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ABSTRACT Nontyphoidal Salmonella disease contributes toward signiﬁcant morbidity and mortality across the world. Host factors, including gamma interferon, tumor
necrosis factor alpha, and gut microbiota, signiﬁcantly inﬂuence the outcome of Salmonella pathogenesis. However, the entire repertoire of host protective mechanisms
contributing to Salmonella pathogenicity is not completely appreciated. Here, we investigated the roles of receptor guanylyl cyclase C (GC-C), which is predominantly
expressed in the intestine and regulates intestinal cell proliferation and ﬂuid-ion homeostasis. Mice deﬁcient in GC-C (Gucy2c⫺/⫺) displayed accelerated mortality compared with that for wild-type mice following infection via the oral route, even
though both groups possessed comparable systemic Salmonella infection burdens.
Survival following intraperitoneal infection remained similar in both groups, indicating that GC-C offered protection via a gut-mediated response. The serum cortisol
level was higher in Gucy2c⫺/⫺ mice than wild-type (Gucy2c⫹/⫹) mice, and an increase in infection-induced thymic atrophy with a loss of immature CD4⫹ CD8⫹
double-positive thymocytes was observed. Accelerated and enhanced damage in the
ileum, including submucosal edema, epithelial cell damage, focal tufting, and distortion of the villus architecture, was seen in Gucy2c⫺/⫺ mice concomitantly with a
larger number of ileal tissue-associated bacteria. Transcription of key mediators of
Salmonella-induced inﬂammation (interleukin-22/Reg3␤) was altered in Gucy2c⫺/⫺
mice in comparison to that in Gucy2c⫹/⫹ mice. A reduction in fecal lactobacilli,
which are protective against Salmonella infection, was observed in Gucy2c⫺/⫺ mice.
Gucy2c⫺/⫺ mice cohoused with wild-type mice continued to show reduced amounts
of lactobacilli and increased susceptibility to infection. Our study, therefore, suggests
that the receptor GC-C confers a survival advantage during gut-mediated Salmonella
enterica serovar Typhimurium pathogenesis, presumably by regulating Salmonella effector mechanisms and maintaining a beneﬁcial microbiome.
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almonellosis, the disease caused by the Gram-negative intracellular bacterium
Salmonella, manifests in humans as typhoid, paratyphoid fever, nontyphoidal septicemia, or gastroenteritis. Infections with Salmonella enterica serotypes Typhi and
Paratyphi are limited to humans, and these Salmonella serotypes cause the systemic
disease typhoid fever. Infections with other serotypes, called nontyphoidal Salmonella
serotypes, result in enteritis and diarrhea. Salmonella infects hosts orally via contamiMay 2018 Volume 86 Issue 5 e00799-17
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nated food or water (1). Mouse infection models are useful to study not only factors in
the pathogen that regulate disease progression but also host factors that can modulate
the severity of the response to Salmonella infection (2). In susceptible mouse strains,
such as those with defects in the gene encoding Slc11a1 (Nramp1), the bacterium
traverses the distal ileum, and mice develop systemic infection after colonization of the
Peyer’s patches, liver, and spleen (3).
Colonization of the mouse intestine is dependent on a number of factors that
include the commensal microbiota, the gut mucosa, and the gut-associated immune
system. A number of host factors, such as gamma interferon (IFN-␥) (4), tumor necrosis
factor alpha (TNF-␣) (5, 6), and interleukin-22 (IL-22), modulate Salmonella pathogenesis
(1). These factors regulate the production of chemokines that recruit inﬂammatory cells
to the site of tissue damage and infection (7). In addition, it is conceivable that
modulators of intestinal epithelial cell function may also provide mechanisms to
modulate Salmonella pathogenesis, since the ﬁrst point of contact for the pathogen is
the epithelial cells that line the gastrointestinal tract (8).
The receptor guanylyl cyclase C (GC-C) is a transmembrane receptor predominantly
expressed on the apical membrane of intestinal enterocytes. It serves as a receptor for
the endogenous hormones guanylin and uroguanylin (9, 10). Activation of GC-C upon
ligand binding results in production of cGMP, which leads to protein kinase G IIdependent activation of the cystic ﬁbrosis transmembrane conductance regulator
(CFTR) and inhibition of sodium-hydrogen exchanger 3 (NHE3). Activation of CFTR
causes the efﬂux of chloride, CFTR-dependent bicarbonate secretion into the lumen,
and inhibition of sodium absorption by NHE3, thus resulting in an osmotic gradient
leading to ﬂuid accumulation in the lumen. Hence, the major role of GC-C is in
maintenance of ﬂuid-ion homeostasis in the gut (11). In addition, GC-C serves as the
receptor for the heat-stable enterotoxin (ST), the causative agent of enterotoxigenic
Escherichia coli (ETEC)-mediated diarrhea in children and traveler’s diarrhea (12). Mice
lacking GC-C are resistant to heat-stable enterotoxin-induced ﬂuid accumulation (13)
and are reported to display greater susceptibility to dextran sodium sulfate-induced
colitis (14). Previously, we have demonstrated that mice lacking GC-C show increased
N-methyl-N-nitrosourea-induced aberrant crypt foci (15), indicating a role for GC-C in
maintaining intestinal cell proliferation.
