenous peroxidase was quenched in
3% hydrogen peroxide. Digoxigenin-deoxynucleoside triphosphate was catalyti-
cally incorporated to the 39 ends by incubating with terminal deoxynucleotidyl
transferase (TdT) in a humidified chamber at 37°C for 1.2 h. After washing in
PBS (50 mM sodium phosphate (pH 7.4), 200 mM NaCl), the sections were
incubated with antidigoxigenin-peroxidase antibody in a humidified chamber at
room temperature. Color development was obtained with a diaminobenzidine
substrate solution. Specimens were counterstained with methyl green, dehy-
drated, and mounted with coverslips. Sections of normal female rodent mam-
mary gland, obtained 3 to 5 days after weaning of rat pups, were used as positive
controls. Negative controls were obtained by replacing the TdT with buffer on
the same tissues used as positive control.

To detect induction of macrophage apoptosis in vitro by the sopB mutant,
TUNEL was performed using a commercial kit (Pharmingen, San Diego, Calif.)
following the manufacturer’s instructions, except for an additional incubation
with purified mouse immunoglobulin G (Sigma). Macrophages were harvested
by placing them on ice 1 h after inoculation and incubation for 30 min as
described above. Then, the cells were fixed in 1% paraformaldehyde in PBS for
15 min on ice, washed, and stored in 70% ethanol at 220°C for 2 days. The cells
were then incubated with a labeling solution containing TdT and Br-dUTP,
followed by washes and incubation with purified mouse immunoglobulin G,
fluorescein-labeled anti-BrdUTP antibody, and finally propidium iodide. The
cells were then analyzed by flow cytometry (FACSCalibur; Becton Dickinson,
San Jose, Calif.). Flow cytometric data were analyzed in Flow Jo (Tree Star, Inc.,
Palo Alto, Calif.).

Image analysis. TUNEL-labeled sections were examined with a light micro-
scope. The images from 20 microscopic fields (36,500 mm2 each), including 10
from the mucosa (epithelium and lamina propria) plus 10 from the lymphoid
nodules, were captured from each slide by a microcamera and analyzed using the
NIH image 1.60 software. The images were processed in order to measure the
labeled areas, which corresponds to the number of apoptotic cells.

Statistical analysis. The ileal ligated loop experiment was a split plot design.
The data from fluid accumulation were submitted to analysis of variance, and the
averages were compared by Student’s t test (29). The image analysis data were
evaluated by the nonparametric Kruskal-Wallis test (5).

RESULTS

Fluid secretion and inflammatory response. Salmonella-in-
duced cell death in murine macrophages in vitro is associated
with release of the proinflammatory cytokine IL-1b (13). Con-
sidering that a similar mechanism of cell death, which is de-
pendent on caspase-1 (IL-1b-converting enzyme) also occurs
in cattle (28, 35), this may be a key event in the pathogenesis
of diarrhea. In order to determine the association of cell death
in the Peyer’s patches with diarrhea, we first evaluated the
dynamics of fluid accumulation into the lumen of the ileal
ligated loops infected with serovar Typhimurium. In addition,
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the development of inflammatory response was assessed by
histopathology. Fluid accumulation began at 3 h postinfection
(Fig. 1), when there was a significant difference in the fluid
content between wild-type infected and control loops (P ,

0.05). From 3 to 12 h postinfection, there was a consistent
increase in the volume of fluid in the lumen of the wild-type
infected loops (Fig. 1).

Hematoxylin and eosin-stained sections were examined by
light microscopy, and a scoring system was used for evaluation
of the inflammatory changes. The scores ranged from 1 (ab-
sence of inflammation) to 5 (severe inflammatory reaction
associated with necrosis of the mucosa). Early inflammatory
changes such as intravascular margination and mild perivascu-
lar infiltration of neutrophils or a few neutrophils scattered
throughout the lamina propria were present in the mucosa of
all loops infected with wild-type serovar Typhimurium at 1 h
postinfection (Fig. 2). These changes rapidly progressed from
1 to 12 h (Fig. 2). The average scores for inflammatory changes
had a continuous increase from 1 to 12 h postinfection (Fig. 3).

The averages of fluid accumulation per loop length unit and
the inflammatory scores in loops infected with wild-type sero-
var Typhimurium had the same time course profile (Fig. 1 and
3) and a positive and significant correlation (r 5 0.957, P ,
0.05). Early inflammatory changes were clearly present in in-
fected loops at 1 h postinfection, therefore preceding the ac-
cumulation of fluid into the lumen, which began at 3 h postin-
fection. Although this does not necessarily prove a causal
relation, it suggests that inflammation may be an important
mechanism contributing to fluid accumulation, since it is asso-
ciated with an increase in vascular permeability and leakage of
intravascular fluids.

