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Despite the widely held belief that gastric acid serves as a barrier to bacterial pathogens, there are almost
no experimental data to support this hypothesis. We have developed a mouse model to quantify the effectiveness
of gastric acid in mediating resistance to infection with ingested bacteria. Mice that were constitutively
hypochlorhydric due to a mutation in a gastric Hⴙ/Kⴙ-ATPase (proton pump) gene were infected with Yersinia
enterocolitica, Salmonella enterica serovar Typhimurium, Citrobacter rodentium, or Clostridium perfringens cells or
spores. Significantly greater numbers of Yersinia, Salmonella, and Citrobacter cells (P < 0.006) and Clostridium
spores (P ⴝ 0.02) survived in hypochlorhydric mice, resulting in reduced median infectious doses. Experiments
involving intraperitoneal infection or infection of mice treated with antacids indicated that the increased
sensitivity of hypochlorhydric mice to infection was entirely due to the absence of stomach acid. Apart from
establishing the role of gastric acid in nonspecific immunity to ingested bacterial pathogens, our model
provides an excellent system with which to investigate the effects of hypochlorhydria on susceptibility to
infection and to evaluate the in vivo susceptibility to gastric acid of orally administered therapies, such as
vaccines and probiotics.
with an increased risk of infection (12, 22). However, as discussed by Martinsen et al. (18), gastrointestinal infections
themselves reduce gastric acid secretion in humans and animals, and few systematic experimental and epidemiological
studies have been performed to determine the contribution of
gastric acid to infection resistance.
Since the H⫹,K⫹-ATPase ␤ subunit is required for activity
of the H⫹,K⫹-ATPase, H⫹,K⫹-ATPase ␤-subunit-deficient
mice (31) have a gastric luminal pH of ⬃7, whereas wild-type
mice have a gastric luminal pH of ⬃3.6. Moreover, H⫹,K⫹ATPase ␤-subunit-deficient mice do not produce any gastric
HCl in response to treatment with histamine (21). To investigate the contribution of gastric acid to infection resistance, we
infected H⫹,K⫹-ATPase ␤-subunit-deficient mice perorally
with the gram-negative bacterial pathogens Yersinia enterocolitica, Salmonella enterica serovar Typhimurium, and Citrobacter
rodentium and the gram-positive pathogen Clostridium perfringens and compared the resistance of these mice to infection to
that of control mice.

The ubiquitous distribution of gastric acid among fish, amphibians, reptiles, birds, and mammals implies that it is evolutionarily advantageous (14). Three main functions are ascribed
to gastric acid: (i) it activates pepsinogen and denatures proteins, (ii) it augments absorption of dietary calcium and iron,
and (iii) it inhibits infectious agents from reaching the intestine
(12).
Hydrochloric acid is secreted by parietal cells in the stomach. Acidification of the gastric lumen occurs due to the activity of the gastric H⫹,K⫹-ATPase or “proton pump,” which
exchanges luminal K⫹ for cytoplasmic H⫹ (6, 29, 36). This
enzyme has an ␣ subunit, which contains the catalytic site of
the enzyme (1), and a highly glycosylated ␤ subunit (2, 25, 32,
34, 35). Gastric acid secretion is stimulated primarily by histamine released from enterochromaffin-like cells in response to
gastrin (17).
Gastric juice consists of HCl and pepsin and can kill bacteria
within 15 min when the pH is less than 3.0 (8). If the pH is
raised above 4.0, bacterial overgrowth may occur. Hypochlorhydria (4 ⬍ pH ⬍ 7) (3) and achlorhydria (pH ⬎ 7) can be
acquired or iatrogenic. Acquired hypochlorhydria can result
from atrophic gastritis or be induced by malnutrition (10, 15).
Iatrogenic hypochlorhydria can be caused by gastric surgery or
by drugs that inhibit acid secretion (18). Regardless of the
cause, a number of studies have associated hypochlorhydria

MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1.
Y. enterocolitica strains were grown on Luria or Yersinia selective (CIN) agar
(Oxoid Ltd., Basingstoke, England) at 30°C. C. rodentium and S. enterica serovar
Typhimurium strains were grown on Luria-Bertani agar at 37°C. C. perfringens
was grown on nutrient agar (Oxoid) supplemented with 0.1% (wt/vol) sodium
thioglycolate and 0.375% (wt/vol) glucose at 37°C in GasPak anaerobic jars (BD
Diagnostics, Sparks, MD). When required, antibiotics (Sigma-Aldrich, St. Louis,
MO) were used at the following final concentrations: 25 g/ml streptomycin, 50
g/ml nalidixic acid, 100 g/ml kanamycin, and 25 g/ml chloramphenicol. For
mouse infection experiments, overnight cultures of all of the bacteria except C.
perfringens that were grown in Luria-Bertani broth supplemented with the ap-
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TABLE 1. Bacterial strains used in this study

Strain

Y. enterocolitica 8081
Y. enterocolitica 8081u⫺
S. enterica serovar Typhimurium
SL1344
C. rodentium ICC169
C. perfringens JIR4472

Relevant characteristic(s)

Reference(s)

Biotype 1B, serotype O:8
Y. enterocolitica 8081 ureF::Kmr
Resistant to streptomycin

23
4
11

Resistant to nalidixic acid
SM101(pJIR1841), spore forming, resistant
to chloramphenicol

7, 37
V. Adams, D. Lyras, and
J. I. Rood, unpublished

(i) Histamine. Treatment procedures were performed as previously described
(21). Briefly, 30 min before infection, BALB/cCrSlc and H⫹,K⫹-ATPase ␤-subunit-deficient mice were inoculated intraperitoneally (i.p.) with histamine (10
mg/kg; Sigma-Aldrich) dissolved in 100 l of 0.15 M NaCl or with diluent alone
(21). Mice were then inoculated with bacteria by gavage and killed 30 min later.
(ii) Sodium bicarbonate. Thirty minutes before infection, five BALB/cCrSlc
mice were inoculated by gavage with 100 l of a sterile solution of 10% (wt/vol)
sodium bicarbonate dissolved in saline. Another group of BALB/cCrSlc mice and
a group of H⫹,K⫹-ATPase ␤-subunit-deficient mice were inoculated by gavage
with saline alone. All mice were then inoculated by gavage with 200 l of a
bacterial suspension containing 108 CFU of C. rodentium and killed 30 min later
by CO2 inhalation.
(iii) Omeprazole. Five BALB/cCrSlc mice were treated with the proton pump
inhibitor omeprazole as described previously (21). Mice were inoculated i.p. with
100 l of omeprazole (400 mol/kg) dissolved in dimethyl sulfoxide-polyethylene
glycol (average Mr, 8,000) (9:1, vol/vol). Another group of BALB/cCrSlc mice
and a group of H⫹,K⫹-ATPase ␤-subunit-deficient mice were inoculated with
the vehicle alone. Mice were inoculated by gavage with C. rodentium as described
above 40 min after the i.p. inoculation and killed 30 min later.
Susceptibility of mice to infection by a parenteral route. Five BALB/cCrSlc
mice and five H⫹,K⫹-ATPase ␤-subunit-deficient mice were inoculated i.p. with
200 l of saline containing 105 CFU of S. enterica serovar Typhimurium SL1344.
Twenty-four hours later, the mice were killed, and the spleen and liver of each
mouse were removed aseptically and placed in 2 and 5 ml of PBS, respectively.
Samples were weighed and homogenized, the bacteria in each organ were enumerated, and the results were expressed in CFU/g of tissue.
Statistical analysis. Data were analyzed with two-tailed Student’s unpaired t
test or two-tailed Fisher’s exact test using the Prism or Instat programs (GraphPad Software, San Diego, CA). In all studies, a P value of ⬍0.05 was considered
statistically significant.