Gucy2c⫺/⫺ mice have been reported to possess a compromised gut epithelial barrier
which was attributed to the lower expression of tight junction proteins, such as
occludin, claudin 2, and claudin 4 (14). Citrobacter rodentium, an enteric Gram-negative
bacterium, causes self-limiting infection in mice, and Gucy2c⫺/⫺ mice are reported to
be more susceptible to infection by that bacterium (16). Here, we studied the role of
GC-C as a host factor during Salmonella-mediated pathogenesis in mice. We found that,
in contrast to expectations that a compromised gut barrier would lead to enhanced
systemic infection, the increased susceptibility of Gucy2c⫺/⫺ mice to oral infection with
Salmonella Typhimurium was a result of an increased bacterial load in the ileum, altered
cytokine production, and increased ileal tissue damage coupled to an altered fecal
microbiome.
RESULTS
Mice lacking GC-C display accelerated mortality during oral S. Typhimurium
infection. We infected C57BL/6 wild-type (Gucy2c⫹/⫹) and Gucy2c⫺/⫺ mice orally with
S. Typhimurium and monitored their survival. We chose not to treat the mice with
streptomycin (17), since we were interested in a model of acute S. Typhimurium
infection without altering the existing microbiota in these mice (18). Surprisingly,
survival experiments revealed an increased susceptibility of Gucy2c⫺/⫺ mice to oral but
not intraperitoneal infection with S. Typhimurium (Fig. 1a), indicating a role for GC-C in
offering protection against gut-associated infection. The median length of survival for
Gucy2c⫹/⫹ mice following oral infection was 112 h, while it was 80 h for Gucy2c⫺/⫺
mice, and the difference was statistically signiﬁcant (P ⫽ 0.006). Interestingly, fecal
excretion of bacteria was similar in Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice at early stages of
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FIG 1 Gucy2c⫺/⫺ mice display accelerated mortality during oral infection with S. Typhimurium. (a) Gucy2c⫹/⫹ and Gucy2c⫺/⫺
mice were infected with S. Typhimurium either orally or intraperitoneally. The mice were monitored for survival at 8-h intervals.
Survival curves for oral and intraperitoneal infection were obtained from independent experiments containing a total of 10 to
11 mice. (b) Mice were orally infected with S. Typhimurium, and the bacterial loads in the feces on days 1 and 2 following
infection were estimated. The data show the values for individual mice, with error bars showing the mean ⫾ SD. (c) Infected
mice were sacriﬁced on day 3, tissues were harvested, and the bacterial burden in the spleen, Peyer’s patches, and liver was
estimated. Data show the values for individual mice, with error bars showing the mean ⫾ SD. (d) Mice were weighed prior to
oral infection and at 3 days postinfection. (e) Sera were collected from uninfected and infected mice, and the levels of TNF-␣,
IFN-␥, and IL-6 were measured by ELISA. In panels b to e, the data are depicted as the mean ⫾ SD for 3 to 7 mice per group.
The statistical signiﬁcance of the differences among the experimental groups in all panels was analyzed using two-way ANOVA.
*, P ⱕ 0.05; ns, not signiﬁcant; ⫺St, mice not infected with S. Typhimurium; ⫹St, mice infected with S. Typhimurium.

infection, as was the bacterial burden in organs, such as the spleen, Peyer’s patches,
and liver, on day 3 postinfection (Fig. 1b and c). In agreement with earlier observations
(19), poor survival after Salmonella infection was correlated with a signiﬁcant reduction
in the body weight of Gucy2c⫺/⫺ mice on day 3 (Fig. 1d).
Next, we monitored proinﬂammatory cytokine levels in serum 3 days after oral
infection, to determine whether enhanced immune cell activation and inﬂammation
were responsible for the poor survival of Gucy2c⫺/⫺ mice. As shown in Fig. 1e, while
there was a tendency for an increase in serum TNF-␣ and IL-6 levels on infection, the
increase was not statistically signiﬁcant. IFN-␥ levels were elevated on infection in both
strains of mice, but there was no difference between Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice.
Therefore, we conclude that an increase in systemic infection or inﬂammation was not
the cause for the early death of Gucy2c⫺/⫺ mice.
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FIG 2 An early rise in serum cortisol amounts and increased infection-induced thymic atrophy are observed in
Gucy2c⫺/⫺ mice. (a) Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice were orally infected with S. Typhimurium. At the indicated time
points, S. Typhimurium-uninfected (⫺St) and S. Typhimurium-infected (⫹St) mice were sacriﬁced and serum cortisol
levels were measured by ELISA. Data show the values for individual mice, with error bars showing the mean ⫾ SD. (b)
Viable cells from harvested thymi were quantiﬁed by trypan blue exclusion assay using a hemocytometer. (c) The
thymocytes from uninfected mice and from mice after 96 h of infection were stained for cell surface expression of CD4
and CD8, and density plots were constructed to quantify the percentages of the major cell populations. Data are
depicted as the mean ⫾ SEM for 5 to 8 mice per group. In all panels, experimental groups were analyzed for statistical
signiﬁcance using two-way ANOVA, *, P ⱕ 0.05; ***, P ⱕ 0.001; ****, P ⱕ 0.0001. Green bars indicate differences between
Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice that were statistically signiﬁcant.