In situ detection of TUNEL-positive cells. Considering the
possible role of Salmonella-induced cell death in triggering the

FIG. 1. Time course of fluid accumulation into the ileal lumen
during serovar Typhimurium infection from 5 min through 12 h postin-
fection. Each data point represents the average (6 standard deviation)
of four independent experiments. p, Values corresponding to wild-type
infected loops (IR715) are significantly higher than those for the un-
infected controls and loops infected with sopB mutant from 3 to 12 h
postinfection (P , 0.05). pp, Values corresponding to sopB-infected
loops are significantly higher than those for uninfected controls and
significantly lower than wild-type infected loops (IR715) from 8 to 12 h
postinfection (P , 0.05).

FIG. 2. Micrographs of bovine Peyer’s patches infected with wild-type serovar Typhimurium. (A to D) Sections of the mucosa. (A) Uninfected
control, no significant histological changes; (B) at 1 h postinfection, mild focal infiltration of neutrophils; (C) mucosa at 6 h postinfection, diffuse
infiltration of neutrophils and marked blunting of the villi; (D) at 12 h postinfection, severe diffuse infiltration of neutrophils with loss of superficial
epithelium and extensive exudation into the lumen. (E to H) Sections of lymphoid nodules. (E) uninfected control, no significant histological
changes; (F) at 1 h postinfection, with no significant histological changes; (G) at 6 h post infection, perivascular infiltration of neutrophils in the
interstitial connective tissue; (H) at 12 h postinfection, severe diffuse infiltration of neutrophils in the interstitial connective tissue. Stain is
hematoxylin and eosin. Bar 5 50 mm.

4612 SANTOS ET AL. INFECT. IMMUN.

 on S
eptem

ber 21, 2018 by guest
http://iai.asm

.org/
D

ow
nloaded from

 

http://iai.asm.org/


inflammatory response through the release of IL-1 (13), it
would be expected that an increase in the number of TUNEL-
positive cells in the Peyer’s patches would coincide with or
precede inflammatory changes. In order to test this notion,
sections of the Peyer’s patches were processed for TUNEL
staining, and positive labeling was measured by computer mor-
phometric analysis. Visual counting of TUNEL-positive cells
had a high positive correlation with the measurement of the
area of positive staining in the section obtained by computer
analysis (data not shown). In both wild-type infected and con-
trol groups, most of the TUNEL-positive cells were detected in
the lymphoid component of the Peyer’s patches either at lym-
phoid nodules or at the domed villi (Fig. 4). Virtually no
TUNEL-positive epithelial cells were detected in the control
loops and very few were detected in infected loops at late time
points. The area of TUNEL-positive cells per microscopic field
was determined separately for both mucosa including absorp-
tive epithelium, M cells, lamina propria (Fig. 5A), and lym-
phoid nodules (Fig. 5B). No significant differences were ob-
served in the area of TUNEL-positive staining between the
uninfected controls and loops infected with wild-type serovar
Typhimurium, except at 12 h postinfection when a significant
increase in positive TUNEL staining was detected in infected
loops in both mucosa and lymphoid nodules (P , 0.05). Al-
though a higher number of TUNEL-positive cells was detected
at early time points such as 15 and 30 min in the mucosa of
infected loops (Fig. 5A), the differences when compared to the
uninfected control loops were not statistically significant (P .
0.05). Many apoptotic cells were detected by ultrastructural
examination, most of which were lymphoid cells, and in most
cases only apoptotic bodies within the cytoplasm of phagocytic
cells were observed. The same distribution of apoptotic cells in
the mucosa and lymphoid nodules was observed in both con-
trols and wild-type infected loops. Although a large number of
bacteria was observed within epithelial and phagocytic cells of
infected tissues, no bacteria were detected in association with
or within the cytoplasm of cells with morphologic features of
apoptosis.

These data document a significant increase in the number of
TUNEL-positive cells during serovar Typhimurium infection,

which was observed exclusively at 12 h postinfection, that oc-
curs only after a severe inflammatory response is established.
This suggests that the increase in cell death may be a conse-
quence rather than a cause of inflammation. Considering the
lack of a significant difference in the TUNEL staining between
infected and control loops at early stages of infection and that
no bacteria were detected in or associated with TUNEL-pos-
itive cells, serovar Typhimurium induced cell death may not be
required for triggering the inflammatory response. However,
the data described above do not exclude the possibility that
serovar Typhimurium-induced cell death may play a role in
diarrhea at a later stage postinfection.

