
Introduction
The oxyntic mucosa is composed of numerous blind
tubular units containing various cell types (1). Each
unit is divided into four regions: (a) the pit region con-
taining surface mucous cells, (b) the isthmus contain-
ing stem cells, (c) the neck region containing mucous
neck cells, and (d) the basal region containing chief
cells and enterochromaffin-like (ECL) cells. Acid-pro-
ducing cells, namely parietal cells, are scattered in the
four regions. It has been well-known that parietal cells
secrete gastric acid from H+,K+-ATPase (gastric proton
pump) expressed on their secretory membrane upon
stimulation with gastrin, acetylcholine (ACh), and his-
tamine through gastrin/cholecystokinin-B receptor
(CCK-BR), muscarinic receptors (M1R and M3R), and
histamine H2 receptor (H2R), respectively (2). The
physiological significance of histamine signaling me-
diated by H2R in gastric acid secretion has been
demonstrated by pharmacological studies using selec-
tive antagonists such as cimetidine, ranitidine, and
famotidine, which have a potent inhibitory effect on
secretory response (3). In fact, these antagonists have
been used clinically for treatment of peptic ulcer (4, 5).
By contrast, the acid secretion induced by ACh and
gastrin is believed to involve two pathways: either
directly by activating the parietal cells or indirectly by
stimulating ECL cells that produce and release hista-

mine, thus activating parietal cells in a paracrine fash-
ion (2). The relative importance of these two modes of
action remains to be clarified.

The intracellular signals in parietal cells transduced
from H2R, muscarinic M3 receptor (M3R), and CCK-
BR have been investigated (2). Activated H2R increases
intracellular cAMP, whereas both M3R and CCK-BR
increase intracellular Ca2+ upon binding of their lig-
ands. Synergistic effects on acid secretion have been
observed between histamine and gastrin and between
histamine and ACh (6, 7). This synergism was thought
to reflect interaction between two distinct second mes-
sengers in signal transduction pathways (8, 9).

Parietal cells have unique structural properties to pro-
duce and secrete gastric acid (10). They are relatively large
cells containing numerous mitochondria in their cyto-
plasm. The plasma membrane invaginates deep into the
cytoplasm to form an interconnecting system of tortu-
ous channels, termed secretory canaliculi, that are lined
by numerous microvilli. Parietal cells contain intracellu-
lar vesicles, termed tubulovesicles, in the cytoplasmic
region close to the canaliculi. In the resting state, H+,K+-
ATPase is stored within cytoplasmic tubulovesicles.
Upon stimulation, the tubulovesicles fuse with the api-
cal membrane to form the extended secretory canalicu-
lus, and then functional pumps are recruited to the sur-
face of canaliculus (2). The cessation of acid secretion is
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executed by means of endocytotic internalization of the
H+,K+-ATPase and regeneration of the tubulovesicles.
These events must be regulated by signal(s) from cAMP
and/or Ca2+-dependant pathways; however, there is little
information on the mechanisms responsible for this reg-
ulated endocytosis and exocytosis. A recent study
revealed that a tyrosine-based motif in the β subunit of
H+,K+-ATPase is essential for reinternalization of H+,K+-
ATPase. Transgenic mice carrying a mutant β subunit
developed hypertrophic gastropathy resembling
Ménétrier’s disease (11). Moreover, deletion of the β sub-
unit causes severe alteration of the structure of secreto-
ry canaliculi in parietal cells (12). To date, precise mech-
anisms of H2R signals modulating secretory membrane
transport in parietal cells remain unclear.

All cell lineages in the oxyntic mucosa arise from mul-
tipotent gastric stem cells in the isthmus. Many growth
factors have been implicated in a wide range of biologi-
cal activities, including gastric mucosal cell growth and
differentiation (13). For example, TGF-α and EGF can
stimulate cell proliferation in the gastric mucosa
through activation of MAP kinase after binding their
common receptors (EGF-Rs). Several other factors, such
as bFGF, VEGF, trefoil peptides, and prostaglandins,
have been implicated in gastrointestinal regeneration,
which is induced in case of injury. The trophic effect of
gastrin for oxyntic mucosa has also been studied. Long-
term administration of gastrin, histamine H2R antago-
nist, or proton pump inhibitor (PPI) increased plasma
gastrin concentration and lead to hypertrophy of oxyn-
tic mucosa, caused by increased numbers of mucosal
cells (14–16). In addition, recent studies using geneti-
cally engineered mice deficient in gastrin or CCK-BR
have demonstrated the importance of gastrin signal(s)
as a trophic effect on oxyntic mucosa (17–20). These
mice exhibited a remarkable atrophy of the oxyntic
mucosa accompanied by decreased numbers of parietal
cells, ECL cells, and chief cells.