Enhanced infection-induced thymic atrophy is observed in Gucy2cⴚ/ⴚ mice. We
have previously reported that serum cortisol, a marker of the general stress experienced
by the animal, is increased on Salmonella infection and contributes toward S.
Typhimurium-induced thymic atrophy in mice (20, 21). We monitored cortisol levels
and observed an increase in serum cortisol levels on infection. However, at 48 h,
Gucy2c⫺/⫺ mice showed higher levels of circulating cortisol than Gucy2c⫹/⫹ mice (Fig.
2a). Thymic atrophy was observed in both Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice (Fig. 2b and
c) but was more pronounced in Gucy2c⫺/⫺ mice at both 48 and 96 h postinfection (Fig.
2b). CD4 and CD8 cell surface staining of isolated thymocytes revealed an increased
depletion of CD4⫹ CD8⫹ thymocytes in Gucy2c⫺/⫺ mice after 96 h of infection (Fig. 2c).
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FIG 3 Gucy2c⫺/⫺ mice show increased bacterial colonization and intestinal damage. Infected Gucy2c⫹/⫹
and Gucy2c⫺/⫺ mice were sacriﬁced at 3 days after oral S. Typhimurium infection. (a) The bacterial load
in the ileum, cecum, and colon was estimated. Each circle represents the value for an individual mouse,
and lines show the mean ⫾ SD. **, P ⬍ 0.01; ns, not signiﬁcant. (b) Periodic acid-Schiff (PAS) staining was
performed on formalin-ﬁxed ileal tissue sections obtained from S. Typhimurium-uninfected (⫺St) and S.
Typhimurium-infected (⫹St) mice on days 3 and 4 following infection. One representative ileal tissue
section from each experimental group containing 3 to 4 mice is depicted. Bars, 100 m. The arrow shows
a large number of apoptotic cells in the lumen of Gucy2c⫺/⫺ mice. (Insets) The larger boxes are enlarged
images of the smaller boxes. (c) The number of goblet cells was quantiﬁed in individual, clearly
identiﬁable villi in each section from uninfected and infected mice. The data shown are from an
individual villus across a section, and lines indicate the mean ⫾ SD. Statistical analysis was performed by
two-way ANOVA. *, P ⱕ 0.05.

Increased epithelial damage in the small intestine is observed in Gucy2cⴚ/ⴚ
mice. Results so far suggest that the protective effects of GC-C are mediated predominantly at the level of the gastrointestinal tract and could be initiated early during
infection, thereby resulting in signiﬁcant weight loss and earlier death in Gucy2c⫺/⫺
mice. We therefore monitored the bacterial load in various regions of the gut following
infection in both Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice. The CFU were enumerated on day 3
following infection, at which time a few Gucy2c⫺/⫺ mice had already succumbed. As
shown in Fig. 3a, while the bacterial loads in the cecum and colon were similar in both
strains of mice, the increase in the amount bacteria seen in the distal ileum was on the
order of almost 2 logs.
We measured ileal damage and goblet cell number on day 3, using periodic
acid-Schiff (PAS) staining following paraformaldehyde ﬁxation. Examination of sections
of the small intestine showed marked histopathological differences between infected
Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice. Infection resulted in more severe inﬂammation in the
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small intestine of Gucy2c⫺/⫺ mice, with increased focal tufting and distortion of the
crypt villus architecture by day 4 (Fig. 3b). A larger number of dead cells was also
observed in the lumen of the ileum in Gucy2c⫺/⫺ mice than in the lumen of the ileum
in Gucy2c⫹/⫹ mice by day 4 postinfection.
PAS staining revealed a reduced number of goblet cells in uninfected Gucy2c⫺/⫺
mice (Fig. 3c). Goblet cell numbers were reduced in Gucy2c⫹/⫹ mice on infection, as has
been reported earlier (17), but were increased in Gucy2c⫺/⫺ mice. Also noteworthy was
the intense staining of Paneth cells in the crypts of both Gucy2c⫹/⫹ and Gucy2c⫺/⫺
mice following infection.
S. Typhimurium infection downregulates the transcription of GC-C and its
ligands, guanylin and uroguanylin. Results so far indicate that signaling via GC-C
protects the host during Salmonella infection by reducing the extent of tissue damage
and colonization in the ileum. We therefore asked if infection alters the expression of
genes in the GC-C signaling pathway, which could be a strategy used by Salmonella to
increase its virulence in the host. We performed quantitative real-time PCR analysis of
cDNA prepared from the distal ileum of mice on day 3 following oral infection and
observed that the transcript levels of GC-C were signiﬁcantly reduced on infection in
Gucy2c⫹/⫹ mice (Fig. 4). The distal ileum may be a region where both guanylin and
uroguanylin are expressed to comparable levels (22), and interestingly, the transcript
levels of both the ligands were reduced on infection in both Gucy2c⫹/⫹ and Gucy2c⫺/⫺
mice (Fig. 4). Other genes downstream of GC-C did not show a change in expression
levels (Cftr, PkgII, and Pde5) on infection, while Nhe3 transcripts were upregulated in
both infected Gucy2c⫹/⫹ mice and infected Gucy2c⫺/⫺ mice. Activation of GC-C results
in cGMP-dependent phosphorylation of NHE3, which inhibits this Na⫹/H⫹ exchanger
(11, 23). Therefore, the downregulation of guanylin and uroguanylin transcripts, coupled with the increased expression of Nhe3, would enhance Na⫹ uptake by the
epithelial cells, possibly counteracting the loss of this ion during Salmonella-induced
diarrhea in humans.