RESULTS
Susceptibility of bacteria to acid in vitro. To gauge the acid
resistance of the gram-negative bacterial strains used in this
study, we tested their abilities to survive in PBS at various pHs
(Table 2). Wild-type Y. enterocolitica was the most acid-resistant species, surviving at a pH as low as 2.0. This result was
most likely due to its ability to produce urease, as the bacteria
were killed by acid in the absence of urea (results not shown)
and the urease mutant was acid susceptible. At pH 3.0, the
viability of S. enterica serovar Typhimurium was reduced to
around 4%, and C. rodentium was killed.
Susceptibility of Hⴙ,Kⴙ-ATPase ␤-subunit-deficient mice to
colonization by bacterial pathogens. To determine if H⫹,K⫹ATPase ␤-subunit-deficient mice were more susceptible to infection with bacterial enteric pathogens, we orally infected
BALB/cCrSlc and H⫹,K⫹-ATPase ␤-subunit-deficient mice
using various doses of Y. enterocolitica, S. enterica serovar Typhimurium, and C. rodentium and 3 days later collected the
tissue where initial colonization occurs. The small intestine was
excised from mice infected with Y. enterocolitica or S. enterica
serovar Typhimurium, while the cecum was removed from
mice infected with C. rodentium. All of the mice that received
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propriate antibiotics were used. The number of bacteria administered to mice
was determined by plating 10-fold serial dilutions of the inoculum on appropriate
media.
To prepare C. perfringens vegetative cells, a log-phase culture of strain JIR4472
was prepared by inoculating a single colony into 6 ml of preboiled fluid thioglycolate broth (Difco, Detroit, MI). After overnight growth at 37°C, a 3-ml aliquot
was used to inoculate 90 ml of preboiled fresh Trypticase-peptone-glucose medium (27), which was then incubated for 4 h at 37°C. The cells were collected by
centrifugation, washed once with sterile phosphate-buffered saline (PBS), and
resuspended in 2 ml of PBS prior to inoculation into mice. C. perfringens spores
were prepared in a similar manner, except that a 3-ml aliquot of an overnight
fluid thioglycolate broth culture was used to inoculate 90 ml of Duncan and
Strong’s medium (5) and grown at 37°C for 24 h. The cells were collected by
centrifugation and washed once with sterile ice-cold water. The cell pellet was
resuspended in 3 ml of water and heated at 80°C for 20 min to kill the vegetative
cells.
Susceptibility to acid in vitro. The susceptibility of bacteria to acid was tested
as described previously (4, 9). Briefly, stationary-phase cultures were diluted
1:105 in PBS at pH 2.0, 2.5, 3.0, 3.5, 4.0, and 7.0. The buffer used for Y.
enterocolitica also contained 3.4 mM urea (4). Following incubation for 2 h at
37°C, bacteria were enumerated by spreading them on appropriate media, and
the viable counts were compared to those in the original inocula.
Mice. H⫹,K⫹-ATPase ␤-subunit-deficient transgenic mice (genotype ⫺/⫺)
(31) and wild-type BALB/cCrSlc mice (genotype ⫹/⫹) were housed under specific-pathogen-free conditions in the Department of Microbiology and Immunology Animal House, The University of Melbourne, Melbourne, Australia. The
genotypes of the mice were confirmed by PCR analysis. Six-to-eight-week-old
male and female mice were used throughout this study. In each experiment, the
two strains of mice were age and sex matched as closely as possible. During the
course of the experiments, mice were given nonacidified, autoclaved water and
were housed in isolator cages with free access to food unless otherwise specified.
All work with animals was approved by The University of Melbourne Animal
Ethics Committee and was conducted in accordance with the guidelines for
animal experimentation of the Australian National Health and Medical Research Council.
Oral infection of mice. Two series of experiments were performed, in which
mice were examined 3 days or 30 min after inoculation with bacteria. For the
3-day experiments, which were designed to measure bacterial colonization, various doses of stationary-phase cultures of Y. enterocolitica, S. enterica serovar
Typhimurium, or C. rodentium were administered by gavage to between 5 and 10
BALB/cCrSlc and H⫹,K⫹-ATPase ␤-subunit-deficient mice using a 20-gauge
needle (Cole-Palmer, Vernon Hills, IL). Three days later, the mice were killed by
CO2 inhalation, and the small intestine of mice inoculated with Y. enterocolitica
or S. enterica serovar Typhimurium and the cecum of mice inoculated with C.
rodentium were removed aseptically and placed in 5 ml of PBS. Samples were
weighed, homogenized with a Polytron homogenizer (Kinematica, Lucerne,
Switzerland), and diluted in PBS, and the bacteria were enumerated on selective
agar. The median infectious dose (ID50) was calculated using the method of
Reed and Muench (24). For the 30-min experiments, which were designed to
determine the short-term effects of gastric acid on bacterial viability, mice were
inoculated by gavage with 108 CFU of Y. enterocolitica, S. enterica serovar Typhimurium, C. rodentium, or C. perfringens cells or spores in 200 l of unbuffered
saline. After 30 min, the mice were killed by CO2 inhalation, and the stomach,
small intestine, and large intestine were removed and placed in 2, 5, and 5 ml of
PBS, respectively, for homogenization and bacterial enumeration as described
above.
Pretreatment of mice with gastric acid-altering agents. Approximately 16 h
prior to infection, a wire grid was placed on the base of each mouse cage and
food was removed.
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TABLE 2. Ability of bacterial strains to survive for 2 h in phosphate buffer at various pHs
% of surviving bacteria (mean ⫾ SD) ata:

Strain
b

Y. enterocolitica 8081
Y. enterocolitica 8081u⫺b
S. enterica serovar Typhimurium
SL1344
C. rodentium ICC169

pH 2.0

pH 2.5

pH 3.0

pH 3.5

pH 4.0

pH 7.0

36.6 ⫾ 9.3
0
0

74.4 ⫾ 4.6
0
0

72.5 ⫾ 3.7
0
3.4 ⫾ 5.5

81.3 ⫾ 5.3
12.3 ⫾ 4.1
80.0 ⫾ 20.4

66.4 ⫾ 2.5
94.7 ⫾ 38.5
66.3 ⫾ 19.2

90.0 ⫾ 10.2
114.9 ⫾ 51.8
78.3 ⫾ 9.8

0

0

0

21.9 ⫾ 23.4

54.3 ⫾ 10.3

89.1 ⫾ 15.7

a

Percentage of the original inoculum, determined in three independent experiments.
b
PBS contained 3.4 mM urea.

TABLE 3. Numbers of BALB/cCrSlc wild-type mice (genotype ⫹/⫹)
and H⫹,K⫹-ATPase ␤-subunit-deficient transgenic mice
(genotype ⫺/⫺) colonized with Y. enterocolitica,
S. enterica serovar Typhimurium, and
C. rodentium 3 days after oral
infection and ID50s

Species

Dose (CFU)a

No. of mice containing ⬎103
CFU per g of tissue/no. of
mice tested (%)b
Genotype ⫹/⫹
mice

Genotype ⫺/⫺
mice

Y. enterocolitica

108
107
106
105

7/7 (100)
4/5 (80)
2/7 (29)
0/8 (0)

8/8 (100)
7/7 (100)
4/7 (57)
2/8 (25)

S. enterica serovar
Typhimurium

108

9/10 (90)c

9/9 (100)

107
106
105

3/8 (38)
3/8 (38)
1/8 (13)

9/9 (100)d,e
8/8 (100)e
4/8 (50)

108
107
106

7/7 (100)
0/7 (0)
0/9 (0)

7/7 (100)
4/8 (50)
3/8 (38)

C. rodentium

For BALB/cCrSlc wild-type mice (genotype ⫹/⫹) the ID50s of Y. enterocolitica, S. enterica serovar Typhimurium, and C. rodentium were 106.41, 106.85, and
7.5
10 CFU, respectively; for H⫹,K⫹-ATPase ␤-subunit-deficient transgenic mice
(genotype ⫺/⫺) the ID50s of these organisms were 105.65, 105, and 107 CFU,
respectively.
b
Bacteria were retrieved from the small intestine of mice infected with Y.
enterocolitica or S. enterica serovar Typhimurium and from the cecum of mice
infected with C. rodentium.
c
Including one mouse that succumbed to the infection.
d
Including two mice that succumbed to the infection.
e
P ⬍ 0.05, as determined by two-tailed Fisher’s exact test.
a