Despite the recent advances in knowledge regarding
the many factors affecting the growth and development
of digestive tissues, the effect of histamine in growth and
differentiation of oxyntic mucosal cells has not been well
characterized. A recent study using a gastric adenocarci-
noma cell line has revealed that H2R antagonists alone
could directly enhance cell proliferation (21).

In the present study, we have generated H2R-defi-
cient mice by gene targeting in order to investigate the
physiological significance of H2R. Analysis of gastric
physiology on acid secretion in the mutant mice
showed compensation by cholinergic mechanisms. In
addition, H2R-deficient mice exhibited hypertrophy in
gastric mucosa, caused by increased numbers of pari-
etal cells, ECL cells, and other types of gastric mucosal
cells. Moreover, the parietal cells of these mice were
remarkably small, and their canaliculi and tubulovesi-
cles were significantly altered. Thus, the H2R-mediat-
ed signals play crucial roles in preservation of normal
tissue structure in gastric mucosa as well as normal
secretory membrane structure of parietal cells.

Methods
Construction of the H2R targeting vector and generation of
mutant mice. An 18-kb EcoRI DNA fragment containing
1.2 kb of the entire coding region of H2R (a single exon)
was isolated from a mouse E14 ES cell genomic DNA
library, as described previously (22), and used for con-
struction of the targeting vector. A 6-kb XbaI fragment
and a 0.7-kb HindIII-NcoI fragment were used as the 5′
long arm and 3′ short arm, respectively. These arms
were inserted on either side of PGK-neo cassette in
pPNT vector containing a neomycin resistance gene
(neor) as well as a herpes simplex virus-thymidine kinase
gene (hsv-tk) (Figure 1a). The targeting vector was
designed to delete most of the coding region, including
the translation start site.

E14 ES cells were transfected with the linearized tar-
geting vector and selected with G418 and ganciclovir.
Targeted ES clones were identified by PCR screening
with primers H2R-R1 (5′-ACTGCACTCTTCTTACCCAG-3′)
and PGK1-R1 (5′-ACTTGTGTAGCGCCAAGTGC-3′) and
verified by genomic Southern analysis using a 3′ exter-
nal probe (Figure 1, a and b). Two clones were microin-
jected into C57BL/6J blastocysts, yielding chimeric mice
that transmitted the targeted mutation through the
germ line. Male chimeras were crossed with female
C57BL/6J mice to generate heterozygous mice. Mice
used in experiments were obtained by intercrossing het-
erozygotes. The mice were maintained in the animal
facility under specific pathogen-free (SPF) conditions
with proper aeration, light, and temperature.

RT-PCR analysis. For the analysis of H2R gene expres-
sion, RT-PCR analysis was done using the stomach and
brain from wild-type, heterozygous, and homozygous
mice. The total RNAs were prepared from the stomach
and brain according to a standard procedure. RT-PCR
was performed with primers H2R-1 (5′-GGA ACA GCA
GAA ATG GGA CC-3′) and H2R-2 (5′-TGT TCT CTG ATG
GTG GCT GC-3′), as described previously (22).

Measurement of gastric acid secretion. To evaluate the
effect of antagonists on acid secretion, mice 12–16
weeks old were fasted overnight with free access to
water. Saline, famotidine (10 µg/g body wt; Sigma
Chemical Co., St. Louis, Missouri, USA), or telenzepine
(10 µg/g body wt; Research Biochemicals Internation-
al, Natick, Massachusetts, USA) was injected intra-
venously. The stomach was removed 1 hour later.
Approximately 50 µL of gastric juice was collected, and
the pH was directly measured by using a pH meter
(model D-21S; Horiba Ltd., Kyoto, Japan) with flat
probe (model 6261-10C; Horiba Ltd.).

To evaluate the effect of stimulants on acid secretion,
mice were fasted overnight with free access to water and
anesthetized with ether for the epigastric laparotomy.
PBS, histamine (10 µg/g body wt; Sigma Chemical Co.),
carbachol (1 µg/mouse, two times with 45-minute
intervals; Sigma Chemical Co.), or rat gastrin-17 (1
µg/g body wt; Sigma Chemical Co.) was injected sub-
cutaneously after ligating the pylorus. The stomach
was removed 1.5 hours later to collect the gastric juice.
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The acid output was determined by the volume of gas-
tric juice, and 0.01 N NaOH used for titration of the
gastric juice adjusted up to pH 7.0.