GC-C regulates transcription of cytokines and effectors during Salmonella
infection. Intestinal inﬂammation following Salmonella infection is a consequence of
upregulation of proinﬂammatory genes, including Tnf-␣, Il-1␤, Il-22, Il-6, and Ifn-␥ (24),
and genes expressing the C-type lectins Reg3␥ and Reg3␤ (1). The transcripts of most
cytokines were upregulated to similar extents in both Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice
following infection (Fig. 5). The transcript levels of only a few genes (Il-22, Cxcl15, and
Reg3␤; see the green bars in Fig. 5) differed statistically between Gucy2c⫹/⫹ and
Gucy2c⫺/⫺ mice following infection. While lipocalin 2 gene transcript levels were
signiﬁcantly increased in Gucy2c⫺/⫺ mice, there was no statistically signiﬁcant difference between the levels in wild-type and Gucy2c⫺/⫺ mice following infection. In
summary, this indicates a role for GC-C signaling in modulating speciﬁc arms of the
Salmonella-induced immune response.
Reduced levels of lactobacilli in Gucy2cⴚ/ⴚ mice may contribute to the initial
susceptibility of mice to Salmonella infection. The gut microbiota is known to
inﬂuence Salmonella infection progression (17, 18, 25, 26). We therefore monitored the
major phyla of bacteria present in the mouse gut and also Lactobacillus spp., which
have been reported to protect from Salmonella infection (25–28). We prepared
genomic DNA from stool samples from both Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice and
performed real-time PCR using universal and phylum-speciﬁc primers for the 16S rRNA
genes. As shown in Fig. 6, while the major phyla (Bacteriodetes and Firmicutes) were
largely unchanged in both strains of mice, Lactobacillus spp. were signiﬁcantly reduced.
Since lactobacilli have been reported to attenuate the severity of salmonellosis in mice
(25), we propose that the initial environment of the gut of Gucy2c⫺/⫺ mice could also
have contributed to the initial infection and uptake of S. Typhimurium, culminating in
the increased susceptibility of Gucy2c⫺/⫺ mice to infection.
To ensure that alterations in the microbiome in Gucy2c⫺/⫺ mice were a direct
consequence of the absence of GC-C in the gut, we cohoused Gucy2c⫺/⫺ mice at the
time of weaning with adult wild-type mice for 4 weeks. We then monitored the feces
iai.asm.org 6
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FIG 4 S. Typhimurium infection regulates the expression of genes in the GC-C signaling pathway. RNA
was prepared from ileal tissue of S. Typhimurium-uninfected (⫺St) and S. Typhimurium-infected (⫹St)
mice on day 3 following oral infection. Quantitative real-time PCR analysis was performed to estimate the
transcript levels of Gucy2c, Guca2a, Guca2b, PkgII, Pde5, Nhe3, and Cftr. The data are depicted as values
for individual mice, and lines represent the mean ⫾ SD. Two-way ANOVA was used to analyze the results
for statistically signiﬁcant differences among the experimental groups. *, P ⱕ 0.05; **, P ⱕ 0.01; ***, P ⱕ
0.001; ns, not signiﬁcant.

collected from cohoused mice for major phyla. We continued to observe a similar
composition of microbiota after cohousing, including lower levels of lactobacilli in
Gucy2c⫺/⫺ mice (Fig. 6a). We infected these cohoused Gucy2c⫺/⫺ mice along with
age-matched wild-type mice, housed both strains of mice together in multiple cages
following infection, and monitored survival. In agreement with earlier results, we saw
dramatically poorer survival of Gucy2c⫺/⫺ mice that were cohoused with infected
Gucy2c⫹/⫹ mice following infection (Fig. 6b). Similar fecal bacterial loads (Fig. 6c) were
observed in all mice, but Gucy2c⫺/⫺ mice showed a marked reduction in body weight
May 2018 Volume 86 Issue 5 e00799-17
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FIG 5 Gucy2c⫺/⫺ mice show reduced transcript levels of IL-22 in the ileum following infection. Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice orally
infected with S. Typhimurium (⫹St) along with control S. Typhimurium-uninfected mice (⫺St) were sacriﬁced at 3 days postinfection. RNA
was isolated from the harvested ileal tissues, and quantitative real-time PCR analysis was performed to estimate the transcript levels of
Tnf-␣, Il-1b, Il-6, Cxcl-15, Il-22, Il-23, Ifn-␥, Il-4, Cxcl-1, Cxcl-2, Cxcl-9, Cxcl-10, Lcn2, Reg3␤, and Reg3␥. The data shown are from individual mice,
and lines depict the mean ⫾ SD. The differences between the experimental groups were analyzed for statistical signiﬁcance using two-way
ANOVA. *, P ⱕ 0.05; **, P ⱕ 0.01; ***, P ⱕ 0.001; ns, not signiﬁcant. Green bars represent values which differed signiﬁcantly between
Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice.