an increase in the acidity of the mouse stomach was required to
mimic the human stomach. A previous study showed that histamine induces an increase in acid secretion that peaks after 45
min (21). To determine if activating acid secretion affected
bacterial survival during passage through the stomach, we
treated BALB/cCrSlc and H⫹,K⫹-ATPase ␤-subunit-deficient
mice with histamine or diluent and infected mice 30 min later
with C. rodentium by gavage. The bacteria in the stomach,
small intestine, and large intestine were enumerated after another 30 min. The percentage of bacteria that were able to
survive passage through BALB/cCrSlc mice pretreated with
histamine (8.4% ⫾ 15.7% [mean ⫾ standard deviation]) was
lower than the percentage of bacteria that were able to survive
passage through BALB/cCrSlc mice pretreated with the diluent (37.2% ⫾ 31.8%) (P ⫽ 0.02, two-tailed Student’s unpaired
t test) (Fig. 1). However, no difference was observed between
the H⫹,K⫹-ATPase ␤-subunit-deficient mice pretreated with
histamine (104.3% ⫾ 26.1%) and the H⫹,K⫹-ATPase ␤-subunit-deficient mice pretreated with diluent (114.2% ⫾ 33.1%
(P ⫽ 0.47) because these mice lack the enzyme responsible for
gastric acid production and therefore addition of histamine

FIG. 1. Effect of treating wild-type (genotype ⫹/⫹) and H⫹,K⫹ATPase ␤-subunit-deficient (genotype ⫺/⫺) mice with histamine on
the survival of C. rodentium in the intestine. Both mouse strains were
fasted, treated with either histamine or diluent, and infected with 108
CFU C. rodentium 30 min later by gavage. Mice were killed 30 min
later, and the stomach, small intestine, and large intestine were removed. The samples were placed in PBS, homogenized, and spread on
selective agar plates. The results are expressed as percent survival
(number of C. rodentium CFU isolated from each mouse/number of
CFU in the inoculum ⫻ 100). The horizontal bars indicate means. The
data were analyzed using a two-tailed Student unpaired t test.
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the maximum dose (108 CFU) were colonized (Table 3). At
lower doses of bacteria, greater numbers of the H⫹,K⫹ATPase ␤-subunit-deficient mice than of the control mice were
colonized. However, the difference was significant only for the
mice infected with 106 and 107 CFU S. enterica serovar Typhimurium (P ⬍ 0.05, two-tailed Fisher’s exact test). These results
and the ID50s (Table 3) indicated that the H⫹,K⫹-ATPase
␤-subunit-deficient mice were more susceptible to bacterial
colonization. They also indicated that a minimum dose of 108
CFU was required for reliable colonization of mice; therefore,
this inoculum was used in all remaining experiments.
Effect of treating wild-type mice with histamine on the viability of orally administered bacteria. Normally, mice have a
higher gastric pH than humans (pH 3.1 to 4.5 versus pH 1.5 to
3.5) (13). Accordingly, to optimize our animal infection model,
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had no effect. As lowering the gastric pH influenced bacterial
survival in a way that more accurately mimicked human physiology, in subsequent experiments we compared histaminetreated wild-type mice and untreated H⫹,K⫹-ATPase ␤-subunit-deficient mice.
Susceptibility of hyperchlorhydric and hypochlorhydric
mice to orally administered bacterial pathogens. Next, we determined the susceptibility of hyperchlorhydric mice (acid-producing BALB/cCrSlc mice treated with histamine) and hypochlorhydric mice (H⫹,K⫹-ATPase ␤-subunit-deficient mice
treated with diluent) to various bacterial pathogens. Greater
numbers of Y. enterocolitica were found in the gastrointestinal
tracts of hypochlorhydric mice (110.7% ⫾ 21.1%) than in the
gastrointestinal tracts of their hyperchlorhydric counterparts
(44.4% ⫾ 33.4%) (P ⫽ 0.006) (Fig. 2). Similar results were
observed for S. enterica serovar Typhimurium (125.5% ⫾
20.4% versus 23.4% ⫾ 13.5% [P ⬍ 0.0001]) and C. rodentium
(114.2% ⫾ 33.1% versus 8.4% ⫾ 15.7% [P ⬍ 0.0001]).
Since Y. enterocolitica, S. enterica serovar Typhimurium, and
C. rodentium are all members of the Enterobacteriaceae, we
wanted to investigate whether similar results would be observed for an entirely different type of intestinal pathogen.
Histamine-treated BALB/cCrSlc and diluent-treated H⫹,K⫹ATPase ␤-subunit-deficient mice were orally inoculated with
vegetative cells of a derivative of a food poisoning strain of C.
perfringens. Although slightly more bacteria survived passage
through hypochlorhydric mice (25.6% ⫾ 23.8%) than passage
through hyperchlorhydric mice (10.6% ⫾ 7.5%), the difference
was not significant (P ⫽ 0.2, two-tailed Student’s unpaired t
test) (Fig. 3). By contrast, more C. perfringens spores were
retrieved from hypochlorhydric mice (55.3% ⫾ 40.0%) than
from control animals (4.5% ⫾ 3.5%) (P ⫽ 0.02) (Fig. 3).
Susceptibility of Hⴙ,Kⴙ-ATPase ␤-subunit-deficient mice to
parenteral infection with S. enterica serovar Typhimurium. To
ensure that the differences in bacterial colonization between
the two mouse strains that we observed were due to differences