Measurement of serum gastrin levels. Blood samples col-
lected from 12- to 18-week-old mice were centrifuged at
6,000 g for 15 minutes to obtain the serum, which was
then frozen at –80°C until determination of the gastrin
levels. The gastrin concentration was determined by
means of 125I radioimmunoassay (Gastrin-RIA kit;
Dainabot, Tokyo, Japan); the results are expressed as
picograms of gastrin per milliliter of serum.

Measurement of stomach histamine. Each sample for his-
tamine concentration was collected from the stomach
according to the procedure described by Larsson (14).
Briefly, the stomachs from 12-week-old mice were
rinsed with PBS containing 10–6 M semicarbazide
hydrochloride, weighed, and homogenized in 0.01 M
sodium phosphate buffer. The homogenate was dilut-
ed 1:10 with phosphate buffer and heated in boiling
water for 10 minutes to release bound histamine. The
homogenate was then centrifuged at 3,300 g for 20
minutes, and the supernatant was used as the sample.
The quantitative determination of histamine level in
the sample was performed with Histamine Enzyme
Immunoassay Kit (Immunotech, Marseilles, France).

Immunohistochemical detection of the BrdU incorporation.
To evaluate the 5-bromo-2′-deoxyuridine (BrdU) incor-
poration in mucosal cells, mice were injected with 50
mg/kg BrdU (Sigma Chemical Co.) intraperitoneally 1
hour before collecting the tissue samples, as described
previously (23). Immunohistochemical detection of the
BrdU incorporation was then performed using a
murine mAb against BrdU (DAKO, Copenhagen, Den-
mark), which can identify single-stranded DNA.

The stomach was removed from mice treated with
BrdU and opened along the greater curvature. The stom-
ach samples were gently rinsed with PBS, fixed with
Carnoy’s fixative overnight, embedded in paraffin wax,
and then sectioned at 4 µm. After deparaffinization and
rehydration, slides were immersed in 1% hydrogen per-
oxide in methanol for 15 minutes for blocking of endoge-
nous peroxidase activity and then equilibrated with PBS
three times for 5 minutes. The slides were immersed in 1
M HCl at 60°C for 8 minutes for denaturation of the tis-
sue DNA, washed with PBS three times for 5 minutes,
and incubated with 5% normal goat serum to block non-
specific binding of the primary antibody. The tissues were
then incubated with the mAb to BrdU diluted to 1:40 in
PBS for 2 hours. The slides were washed again in PBS and
incubated with biotinylated anti-mouse IgG (1:200 in
PBS) for 30 minutes. After further washings with PBS,
the sections were incubated with peroxidase-conjugated
streptavidin, washed with PBS, visualized by the
diaminobenzidine tetrahydrochloride (DAB) reaction,
and counterstained with hematoxylin.

Labeling index (LI) percentage was measured by
counting the number of BrdU-positive cells and
expressing the result as a percentage ratio of the total
number of cells.

Immunohistochemical detection of parietal cells and ECL
cells. The stomach samples were prepared in the same
way as BrdU immunohistochemistry. Parietal cells and
ECL cells were detected with a murine monoclonal
anti–H+,K+-ATPase antibody (Medical & Biological
Laboratories Co., Nagoya, Japan) and a rabbit antibody
against a peptide (359–389 amino acid) of rat chromo-
granin A (Yanaihara Institute Inc., Fujinomiya, Japan),
respectively. Briefly, endogenous peroxidase activity
was blocked by 1% hydrogen peroxide in methanol. Sec-
tions were incubated with primary antibody against
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Figure 1
Targeted deletion of the mouse H2R gene. (a) A diagram of the
targeting vector (middle) designed to replace the XbaI–HindIII
fragment containing the H2R exon in the wild allele (top) with a
pGK-neo cassette. The predicted mutant allele (bottom) generat-
ed by homologous recombination is also shown. A neomycin
resistance gene (neor) and a herpes simplex virus-thymidine kinase
gene (hsv-tk) inserted in reverse orientation are indicated as
upside down. (b) Southern blot analysis of the homologous
recombination. The genomic DNAs from a recombinant ES clone
(left lane) and F2 offspring obtained by a heterozygous inter-
crossing were digested with EcoRI and SalI and hybridized with the
3′ external probe. Each band corresponding to the wild-type allele
(16 kb) and mutant allele (3.5 kb) is indicated. (c) The expression
of H2R mRNA in stomach (St) and brain (Br). Ethidium bromide
staining of RT-PCR products corresponding to the H2R (top) and
endogenous β-actin (bottom). The cDNA was synthesized from
DNaseI-pretreated total RNA in the presence (+) or absence (–)
of MLV reverse transcriptase (RT). RT-PCR products from the top
panel were reconfirmed by Southern blot analysis using a genom-
ic probe (middle). P, PCR products of H2R genomic DNA and β-
actin cDNA as a positive control; N, no template control for PCR.