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FIG 6 Abundance of major microbial phyla and infection outcome are not altered in cohoused Gucy2c⫺/⫺ and Gucy2c⫹/⫹ mice. (a) Fecal
pellets were collected from uninfected Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice and Gucy2c⫺/⫺ mice cohoused with wild-type mice, and the
bacterial DNA was isolated from the samples. Quantitative real-time PCR was performed to analyze the levels of gut microbiota using
phylum-speciﬁc primers normalized to universal 16S rRNA-speciﬁc primers. The values shown represent those for individual mice, and
lines show the mean ⫾ SD. Statistical analysis was performed using the nonparametric Mann-Whitney U test. **, P ⱕ 0.01; ns, not
signiﬁcant. (b) Gucy2c⫹/⫹ mice and cohoused Gucy2c⫺/⫺ mice (4 mice of each species) were infected with S. Typhimurium and housed
together in multiple cages during the course of infection. The survival of the mice was monitored every 8 h. (c) Fecal pellets from individual
mice were collected at 24 h and 48 h following infection of mice, and the bacterial loads in the feces on days 1 and 2 following infection
were estimated. Data show the values for individual mice, with error bars showing the mean ⫾ SD. (d) Individual mice were weighed prior
to infection and then every day following infection until day 3 (when Gucy2c⫺/⫺ mice had started to succumb to infection). The data
shown are the mean ⫾ SD (n ⫽ 4). *, P ⬍ 0.05.

by day 3 (Fig. 6d). Therefore, these cohousing experiments suggested that the susceptibility of Gucy2c⫺/⫺ mice to Salmonella infection is caused by genetically determined
changes in the gut response and microbiome composition.
DISCUSSION
GC-C-mediated cGMP pathways are essential regulators of intestinal homeostasis,
including ﬂuid-ion secretion and cell proliferation (23). The role of GC-C in diarrhea
caused by enterotoxigenic E. coli, which produces heat-stable enterotoxins, is well
established, since GC-C serves as the receptor for the toxin (11). However, the roles of
GC-C, if any, during severe enteric infections have not been investigated. Here, we
utilized the S. Typhimurium infection model in mice, which results in an acute,
progressive, and lethal infection, to study the contribution of GC-C during Salmonella
pathogenesis. Our results show that GC-C provides protection against oral S. Typhimurium infection, and the absence of GC-C was correlated with reduced ileal damage and
changes in the levels of some cytokines and antimicrobial peptides (AMPs) (1, 24)
May 2018 Volume 86 Issue 5 e00799-17
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FIG 7 Putative role of GC-C during Salmonella infection. The IL-22 arm of the innate immune response
during Salmonella infection is regulated by GC-C. After oral infection in mice, Salmonella competes with
the commensal Lactobacillus bacteria to invade the epithelial and dendritic cells of the gut. Salmonella
downregulates the expression of the GC-C receptor and its endogenous ligands, guanylin and uroguanylin. The probable interaction of GC-C with dendritic cells and macrophages leads to induction of IL-23
expression, which activates TH17 cells to express the cytokine IL-22, which in turn induces the expression
of the AMP Reg3␤ in epithelial cells.

(Fig. 7). Interestingly, the rapid mortality seen in Gucy2c⫺/⫺ mice was not dependent on
increased systemic infection, since bacteria colonized extraintestinal tissue to equivalent extents in both Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice.
Glucocorticoids (GCs) are steroid hormones which are secreted by the adrenal
glands and possess immunosuppressive properties. GCs are an indicator of stress (29)
and are upregulated during S. Typhimurium infection in mice (21). At 48 h postinfection, the serum cortisol levels seen in Gucy2c⫺/⫺ mice were signiﬁcantly higher than
those seen in Gucy2c⫹/⫹ mice. Thymic atrophy accompanies numerous infections, and
GCs contribute toward the depletion of the developing CD4⫹ CD8⫹ immature thymocytes during infections by pathogens, such as Listeria monocytogenes, type A Francisella
tularensis, Trypanosoma cruzi, and S. Typhimurium (20, 21). Since Gucy2c⫺/⫺ mice
displayed early elevated levels of serum cortisol (Fig. 2a), the infection-induced thymic
atrophy in Gucy2c⫺/⫺ mice was indeed observed to be signiﬁcantly higher than that in
Gucy2c⫹/⫹ mice.
Higher circulating cortisol levels could be attributed to enhanced colonization and
inﬂammation in Gucy2c⫺/⫺ mice, as evidenced by the histopathology of the ileum. S.