sopB mutant of serovar Typhimurium induces the same
level of TUNEL staining as wild-type in spite of attenuation in
fluid secretion and inflammatory response. To further charac-
terize the occurrence of cell death in vivo, we infected ileal
ligated loops with a mutant of serovar Typhimurium lacking
sopB. It has been previously demonstrated that a sopB mutant
of Salmonella enterica serovar Dublin causes a delayed host
inflammatory response in cattle (11, 25). Although Salmonella-
induced cell death is mediated by SipB, a sipB mutant is not
suitable for in vivo studies since such a mutant is unable to
enter epithelial cells (17, 18) and has a strongly reduced ability
to invade and colonize the intestinal mucosa in calves (32). A
sopB mutant of serovar Typhimurium was used in this study
not because this gene is directly related to sipB but because a
sopB mutant is fully capable of invading the intestinal mucosa
in spite of its attenuation for eliciting an inflammatory re-
sponse (11). Thus, the induction of cell death in macrophages
in vitro and in the Peyer’s patches in vivo by the sopB mutant
of serovar Typhimurium as well as the time course of the
inflammatory response elicited by this mutant was compared to
that in the wild type. Bovine macrophages infected with either
the sopB mutant or the wild type had the same level of DNA
fragmentation, as measured by flow cytometric analysis of
TUNEL-stained cells (Fig. 6). Furthermore, ileal loops in-
fected with the sopB mutant had the same profile of TUNEL-
positive cells as the wild-type infected loops, both in the mu-
cosa (Fig. 5A) and in the lymphoid nodules (Fig. 5B).
Although no statistically significant differences in the area of in
situ TUNEL staining were detected between sopB mutant and
wild type, the sopB mutant induced a significantly lower level
of fluid accumulation as compared to wild type (Fig. 1) and
also had lower scores of inflammation (Fig. 3). No difference in
the level of invasion of the Peyer’s patches was detected be-
tween the sopB mutant and wild type (Fig. 7). The fact that the
sopB mutant is fully able to induce macrophage cell death in
vitro while inducing the same profile of TUNEL-positive cells
in vivo, in spite of the attenuation in fluid secretion and in-
flammatory response, corroborates the results described above
and supports the concept that Salmonella-induced cell death is
not critical for triggering the inflammatory response.

DISCUSSION

serovar Typhimurium is able to induce cell death in murine
(4, 19, 20, 24, 34) and bovine (28, 35) macrophages in vitro. In
murine macrophages, the secreted bacterial protein SipB binds
to and activates caspase-1, which once activated cleaves and
activates the potent proinflammatory cytokine IL-1b (13). An

FIG. 3. Inflammatory changes in the Peyer’s patches after serovar
Typhimurium infection. Magnitude of inflammation was scored (1 to
5) according to the criteria described in Materials and Methods. Each
data point represents the average of four independent experiments.
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FIG 4. Localization of TUNEL-positive cells. In sections of Peyer’s patches at 2 h after infection with wild-type serovar Typhimurium,
TUNEL-stained cells were more concentrated in the domed villi (A) and lymphoid nodules (B). Methyl green counterstaining was used. Bar 5
100 mm.
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intact sipB gene is also required for serovar Typhimurium-
induced cell death in bovine monocyte-derived macrophages
(28) and for eliciting diarrhea and mortality in calves (32). The
importance of inflammatory cytokines for disease in calves is
demonstrated by a massive infiltration with neutrophils ob-
served in the intestinal mucosa of infected animals (32). This
neutrophil infiltration occurs rapidly (Fig. 3) and precedes
fluid secretion (Fig. 1). Thus, activation of IL-1b during the
SipB-mediated cell death suggests that this mechanism may
play a role in the recruitment of neutrophils and the patho-
genesis of diarrhea. S. flexneri induces macrophage cell death
by a mechanism similar to the one proposed for serovar Ty-
phimurium (13, 14), and experimental infection with S. flexneri
in rabbit ileal ligated loops resulted in a 10- to 20-fold increase
in the number of apoptotic cells in the Peyer’s patches at 4 h
postinfection, compared to that in uninfected controls and
avirulent strains (37). A previous study showed that apoptosis

of phagocytic cells in the liver of mice is induced during sys-
temic infection with serovar Typhimurium (27). However, di-
arrhea does not develop during the systemic infection caused
by serovar Typhimurium in mice and these data may thus not
be representative of the diarrheal disease and pathology in the
intestine that occurs in man and cattle infected with this patho-
gen (32). The purpose of this study was therefore to investigate
the occurrence and possible role of serovar Typhimurium-
induced cell death in vivo using a diarrhea model.