H+,K+-ATPase or chromogranin A (CgA) for 2 hours at
room temperature. Sections were then incubated with
biotinylated secondary antibodies followed by strepta-
vidin peroxidase. Finally, slides were developed with
DAB and counterstained with hematoxylin.

Electron microscopic analysis. The tissue samples were
fixed with 3% glutaraldehyde buffered by 0.1 M sodium
cacodylate at pH 7.4, washed with 0.1 M sodium
cacodylate buffer, and postfixed in 1% osmium tetrox-
ide. After dehydration in graded alcohols and propy-
lene oxide, tissue samples were embedded in Epon 812.
Ultrathin sections were stained with uranyl acetate and
lead citrate and examined with a JEOL 100CX electron
microscope (JEOL Ltd., Tokyo, Japan).

Statistics. The statistical significance of difference was
evaluated with Student’s t test. A P value less than 0.05
was considered to be significant. The data are present-
ed as means plus or minus SE.

Results
Histamine H2R-deficient mice are viable and fertile. Mice
with a disrupted histamine H2R gene was generated by
gene targeting in mouse E14 ES cells (Figure 1a). Two
independent ES clones successfully generated germline
chimeras and their heterozygous mutant (H2R+/–) F1

mice. H2R+/– mice were intercrossed to obtain homozy-
gous mutants (H2R–/–). The ratio of genotypes of the
offspring did not deviate significantly from the expect-
ed 1:2:1 distribution of wild-type, H2R+/– and H2R–/–

offspring, respectively. Southern blot analysis of
genomic DNA isolated from the targeted mice con-
firmed the structure of the gene deletion (Figure 1b).
The absence of H2R transcripts in H2R–/– mice was con-
firmed by RT-PCR analysis using stomach and brain

RNA samples (Figure 1c). H2R–/– mice developed with-
out obvious abnormalities in their general appearance
and grew with normal weight gain in comparison with
wild-type littermates (Figure 4a). Both male and female
H2R–/– mice were fertile. Thus, the H2R deficiency did
not impair embryogenesis or gametogenesis.

Basal gastric pH in H2R-deficient mice is normal. Because
H2R blockade by selective H2R antagonists has been
recognized to elevate gastric pH, the basal gastric pH
in H2R–/– mice was measured. Contrary to our expec-
tation, basal gastric pH in H2R–/– mice was normal and
less than 3.0 (Figure 2). However, elevation of gastric
pH by administration of a selective H2R antagonist,
famotidine, was not observed in H2R–/– mice, even
though a significant inhibition of gastric acid secre-
tion occurred in the stomach of H2R+/– and wild-type
littermates. This indicates that the H2R is functional-
ly disrupted in the null mutant mice. In contrast, a
selective M1R antagonist, telenzepine, blocked the
secretion of gastric acid in H2R–/– mice as well as
H2R+/– and wild-type littermates. These results suggest
that gastric pH may be normally maintained in the
mutant mice by signal(s) other than H2R, such as a
signal from the muscarinic receptors.

Gastric acid secretion in H2R-deficient mice is regulated by sig-
nal(s) from muscarinic receptors, but not from gastrin receptors.
Contrary to H2R blockade by antagonists, basal gastric
pH was normally controlled in the H2R-deficient mice.
Acid output was then examined in H2R–/– mice by stim-
ulation with histamine, carbachol, or gastrin-17.

Acid secretion was measured over a 90-minute period
(Figure 3), and there was no apparent difference in basal
acid output among three genotypes. The acid output
induced by histamine was upregulated approximately
fivefold in wild-type mice (26.1 ± 2.65 µEq/h) compared
with the basal level (5.56 ± 0.74 µEq/h), whereas it was
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Figure 2
Basal- and pharmacological inhibited-gastric pH in H2R-deficient
mice. Mice (12–16 weeks old) were fasted overnight, and 200 µL
0.9% NaCl, an H2R antagonist (famotidine; 10 µg/g body wt), or
a muscarinic M1 receptor antagonist (telenzepine; 10 µg/g body
wt) was administered intravenously into each mouse. The gastric
juice was collected 1 hour after intravenous injection. Each symbol
(filled circles, wild-type; open diamonds, H2R+/–; open circles,
H2R–/–) represents the value corresponding to an individual ani-
mal. Bars, mean value. AP < 0.05.