Typhimurium infection results in inﬂammation of the cecum and colon, with lower
levels of inﬂammation being seen in the ileum of mice (30). Germfree mice display
higher ileal loads than speciﬁc-pathogen-free mice when administered with similar
doses of S. Typhimurium (31). The higher levels of colonization in the ileum of
May 2018 Volume 86 Issue 5 e00799-17
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Gucy2c⫺/⫺ mice may be due to the higher level of translocation or invasion of
Salmonella in the gut of these mice. Interestingly, during Crohn’s disease, selective
inﬂammation in the terminal ileum is observed (32). In addition, the standard therapy
for inﬂammatory bowel disease (IBD) is administration of corticosteroids, which facilitate immunosuppression (33). The elevated levels of cortisol observed in Gucy2c⫺/⫺
mice during infection (Fig. 2a) might be a compensatory mechanism to reduce the
inﬂammation of the ileum.
Salmonella pathogenesis results in an altered gene expression proﬁle in the intestine
(1). The transcript levels of GC-C and its endogenous ligands, guanylin and uroguanylin,
were downregulated upon infection in the ileum (Fig. 4). However, the transcript levels
of other downstream effectors of the GC-C pathway, such as PkgII, Cftr, and Pde5, were
not differentially modulated postinfection. NHE3 is an abundantly expressed Na⫹/H⫹
exchanger in the intestine (11, 34). There was a signiﬁcant increase in the level of
expression of NHE3 upon infection, which occurred independently of the presence of
GC-C. The signiﬁcant increase in NHE3 transcript levels is counterintuitive, since there
are reports of downregulation of NHE3 by proinﬂammatory cytokines, such as IFN-␥
and TNF-␣, during enteropathogenic E. coli infection and inﬂammatory bowel disease
(34). The mechanisms that lead to transcriptional regulation of NHE3 upon Salmonella
infection are unknown and warrant further investigation.
There are only two reports of disruption of GC-C signaling at both the receptor and
ligand levels, as we saw here on Salmonella infection (Fig. 4). In ulcerative colitis
patients, a severity-dependent downregulation in the expression of GC-C, guanylin, and
uroguanylin in the colonic mucosa is observed (35). GC-C and its ligands are also
downregulated in the inﬂamed colonic mucosa of IBD patients (36) and in rats with
2,4,6-trinitrobenzene sulfonic acid-induced colitis (37). The signiﬁcant downregulation
of GC-C and its ligands upon Salmonella infection could therefore occur as a consequence of the altered composition of the tissue following the inﬂammation induced by
infection.
Salmonella infection and invasion of the intestine induce inﬂammatory responses,
including upregulation of proinﬂammatory cytokines (24). The induction of TNF-␣ in
the gastrointestinal tract during Salmonella infection is well-known (5, 6). Small
amounts of TNF-␣ confer protection against Salmonella infection in mice (38), while
administration of higher doses causes extensive histopathological damage, organ
dysfunction, and death within minutes to hours due to respiratory arrest (39, 40).
Following infection, there was no statistically signiﬁcant difference between the transcript levels of TNF-␣ in the ileum of wild-type mice and those in the ileum of
Gucy2c⫺/⫺ mice (Fig. 5). TNF-␣ mediates the depletion of goblet cells during S.
Typhimurium infection in mice, as pretreatment with anti-TNF-␣ antibody restores the
goblet cell numbers and mucin proﬁles (6). We, however, saw an increase in goblet cell
numbers on infection in the small intestine in Gucy2c⫺/⫺ mice (Fig. 3c), suggesting a
novel means of regulating goblet cell number by GC-C.
A critical arm of the antimicrobial innate immune response is the production of
epithelial cell-derived AMPs. This antimicrobial response is mediated via the IL-22
cytokine, which induces the expression of AMPs in the intestinal epithelial cells (1). IL-22
is produced by leukocytes, such as T helper type 17 (TH17) cells, in response to the IL-23
produced by infected dendritic cells and macrophages (41) and/or the IL-6 produced by
intestinal epithelial cells (42). AMPs induced by IL-22 include REG3␤, REG3␥, lipocalin 2,
and calprotectin. REG3␤ and REG3␥ are bactericidal C-type lectins and eliminate
Gram-positive bacteria (1, 43). Lipocalin 2 and calprotectin do not kill bacteria directly
but starve them of metals which are essential for their growth (1). This AMP response
has been demonstrated to impart a growth advantage to Gram-negative pathogens,
such as Salmonella, over commensal bacteria (44). Reg3␥⫺/⫺ and Reg3␤⫺/⫺ mice are
more susceptible to Salmonella Enteritidis infection, implying a protective role of these
AMPs against this pathogen (45, 46). The lower infection-induced expression of IL-22 in
Gucy2c⫺/⫺ mice (Fig. 5) may affect the induction of AMPs in the epithelial cells, and
indeed, the transcript levels of Reg3␤ were found to be signiﬁcantly lower upon
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infection in Gucy2c⫺/⫺ mice than in Gucy2c⫹/⫹ mice. This may also partly account for
the susceptibility of these mice to Salmonella infection.
Innate lymphoid cells are potent producers of IL-22 after intestinal injury. Importantly, IL-22 has been shown to induce intestinal epithelial regeneration by increasing
the proliferation of intestinal stem cells (47). Gucy2c⫺/⫺ mice showed a reduction in
Il-22 transcript levels on infection (Fig. 5). It is possible that the increased intestinal
damage seen in Gucy2c⫺/⫺ mice could be a consequence of the reduced proliferation
of stem cells and, therefore, replenishment of epithelial cells.