in gastric acid production and not due to other factors, we
performed two further experiments. First, mice were inoculated i.p. with S. enterica serovar Typhimurium and killed 1 day
later, before they could succumb to the infection. There was no
significant difference in bacterial numbers in either the spleen
(3.28 ⫻ 106 ⫾ 2.61 ⫻ 106 CFU/g versus 2.66 ⫻ 106 ⫾ 2.16 ⫻
106 CFU/g) (P ⬎ 0.5, two-tailed Student’s unpaired t test) or
the liver (6.43 ⫻ 106 ⫾ 1.48 ⫻ 107 CFU/g versus 4.84 ⫻ 105 ⫾
3.97 ⫻ 105 CFU/g) (P ⫽ 0.4) between the BALB/cCrSlc and
H⫹,K⫹-ATPase ␤-subunit-deficient mice.

FIG. 3. Survival of C. perfringens vegetative cells and spores in
hyperchlorhydric and hypochlorhydric mice. Fasted wild-type mice
were treated with histamine (gastric acid ⫹), and fasted H⫹,K⫹ATPase ␤-subunit-deficient mice were treated with diluent (gastric
acid ⫺). Thirty minutes later all mice were inoculated by gavage with
108 CFU C. perfringens vegetative cells or spores. Mice were killed 30
min later, and the stomach, small intestine, and large intestine were
removed. The samples were placed in PBS, homogenized, and spread
on selective agar plates. The results are expressed as percent survival
(number of bacteria isolated from each mouse/number of bacteria in
the inoculum ⫻ 100). The horizontal bars indicate means. The data
were analyzed using a two-tailed Student unpaired t test.
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FIG. 2. Bacterial survival in hyperchlorhydric and hypochlorhydric mice. Fasted wild-type mice were treated with histamine (gastric acid ⫹),
and fasted H⫹,K⫹-ATPase ␤-subunit-deficient mice were treated with diluent (gastric acid ⫺). Thirty minutes later mice were inoculated by gavage
with 108 CFU Y. enterocolitica 8081, S. enterica serovar Typhimurium, or C. rodentium (see Fig. 1). Mice were killed 30 min later, and the stomach,
small intestine, and large intestine were removed. The samples were placed in PBS, homogenized, and spread on selective agar plates. The results
are expressed as percent survival (number of bacteria isolated from each mouse/number of bacteria in the inoculum ⫻ 100). The horizontal bars
indicate means. The data were analyzed using a two-tailed Student unpaired t test.
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lower numbers of bacteria were recovered from BALB/cCrSlc
mice pretreated with diluent (18.3% ⫾ 18.2% and 34.2% ⫾
25.5% for the sodium bicarbonate and omeprazole experiments, respectively) (Fig. 4). These results indicate that the
differences in susceptibility to bacterial colonization in the two
groups of mice that we observed were due to differences in
gastric acid production.
DISCUSSION