Figure 3
The regulation of gastric acid secretion depends on the muscarinic
receptor signal in H2R-deficient mice. Wild-type mice (filled bars),
H2R+/– mice (hatched bars), and H2R–/– mice (open bars), 12–16 weeks
old, received subcutaneous injection of histamine (10 µg/g body wt),
carbachol (1 µg/mouse, two times), or gastrin-17 (1 µg/g body wt)
after pylorus ligation. After 1.5 hours, the gastric juice was collected.
The acid output was calculated as described in Methods. Results are
expressed as means ± SE of more than seven mice. AP < 0.005.



not increased in H2R–/– mice (7.52 ± 1.02 µEq/h). These
results reconfirmed the complete absence of a func-
tional H2R in the null mutant mice. In contrast, acid
output induced by carbachol was increased in H2R–/–

mice (25.1 ± 3.83 µEq/h) similar to that of wild-type
mice (23.8 ± 3.23 µEq/h). Surprisingly, there was no
response to stimulation with gastrin in H2R–/– mice
(5.31 ± 1.00 µEq/h), even though marked elevation of
the acid secretion was observed in H2R+/– (25.9 ± 6.26
µEq/h) and wild-type (26.4 ± 5.22 µEq/h) littermates.
These results strongly suggest that the muscarinic but
not the gastrin-induced signal could compensate the
H2R signal for gastric acid production and also that an
effect of gastrin on acid secretion is mainly mediated by
H2R upon stimulation with histamine released from
ECL cells that express CCK-BR.

Hypergastrinemia and hypertrophy of gastric mucosa in
H2R-deficient mice. It has been observed that treatment
with antiulcer agents such as H2R antagonists and
PPIs induced hypergastrinemia and hypertrophy of the
gastric mucosa in rodents (14, 16). In the present study,
serum gastrin levels, wet weights, and DNA contents of
the stomach were assessed in H2R–/– mice.

The mean of serum gastrin level in 12- to 18-week-old
H2R–/– mice was significantly elevated in comparison
with that of wild-type mice (1,528 ± 243 pg/mL vs. 384
± 42.3 pg/mL; P < 0.001).

To quantify the hypertrophy, wet weights and DNA
contents of the stomach in 14-week-old female mice
were measured. The mean wet weight in H2R–/– mice
(11.19 ± 0.47 mg/g body weight) was higher than that
of wild-type control (7.56 ± 0.22 mg/g body wt) (Figure
4b). The stomach DNA content in H2R–/– mice (71.94
± 2.74 µg/g body wt) was also significantly higher than
that of wild-type controls (44.49 ± 1.53 µg/g body wt)
(Figure 4c). These data indicate that the increased

stomach wet weight in the mutant mice resulted from
the increased numbers of the cells rather than
increased volume of each cell in the stomach. There-
fore, genetic ablation of H2R leads to hypergastrinemia
and hypertrophy of the gastric mucosa, similar to the
rodent model treated with antiulcer agents.

Increased numbers of parietal and ECL cells in H2R-deficient
mice. To further characterize the hypertrophy of the gas-
tric mucosa, histological analysis was performed. There
was no apparent difference between H2R–/– and wild-
type mice in the nonglandular area in the fundus or
pylorus region (antral mucosa; data not shown). How-
ever, the thickness of oxyntic mucosa in the glandular
region was remarkably increased in 16-week-old H2R–/–

mice compared with wild-type mice (Figure 5). The
hypertrophic change resulted in a formation of enlarged
gastric folds in the glandular region (Figure 5a). The
change in mucosal thickness was most prominent in the
isthmus and neck region. In contrast, no remarkable
changes were found in the pit region (Figure 5b).

To identify the predominant cell types that are
increased in the hypertrophic mucosa, immunohisto-
chemical analysis of parietal and ECL cell populations
was undertaken. H+,K+-ATPase and CgA were used as
markers to identify parietal cells and ECL cells, respec-
tively. As shown in Figure 5, parietal cells were located
throughout the hypertrophic oxyntic mucosa with
increased cell numbers in H2R–/– mice. In addition,
H+,K+-ATPase negative cells localized among parietal
cells were increased in the isthmus and neck region
(Figure 6, a and b). ECL cells in H2R–/– mice were found
not only in the basal region, but also in the neck region
and isthmus with a marked increase in density, where-
as those in wild-type mice were preferentially observed
in the basal region (Figure 6, c and d). Indeed, hista-
mine contents in the gastric mucosa were significantly
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Figure 4
Increased wet weight and DNA contents of the stomach in H2R-deficient mice. Body weight (a), stomach wet weight (mg/g body wt) (b),
and stomach DNA contents (µg/g body wt) (c) in 14-week-old female mice were measured. High molecular DNAs were extracted from the
stomach of each mouse, and the DNA contents were measured spectrophotometrically at OD260. Results are expressed as means ± SE of
more than10 mice. AP < 0.001.