The gastrointestinal tract is a rich source of aryl hydrocarbon receptor (AhR) ligands
(48). AhR protects the gut upon challenge with pathogenic bacteria (49) by increasing
IL-22 expression. Thus, AhR-deﬁcient mice succumb to Citrobacter rodentium infection,
and ectopic expression of IL-22 protected mice from this early mortality (49). It would
therefore be of interest to monitor AhR expression in the gut of Gucy2c⫺/⫺ mice and
determine whether this contributes to reduced Il-22 transcript levels in infected mice.
The gut microbiota is a critical determinant of susceptibility to various infectious
pathogens (50), including S. Typhimurium (17, 18, 25, 26). The gut microbiota can either
promote resistance to colonization by pathogens or assist and enhance their virulence
(50). In our study, there were no signiﬁcant differences in the abundance of the major
phyla (i.e., Bacteriodetes, Firmicutes, Actinobacteria, and Proteobacteria) in Gucy2c⫹/⫹
and Gucy2c⫺/⫺ mice (Fig. 6a). However, we observed a signiﬁcant decrease in the
abundance of Lactobacillus in Gucy2c⫺/⫺ mice, as has been reported earlier (16). We
observed this decrease even following cohousing of Gucy2c⫺/⫺ mice with wild-type
mice (Fig. 6). Different species and isolates of Lactobacillus have been shown to exert
antagonistic activity on Salmonella invasion and colonization (25–28). For example,
Lactobacillus acidophilus inhibits adhesion, invasion, and dissemination of attenuated S.
Typhimurium in BALB/c mice (25). In vitro studies in human intestinal Caco-2 cells
revealed that Lactobacillus acidophilus attenuates Salmonella-induced intestinal inﬂammation via the transforming growth factor ␤/MIR21 signaling pathway (26). The lower
abundance of speciﬁc Lactobacillus spp. might inherently predispose Gucy2c⫺/⫺ mice
to Salmonella infection and contribute to the higher degree of translocation and
epithelial damage in the ileum.
Microbiota dysbiosis has been reported in mice null for genes involved in ﬂuid-ion
homeostasis of the gut (51, 52). It is possible that GC-C enhances the growth and
colonization of Lactobacillus spp. in the gut by providing and maintaining the luminal
pH and/or electrolyte distribution and balance. Certain species of Lactobacillus have
been shown to produce indole-3-aldehyde, which is an AhR ligand (49). Metagenomic
analysis of the microbiome of Gucy2c⫺/⫺ mice may reveal another mechanism by which
reduced levels of speciﬁc lactobacilli could affect IL-22 production in an AhR-dependent
manner.
In summary, we have studied the role of GC-C during S. Typhimurium infection
in mice and have identiﬁed GC-C to be a crucial host factor that provides protection
against gut-mediated infection by S. Typhimurium. Our results, summarized in Fig.
7, indicate that Salmonella infection results in the downregulation of GC-C ligands
and a modest but signiﬁcant downregulation of GC-C. The absence of GC-C in the
gut modulates the innate immune response to Salmonella and cytokine production,
possibly affecting neutrophil migration and/or stem cell proliferation in the distal
ileum. We speculate, therefore, that administration of GC-C ligand analogs may
alleviate Salmonella-mediated symptoms and pathology. Linaclotide is an FDAapproved oral GC-C ligand and is used in the treatment of constipation and chronic
idiopathic constipation. This drug is effective against visceral pain associated with
constipation-predominant inﬂammatory bowel syndrome (C-IBS) (53). Therefore,
paradoxically, a target for a bacterial toxin that causes diarrhea may act as a
therapeutic target for the treatment and alleviation of Salmonella-mediated intestinal symptoms and pathology.
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Bacterial cultures. The S. Typhimurium NCTC 12023 strain was used for mouse infections. A single
isolated colony of S. Typhimurium grown on a Salmonella-Shigella (SS) agar plate was used to culture the
preinoculum. The overnight preinoculum was used at 0.2% in 50 ml of Luria broth and cultured for 3 h
at 37°C and 160 rpm to obtain a log-phase culture. The bacterial culture was washed and resuspended
in sterile phosphate-buffered saline (PBS) and used for infection (21).
Mice. Gucy2c⫺/⫺ mice obtained from The Jackson Laboratory were backcrossed with C57BL/6 mice
for more than 10 generations with multiple founder wild-type mice. Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice were
bred in the same vivarium as described previously (15), housed in a clean-air facility in multiple cages,
and separated on the basis of sex and strain. The temperature was maintained at 22 ⫾ 2°C, the humidity
was maintained at 55% ⫾ 10%, and the mice were maintained on a 12-h light/12-h dark cycle. Mice had
access to laboratory chow and water ad libitum. Chow was procured from Rayans Biotech, Hyderabad,
India, and contained ⬃ 24% protein, 6% oil, and 3% dietary ﬁber. Mice of either sex aged 6 to 8 weeks
and weighing 18 to 30 g were used for the experiments and following infection were housed in multiple
cages to rule out cage-dependent effects.