Susceptibility of hypochlorhydric wild-type mice to orally
administered C. rodentium. In a second series of experiments
to determine if the observed differences in bacterial colonization were due to differences in gastric acid production, we
rendered wild-type mice hypochlorhydric by pretreatment with
sodium bicarbonate or omeprazole, a proton pump inhibitor,
prior to challenge with C. rodentium. Similar numbers of bacteria survived passage through the stomachs of BALB/cCrSlc
mice pretreated with sodium bicarbonate (102.0% ⫾ 29.8%)
and the stomachs of H⫹,K⫹-ATPase ␤-subunit-deficient mice
pretreated with diluent alone (114.9% ⫾ 26.8%) (P ⫽ 0.5)
(Fig. 4A). Similar results were obtained for omeprazoletreated BALB/cCrSlc mice (83.4% ⫾ 29.7%) and diluenttreated H⫹,K⫹-ATPase ␤-subunit-deficient mice (101.0% ⫾
34.0%) (P ⫽ 0.4) (Fig. 4B). In both experiments, significantly
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FIG. 4. Treatment of mice with acid-suppressing agents. (A) Fasted
wild-type mice (genotype ⫹/⫹) were treated with 10% sodium bicarbonate or diluent, and fasted H⫹,K⫹-ATPase ␤-subunit-deficient mice
(genotype ⫺/⫺) were treated with only diluent. All mice were inoculated by gavage 30 min later with 108 CFU C. rodentium. Mice were
killed after 30 min, and the stomach, small intestine, and large intestine
were removed for enumeration of C. rodentium. (B) Fasted wild-type
mice (genotype ⫹/⫹) were treated with omeprazole or diluent, and
fasted H⫹,K⫹-ATPase ␤-subunit-deficient mice (genotype ⫺/⫺) were
treated with only diluent and infected 30 min later with 108 CFU C.
rodentium by gavage. Mice were killed after 30 min, and the stomach,
small intestine, and large intestine were removed. In both experiments,
the samples were placed in PBS, homogenized, and spread on selective
agar plates. The results are expressed as percent survival (number of C.
rodentium CFU isolated from each mouse/number of CFU in the
inoculum ⫻ 100). The horizontal bars indicate means. The data were
analyzed using a two-tailed Student unpaired t test.