(P < 0.05) elevated in H2R–/– mice (35,110 ± 9,532 ng/g
wet wt, n = 5) compared with that in wild-type mice
(8,124 ± 978 ng/g wet wt, n = 5). These findings suggest
that the mucosal hypertrophy resulted from the
increased numbers of parietal cells, ECL cells, and other
H+,K+-ATPase negative cells.

To determine whether the increase in the numbers
of parietal cells and ECL cells resulted from enhanced
proliferation, BrdU incorporation in the oxyntic
mucosa was examined. There was no difference in the
BrdU incorporation in the hypertrophic oxyntic
mucosa of 16-week-old H2R–/– mice compared with
age-matched wild-type mice (data not shown). How-
ever, the BrdU incorporation in the oxyntic mucosa
was significantly increased in young 4-week-old
H2R–/– mice whose oxyntic mucosa did not yet exhib-
it the hypertrophy (Figure 6, e and f). Indeed, BrdU LI
in the gastric mucosa was significantly elevated (P <
0.001) in H2R–/– mice (9.48 ± 0.20%, n = 5) compared
with that in wild-type mice (4.08 ± 0.20%, n = 6). Thus
the multipotent gastric stem cells in the isthmus are

highly proliferative in H2R–/– mice during the period
before hypertrophy.

Morphological alteration of parietal cells in H2R-deficient
mice. The morphological characteristics of parietal cells,
normally identified by their large size and clear or aci-
dophilic cytoplasm, were significantly altered in H2R-
deficient mice. The size of H+,K+-ATPase–positive pari-
etal cells in 16-week-old H2R–/– mice was significantly
smaller than that of wild-type mice (Figure 6, a and b).
This morphological alteration was already observed in
4-week-old young mutant mice whose gastric mucosal
thickness was within a normal range of wild-type mice
(data not shown).

The ultrastructure of the parietal cells in H2R–/– mice
was quite distinct from that of wild-type mice (Figure
7). In normal parietal cells, secretory canaliculi with
numerous microvilli were readily observed using elec-
tron microscopy (Figure 7a). The mitochondria were
very prominent and scattered throughout the cyto-
plasm, and tubulovesicles were located mainly in the
region close to the canaliculi. By contrast, the cyto-
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Figure 5
Hypertrophy of oxyntic mucosa in H2R-deficient mice. Comparison of the gross aspects of the glandular area in the corpus region immunos-
tained with anti–H+,K+-ATPase antibody (specific for parietal cell) of a 16-week-old H2R–/– mouse (a and b) and a wild-type mouse (c and
d). Whole aspects of corpus region (a and c) and higher magnifications of areas boxed (b and d) are shown. Sections were cut 4 µm thick
along the greater curvature. The thickness of oxyntic mucosa was remarkably increased in H2R–/– mice with formation of enlarged gastric
folds. The change in mucosal thickness was the most prominent in the isthmus and neck region. Note that H+,K+-ATPase–positive parietal
cells (brown) were located throughout the hypertrophic oxyntic mucosa with increased numbers of the cells in H2R–/– mice. (a and c, bar =
0.5 mm; b and d, bar = 100 µm.)



plasmic volume was remarkably reduced in the parietal
cells of H2R–/– mice, although the numbers of mito-
chondria in parietal cells appeared to be comparable to
those of normal parietal cells (Figure 7, b–d). Moreover,
many parietal cells contained enlarged secretory canali-
culi with a lower density of microvilli and few typical
tubulovesicles in the cytoplasm. These findings suggest
that H2R deficiency caused the abnormal microstruc-
ture of secretory membranes of parietal cells.

Discussion
In the present study, we clarified the physiological roles
of H2R-mediated signals in the gastric mucosa by using
H2R-deficient mice. The H2R null mutant mice exhib-
ited rather unexpectedly normal basal gastric pH, which
is clearly distinct from the elevated gastric pH observed
in conventional mice treated with H2R antagonists.
Stimulation of acid secretion by histamine, as well as
inhibition of acid secretion by the H2R antagonist,
famotidine, were completely abrogated in H2R–/– mice,
indicating that the H2R-mediated signal for gastric acid
secretion is functionally disrupted. By contrast, the
M1R antagonist, telenzepine, could inhibit acid secre-
tion, and carbachol normally induced acid secretion in
H2R–/– mice. These results indicate that impairment of
acid secretion due to the absence of H2R could be over-
come by cholinergic signaling. This phenomenon leads
us to speculate that chronic appli-
cation of H2R antagonists may
reduce their efficacy as inhibitors
of acid secretion due to compensa-
tion with signals from muscarinic
receptors. Gastrin, on the other
hand, was unable to evoke acid
secretion in the mutant mice, sug-
gesting that the mode of action of
gastrin for acid secretion depends
on H2R-mediated signaling.