In some experiments, Gucy2c⫺/⫺ mice were cohoused at the time of weaning with adult wild-type
mice for 4 weeks in multiple cages. Feces were collected from the cohoused Gucy2c⫺/⫺ mice, and the
mice were then placed in a cage along with the wild-type mice to be used for infection. Three days later,
the mice were used for infection.
Ethics statement. The experiments were performed in agreement with the Control and Supervision
Rules, 1998 of Ministry of Environment and Forest Act (Government of India), and the Institutional Animal
Ethics Committee of the Indian Institute of Science (IISc). Gucy2c⫹/⫹ and Gucy2c⫺/⫺ mice were bred and
maintained at the Central Animal Facility of IISc (registration number 48/1999/CPCSEA, dated 1 March
1999). The experimental protocols were approved by the Committee for Purpose and Control and
Supervision of Experiments on Animals (CPCSEA; permit number CAF/Ethics/216/2011). The details of the
national guidelines can be found at http://envfor.nic.in/division/committee-purpose-control-and
-supervision-experiments-animals-cpcsea (21).
Mouse infection. The mice were infected with S. Typhimurium either orally or intraperitoneally, and
survival was monitored. For infections via the intraperitoneal route, ⬃750 bacteria/mouse were administered, while for oral infection, ⬃108 bacteria/mouse were used. The bacterial culture was resuspended
in PBS, and 0.5 ml was administered either by the intraperitoneal route or by oral gavage.
Fresh fecal samples were collected following infection, weighed, and homogenized in PBS, and the
appropriate dilutions were plated on SS agar plates. For quantiﬁcation of the CFU burden in organs, the
mice were sacriﬁced at the time points indicated above and in the appropriate ﬁgures and the organs
were harvested, weighed, and homogenized in PBS. Appropriate dilutions were plated on SS agar plates
(20).
Serum cytokines and cortisol estimation. Serum TNF-␣, IL-6, and IFN-␥ were quantiﬁed using
enzyme-linked immunosorbent assay (ELISA) kits (eBioscience, USA), while serum cortisol amounts were
measured using an AccuBind ELISA kit (Monobind Inc., USA) according to the manufacturer’s instructions
(21).
Flow cytometric analysis of thymocytes. On the days indicated above and in the appropriate
ﬁgures, uninfected and infected mice were sacriﬁced, and the thymi were dissected and washed in PBS.
The organs were disrupted with a pair of forceps, the cell suspensions were passed through a ﬁne wire
mesh to obtain a single-cell suspension, and the viability of the cells was estimated by trypan blue
exclusion assay using a hemocytometer. Thymocytes were stained for cell surface expression of CD4 and
CD8 to estimate the major cell subpopulations. Anti-mouse CD4-allophycocyanin (catalog number
17-0041-83) and anti-mouse CD8-phycoerythrin (catalog number 12-0081-85) were purchased from
eBioscience. Cells were incubated with ﬂuorochrome-conjugated antibodies at 4°C for 45 min. Subsequently, the cells were washed twice with PBS and ﬁxed in 0.5% paraformaldehyde. The cells were
acquired on a FACSVerse ﬂow cytometer (BD Bioscience, USA). Baseline instrument application and
compensation settings were set using unstained and singly stained samples, respectively. Single events
were gated on the basis of the forward scatter area versus the forward scatter height, while live events
were gated on the basis of the forward scatter area versus the side scatter area. These selections were
considered to exclusively analyze single live events. CD4-versus-CD8 density plots were constructed for
thymocytes, and the major cell populations were quantiﬁed. WinMDI software and FlowJo (version 9.8.5)
software were used to plot and analyze the results (21).
Histological analysis. Histological analysis was performed on ileal sections, which were ﬁxed in 4%
paraformaldehyde in PBS (pH 6.9), and periodic acid-Schiff (PAS) staining was performed (48). Brieﬂy,
following ﬁxation, sections were dehydrated by serial immersion in increasing concentrations of ethanol
and ﬁnally in parafﬁn. The tissues were embedded in parafﬁn, and 4-m sections were obtained using
a microtome (Leica Biosystems, Germany). The sections were dewaxed and rehydrated by serial immersion in decreasing concentrations of ethanol. Sections were stained with PAS (Avinash Chemicals,
Bangalore, India) following the manufacturer’s instructions. The nuclei were subsequently stained with
hematoxylin (Sigma-Aldrich, USA). Sections were then dehydrated and mounted. The sections were
observed using an Olympus XI81 microscope (Olympus Corporation, Tokyo, Japan).
RNA isolation and quantitative real-time PCR analysis. A portion of the distal ileum was isolated
and stored in the TRI Reagent (RNAiso Plus, TaKaRa). The RNA was isolated using a Qiagen RNeasy kit,
according to the manufacturer’s protocol, and 4 g of RNA was reverse transcribed to cDNA using
RevertAid reverse transcriptase (Thermo Scientiﬁc, USA). Real-time PCR was performed using SYBR
Premix Ex Taq (Tli RNase H Plus) on a CFX96 Touch real-time PCR detection system (Bio-Rad, USA). Three
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