It has been postulated that one of the main functions of
gastric acid is to prevent ingested microorganisms from reaching the small intestine, where they have the potential to cause
disease or to gain access to other parts of the body (12). Here,
we systematically addressed the issue of the effectiveness of
gastric acid as an antibacterial barrier by testing the survival of
various bacterial pathogens in H⫹,K⫹-ATPase ␤-subunit-deficient and mice with a gastric pH similar to that found in
humans. The bacteria that we used for this study were selected
on the basis of differences in pathogenesis and intrinsic resistance to acid. Y. enterocolitica is primarily a gastrointestinal
pathogen that produces diarrhea and fever but can also cause
septicemia and postinfection autoimmunity (26). Y. enterocolitica serotype O:8 strains are highly pathogenic for mice and
humans. S. enterica serovar Typhimurium causes enteritis in
humans and in mice produces a disease that resembles typhoid
fever (30). C. rodentium is a mouse pathogen that produces
characteristic attaching and effacing lesions indistinguishable
from those produced by enteropathogenic and enterohemorrhagic strains of Escherichia coli, which also cause diarrhea in
humans (19, 20). C. perfringens, an anaerobic, spore-forming,
gram-positive rod, is a common cause of food poisoning in
humans, causing stomach cramps and diarrhea (28). The gastrointestinal symptoms are caused by type A isolates that produce CPE, a sporulation-specific enterotoxin. The bacteria are
ingested as vegetative cells in contaminated food and then
sporulate in the gut, producing CPE.
Before performing animal experiments, we investigated the
survival of Y. enterocolitica 8081, Y. enterocolitica 8081u⫺, S.
enterica serovar Typhimurium, and C. rodentium in PBS at
various pHs. Our findings supported previous findings showing
that Y. enterocolitica is highly acid resistant and that this phenotype is mediated by the ability of this organism to produce
urease (4, 38). Our results for S. enterica serovar Typhimurium
support those of Gorden and Small (9), who found that Salmonella species are unable to survive in Luria-Bertani broth at
pH 2.5 for 2 h. The acid resistance of C. rodentium has not
been tested previously, and we found that this species is slightly
more acid sensitive than S. enterica serovar Typhimurium.
Zavros et al. (39) have reported that transgenic gastrindeficient mice are susceptible to bacterial overgrowth when
they are housed in conventional mouse facilities. While these
authors isolated aerobic, facultative, and anaerobic bacteria
from the stomachs of these mice, they did not quantify the
susceptibility of individual mice to infection or the ability of
specific pathogens to traverse the gastric environment and
establish infection. Interestingly, the H⫹,K⫹-ATPase ␤-subunit-deficient mice used in this study do not exhibit bacterial
overgrowth when they are maintained under specific-pathogen-free conditions (data not shown).
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undefined factors other than stomach acid were not responsible for the greater survival of S. enterica serovar Typhimurium
in hypochlorhydric mice.
This study established a clear role for gastric acid in reducing
susceptibility to infection with ingested bacterial pathogens. In
addition, the hypochlorhydric/hyperchlorhydric animal model
that we have developed provides an excellent system for evaluating treatment of hypochlorhydric patients with agents such
as vaccines and probiotics.
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Sun et al. (33) performed controlled experiments which
showed that nonpathogenic E. coli survives better in hypochlorhydric gastrin-deficient mice than in wild-type mice. We expanded these studies by performing systematic experiments to
test the survival of several bacterial pathogens in a different
type of hypochlorhydric mouse strain, which does not display
the other effects of gastrin insufficiency, such as impaired gastric motility and delayed emptying. By infecting H⫹,K⫹ATPase ␤-subunit-deficient and wild-type mice with various
doses of Y. enterocolitica, S. enterica serovar Typhimurium, and
C. rodentium and measuring colonization 3 days later, we
showed that the hypochlorhydric mice were more susceptible
to colonization than the wild-type mice except at the highest
dose (108 CFU), at which wild-type mice were also colonized.
One of the disadvantages of using animals to model human
infections is the inherent difference between humans and the
animals used. In our case, the main problem was that mice
have a higher resting gastric luminal pH than humans. We
addressed this issue by increasing the gastric acid output of
wild-type mice by treating them with histamine, thus making
them hyperchlorhydric relative to untreated mice. We found
that 2.5-fold more Y. enterocolitica, 5.4-fold more S. enterica
serovar Typhimurium, and 13.6-fold more C. rodentium survived passage through the stomachs of hypochlorhydric mice
than survived passage through the stomachs of hyperchlorhydric mice. This phenomenon was not restricted to gram-negative microorganisms, as C. perfringens spores also showed
greater survival in hypochlorhydric mice. Very few studies examining the survival of vegetative cells and spores of C. perfringens at low pH have been carried out, although Li and
McClane (16) found that in vitro the lowest pH supporting
vegetative cell growth or spore outgrowth of food poisoning
isolates was pH 5.1.
Our in vivo results also correlate with our in vitro results,
which showed that Y. enterocolitica was the most acid-resistant
bacterium, followed by S. enterica serovar Typhimurium and C.
rodentium. The reductions in bacterial load that were observed
were lower than that reported by Sun et al. (33), who found
that E. coli survival in gastrin-deficient mice was increased
more than 20-fold at 10 min after gavage compared to E. coli
survival in control mice. These authors also reported much
lower levels of bacterial survival, approximately 2.5% in gastrin-deficient mice compared to 0.1% in control mice. This low
level of survival may have been due to the fact that the gastrindeficient mouse strain had a stomach pH of 4.2, which is much
lower than the stomach pH of the H⫹,K⫹-ATPase ␤-subunitdeficient mouse strain used here and previously (13, 31).
We used two approaches to verify that the only phenotype
which had an impact on bacterial survival in H⫹,K⫹-ATPase
␤-subunit-deficient mice was the ability of the mice to produce
gastric acid. First, we infected mice by a route that bypassed
the stomach and found similar numbers of S. enterica serovar
Typhimurium in the spleens and livers of wild-type and
H⫹,K⫹-ATPase ␤-subunit-deficient mice that had been inoculated i.p. with bacteria 1 day earlier. Second, we treated mice
with 10% sodium bicarbonate to neutralize stomach acid or
with omeprazole, a proton pump inhibitor. Both of these treatments facilitated bacterial survival during passage through the
stomach that was similar to the survival in the H⫹,K⫹-ATPase
␤-subunit-deficient mice. Together, these results indicate that
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