Acid secretion by histamine
depends on direct stimulation of
H2R expressed on parietal cells,
whereas acid secretion by ACh or
gastrin has been thought to occur

either directly by activation of parietal cells or indirect-
ly by triggering histamine release from ECL cells. There
has been controversy concerning the relative signifi-
cance of direct stimulation on parietal cells and indi-
rect action through histamine release. The present
results demonstrated that cholinergic signal(s) for acid
secretion may act through both direct and indirect
stimulation of parietal cells.

Soll and colleagues have demonstrated that each
receptor for ACh, gastrin, and histamine is separate-
ly expressed on an isolated canine parietal cell and
have provided evidence for postreceptor synergism
(6, 7, 24, 25). A combination of signals induced by
histamine and either ACh or gastrin synergistically
evoked acid secretion, which was greater than the
additive effect of each agent. In vivo studies in which
H2R antagonists block the acid secretion evoked not
only by histamine, but also by ACh or gastrin, also
support the notion of synergism (26–28). The poten-
tiation has been thought to reflect interaction of the
intracellular signal transduction pathways including
the histaminergic cAMP cascade and gastrin-
ergic/cholinergic Ca2+-dependent pathway. In vitro
studies have demonstrated that a certain level of
cAMP in parietal cells may be required for an opti-
mal secretory response to the Ca2+-dependent path-
way (8, 9). Contrary to the above notion, the present
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Figure 6
Immunohistochemical observation of gastric
mucosa in H2R-deficient mice. Comparison
of gastric mucosa from wild-type (a, c, and e)
and H2R–/– (b, d, and f) mice. Parietal cells in
16-week-old mice were stained with
anti–H+,K+-ATPase antibody (a and b). ECL
cells in 16-week-old mice were stained with
anti–chromogranin A antibody (c and d).
Gastric mucosa from 4-week-old mice inject-
ed intraperitoneally with BrdU was stained
with anti-BrdU antibody (e and f) as
described in Methods. BrdU LI in wild-type
mice and H2R–/– mice were 4.08 ± 0.20% 
(n = 6) and 9.48 ± 0.20% (n = 5), respective-
ly. (a and b, bar = 50 µm; c–f, bar = 100 µm.)



finding that cholinergic signaling could normally
control the acid secretion in H2R–/– mice indicates
that the Ca2+-dependent pathway alone can evoke
acid secretion without potentiating the H2R-medi-
ated cAMP pathway.

We observed that gastrin was unable to evoke acid
secretion in H2R–/– mice but that ACh could. However,
both M3R and CCK-BR signals are thought to share
the same second messenger in parietal cells (2). Some
differences between M3R and CCK-BR signaling have
been reported previously. For example, activation of
M3R by carbachol was unable to enhance cell prolifer-
ation of a human gastric cancer cell line, TMK-1, in
which, however, DNA synthesis was augmented by gas-
trin, TGF-α, and PMA (29). Muscarinic signaling could
not rescue atrophy of oxyntic mucosa and hypo-
chlorhydria in gastrin- or CCK-BR–deficient mice
(17–20). Moreover, our data indicated that the signal
from muscarinic receptors for acid secretion is inde-
pendent of H2R signaling, whereas that from gastrin
receptors appears to be dependent on it. It seems, there-
fore, that distinct signaling pathways specific for gas-
trin signaling and cholinergic signaling may exist in
parietal cells. Taken together with our present data,
this leads us to propose that the muscarinic signal
functions stimulate acid production, whereas the gas-
trin signal mainly functions to promote the prolifera-
tion of parietal cells. However, it has been reported that
gastrin can directly stimulate isolated canine and
porcine parietal cells on acid secretion (6–8). It is so far
unclear why exogenously added gastrin could not
induce acid secretion in the mutant mice. It might be
due to the fact that the gastrin signal for acid secretion
is completely dependent on H2R signaling or that gas-
trin receptors on the parietal cells may be maximally
saturated by a high level of endogenous gastrin so that
exogenous gastrin could not stimulate them. Further
investigation of the effect of gastrin on acid secretion
should be required.