We demonstrate that a significant increase in the number of
TUNEL-positive cells in the Peyer’s patches is detected only at
12 h postinfection, when a pronounced inflammatory response
and extensive tissue damage have already developed (Fig. 1, 3,
and 6). Furthermore, at 12 h postinfection we detected a two-
to fourfold increase in TUNEL-positive cells in the mucosa
and lymphoid nodules of infected loops, which is a modest
increase compared to the more than 20-fold increase in
TUNEL-positive cells over the control background reported
after Shigella infection in rabbit ileal loops (37). This result also
contrasts with the report of a high number of TUNEL-positive
cells in murine ileal loops at 1 h postinfection with serovar
Typhimurium (23). Ultrastructural evaluation failed to detect
bacteria associated with apoptotic cells. Furthermore, a sopB
mutant of serovar Typhimurium induced the same level of cell
death as the wild type in spite of its attenuation for induction
of fluid secretion and induction of inflammation (Fig. 5). The
number of TUNEL-positive cells was determined regardless of
the cell type undergoing cell death. This could be considered a
limitation of this study, however, as no significant differences
between infected and control loops were detected at the early
time points and the sopB mutant induced the same levels of
cell death as the wild type; identification of the cell types
undergoing cell death was considered beyond the scope of this
study.

The sopB mutant presented marked attenuation in induction
of both fluid secretion and inflammatory response, which has
been previously demonstrated with a sopB mutant of serovar
Dublin (11). SopB is an inositol phosphate phosphatase (25)
secreted by the SPI-1-encoded type III secretion system (16),
and it has been hypothesized that this protein could induce
fluid accumulation by increasing secretion of Cl2 by intestinal
epithelial cells (25). However, the SopB interferes with other
intracellular signaling pathways that may be involved in regu-
lation of cytokine expression (9), such as activation of the
serine-threonine kinase Akt (30), which may provide a better
explanation for the attenuation of the sopB mutant (Fig. 1 and
3). Although Cl2 secretion may be involved in serovar Typhi-
murium-induced diarrhea, it possibly has a secondary role
since there is a massive infiltration of neutrophils during the
first few hours postinfection, which suggests an exudative in-
flammatory mechanism for accumulation of fluid. Further-
more, the intestinal epithelium loses its integrity very early
after infection (data not shown), and as a consequence the
active transport of ions would not be expected to be effective.

Our data demonstrated no correlation between cell death
and inflammatory changes at the onset of fluid accumulation.
These data support the concept that inflammatory changes,
which occur independently of Salmonella-induced cell death,
contribute more significantly to the pathogenesis of diarrhea.

FIG. 5. Area of in situ TUNEL labeling per microscopic field in the
Peyer’s patches during serovar Typhimurium infection. The area of
labeling per 36,500-mm2 microscopic field was measured using the NIH
Image software as described in Materials and Methods. Each data
point represents the average 6 standard deviation of four independent
experiments. (A) Mucosa; p indicates differences between control and
loops infected with either the wild type (IR715) or sopB mutant at 12 h
postinfection are statistically significant (P , 0.05). (B) Lymphoid
nodules; p indicates the difference between control and wild-type
(IR715) infected loops at 12 h postinfection is statistically significant
(P , 0.05).
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Cell death has also been described in macrophages infected
with bacteria such as Staphylococcus aureus and Escherichia
coli, which are not able to survive intracellularly in macro-
phages (2). Instead of a role in eliciting inflammatory cytokine
release, bacterium-induced macrophage cell death may be a
more general response that plays a role during induction of an
adaptive immune response. In support of this idea, a recent

study demonstrated that Salmonella-induced macrophage apo-
ptosis may be required for antigen presentation by macro-
phages (36).

Our data indicate that serovar Typhimurium-induced cell
death, as measured by TUNEL staining, is neither required
nor sufficient for triggering an early inflammatory response in
cattle. The role of sopB in inducing inflammation and fluid

FIG. 6. Flow cytometric analysis of bovine macrophages infected with wild-type serovar Typhimurium or of sopB mutant grown to the
logarithmic phase. Macrophages were infected in Teflon flasks with multiplicity of infection of 50:1, harvested 1 h after infection, processed for
TUNEL staining (see Materials and Methods), and analyzed by flow cytometry. In each dot plot, the x axis corresponds to propidium iodide
staining and the y axis corresponds to Br-dUTP incorporation. TUNEL-positive cells are within the area indicated by the quadrilateral, and the
percentage of these cells is indicated at the left top corner of each panel. These data are from a representative experiment showing uninfected
macrophages with a low background of TUNEL-positive cells (A) or macrophages infected with the wild type (B) or sopB mutant (C) containing
a high percentage of apoptotic cells.

FIG. 7. Invasion of bovine Peyer’s patches by the wild type (black bars) or a sopB mutant (gray bars) of serovar Typhimurium. Tissue samples
from Peyer’s patches were weighed, homogenized in PBS, serially diluted, and plated onto LB agar plates containing nalidixic acid (50 mg/ml) for
counting CFU. Each bar represents the mean and standard deviation of a time point from four independent experiments.
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secretion indicates that serovar Typhimurium has other mech-
anisms that modulate host inflammatory responses.
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