In the present study, we observed hypergastrinemia
in H2R-deficient mice. Chronic application of acid-
inhibitory drugs elevates serum gastrin levels (14, 16,
30), and it has been suggested that the gastric pH influ-
ences the population of endocrine cells such as gastrin-
producing G cells (30–32). The long-term elevation of
gastric pH may increase G-cell density and then elevate
serum gastrin levels. Contrary to the previous studies,
H2R-deficient mice showed an increased serum gastrin
level without elevation of basal gastric pH. The mecha-
nism of hypergastrinemia in H2R-deficient mice
remains to be determined. However, we have demon-
strated an absence of a gastrin-induced secretory
response after exogenous gastrin treatment, which
would predict that meal-induced acid secretion is
severely impaired in the mutant mice.

Similar to the rodent model treated with H2R antago-
nists (14), the H2R-deficient mice exhibited a marked
hypertrophy of the gastric mucosa with an increase in
numbers of parietal cells, ECL cells, and other types of

cells. Because gastrin has a powerful trophic effect on
oxyntic mucosal cells in vivo (15–20, 23) as well as in
vitro (33, 34), it is probable that the elevated levels of
serum gastrin contribute to the hypertrophy in H2R-
deficient mice. However, the study using a gastric ade-
nocarcinoma cell line has revealed that H2R antagonists,
roxatidine and ranitidine, enhanced parietal cell prolif-
eration without any increase in the amount of mRNA
expression of either TGF-α or EGFR, indicating that the
H2R-mediated signal may be involved in the gastric cell
proliferation (21). Thus, the increased numbers of oxyn-
tic mucosal cells in H2R-deficient mice may be, in part,
a direct consequence of the deficiency of H2R-mediated
signaling in addition to hypergastrinemia.

It is important to note that the morphological char-
acteristics of the parietal cells were remarkably altered
in H2R-deficient mice. The size of parietal cells in these
mice was significantly smaller despite the increased
numbers of cells. This morphological alteration was
already observed in young mutant mice whose gastric
mucosa was not yet hypertrophic. Thus the morpho-
logical change in parietal cells may reflect the direct
effect of H2R deficiency rather than the indirect effect
of hypertrophic change of the gastric mucosa. Electron
microscopic observation of these abnormal parietal
cells revealed structural alterations of the secretory
membrane systems including secretory canaliculi and
intracellular tubulovesicles. The abnormal parietal cells
contained enlarged secretory canaliculi with a lower
density of microvilli and few typical tubulovesicles.
Secretory membrane transport is one of the critical
mechanisms for regulation of acid secretion. The acti-
vation of acid secretion involves the exocytosis of
H+,K+-ATPase to the cell surface by fusion of tubu-
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Figure 7
Ultrastructure of parietal cells in H2R-deficient mice. Electron
microscopy of parietal cells from 18-week-old control (a) and H2R–/–

(b, c, and d) mice. In parietal cells of control mice, typical secretory
canaliculus (C) with numerous microvilli and tubulovesicles (T) were
observed. In H2R–/– mice, relatively small parietal cells contained
enlarged secretory canaliculi (*) with a lower density of microvilli
and few typical tubulovesicles in the cytoplasm. M, mitochondrion;
N, nucleus. ×4,000.



lovesicles with the apical membranes, whereas the ces-
sation of acid secretion is associated with endocytosis
of the H+,K+-ATPase and regeneration of tubulovesi-
cles. Decreased numbers of tubulovesicles in H2R-defi-
cient mice may be caused by impairment of generation
or regeneration of tubulovesicles in the parietal cells. A
recent study has revealed that a tyrosine-based motif in
the β subunit of H+,K+-ATPase is required for reinter-
nalization of H+,K+-ATPase and regeneration of
tubulovesicles. A mutation in the tyrosine-based motif
of β subunit causes hypertrophic gastropathy resem-
bling Ménétrier’s disease (11). The β subunit–deficient
mice also exhibit abnormal structure of the secretory
canaliculi in parietal cells and hypertrophy of gastric
mucosa (12). Interestingly, the gastric juice in the stom-
ach with the gigantic folds of H2R-deficient mice was
highly viscous and glossy (data not shown), which also
resembles Ménétrier’s disease. This is the first evidence
that histamine signaling mediated by H2R may control
the cellular size of parietal cells and preserve the nor-
mal structure of the secretory membrane in parietal
cells. However, it is uncertain whether the morpholog-
ical abnormality in the parietal cell is indeed function-
ally coupled to the potency of acid secretion.

In conclusion, the present study demonstrates the
physiological significance of H2R signaling involved in
functional regulation of acid secretion as well as gastric
architecture, including proliferation and attainment of
normal secretory membrane structures of parietal cells.
The H2R-deficient mouse provides an important tool
for further understanding the molecular mechanisms
for gastric function and morphological regulation of
the oxyntic mucosa.
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