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Abstract Ezrin, an adaptor protein that cross-links
plasma membrane-associated proteins with the actin
cytoskeleton, is concentrated on apical surfaces of epithe-
lial cells, especially in microvilli of the small intestine and
stomach. In the stomach, ezrin is predominantly expressed
on the apical canalicular membrane of parietal cells.
Transgenic ezrin knockdown mice in which the expression
level of ezrin was reduced to <7 % compared with the
wild-type suffered from achlorhydria because of impair-
ment of membrane fusion between tubulovesicles and
apical membranes. We observed, for the first time, hyper-
gastrinemia and foveolar hyperplasia in the gastric fundic
region of the knockdown mice. Dilation of fundic glands
was observed, the percentage of parietal and chief cells was
reduced, and that of mucous-secreting cells was increased.
The parietal cells of knockdown mice contained dilated
tubulovesicles and abnormal mitochondria, and subsets of
these cells contained abnormal vacuoles and multilamellar
structures. Therefore, lack of ezrin not only causes
achlorhydria and hypergastrinemia but also changes the
structure of gastric glands, with severe perturbation of the
secretory membranes of parietal cells.
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Introduction

The ERM (ezrin, radixin, and moesin) family of proteins
are adaptor proteins that cross-link between plasma mem-
brane-associated proteins (for example adhesion proteins
and transport proteins) and the actin cytoskeleton. These
proteins bind to membrane proteins directly or indirectly
via scaffold proteins at the specific binding domain (termed
the FERM domain) located at the N-terminal part, and to
F-actin at the major actin-binding site located at the
C-terminal part [1-3]. They are important in the formation
of microvilli, filopodia, uropods, and ruffling membranes,
where actin filaments are associated with plasma mem-
branes [4]. The cross-linking activity of ERM proteins is
regulated by their own intra or intermolecular interaction.
In the dormant form of ERM proteins, interaction between
their N and C-terminal domains results in masking of their
binding sites to actin filaments and membrane-associated
proteins [5, 6]. Phosphorylation of their C-terminal thre-
onine residue (Thr5 7 in ezrin, Thr>®* in radixin, and Thr>>8
in moesin) by Rho kinase or protein kinase C, and phos-
phatidyl inositol 4,5-bisphosphate binding to their N-ter-
minal FERM domain open up the dormant conformation
into the active open conformation. In this process, the ERM
proteins are recruited from the cytoplasm (as a soluble and
inactive form) to the membrane (as an insoluble and active
form).

One of the ERM family proteins, ezrin, is highly con-
centrated on the apical surfaces of many epithelial cell
types, especially in the small and large intestine, stomach,
kidneys, and lungs [7]. In the stomach, ezrin, located
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especially in parietal cells, is predominantly expressed on
the apical canalicular membranes [8]. It is involved in
remodeling of the apical surface membrane and in gastric
acid secretion [9]. Protein kinase A-mediated phosphory-
lation of ezrin at the N-terminal Ser®® opens up the dormant
conformation into the active open conformation, and is
essential for gastric acid secretion stimulated by histamine
[10].

The function of ezrin in vivo was originally studied by use
of knockout (Vil2~/7) mice. In neonatal Vil2~'~ mice,
microvilli formation in the small intestine was observed
whereas organization of the terminal web region of the small
intestine was impaired [11]. However, the Vil2~'~ mice did
not survive past weaning. Recently, Casaletto et al. [12]
studied mice with conditional knockout of the Vil2 gene and
observed that ezrin is necessary for intestinal development
and homeostasis, especially in villus morphogenesis and
maintenance. Tamura et al. [13] prepared ezrin knockdown
(Viled/kd) mice in which the level of expression of ezrin was
reduced to <7 % compared with wild-type mice. Severe
growth retardation and high mortality up to their weaning
period was observed for the Vil2*V*! mice. Grown-up Vil2*¥
4 mice suffered from achlorhydria because of impairment of
secretagogue-stimulated membrane fusion of gastric
tubulovesicles with the apical plasma membrane [13].
However, the effects of knockdown of ezrin expression on
the structure of gastric epithelia have not yet been studied.
Here, we studied the structure of the gastric epithelia of
Vi[pkd/kd mice, and found, for the first time, foveolar hyper-
plasia, dilation of fundic glands, a decrease in the percent-
ages of chief and parietal cells, and an increase in the
percentage of neck cells. We also found severe perturbations
in the secretory membranes of the parietal cell in the Vi/2¥¢
mice, including dilated tubulovesicles, vacuolation, and
abnormal multilamellar structure.

Materials and methods
Generation of Vil2*Y*d mice

Vil2*“* mice were kind gifts from Professor Tsukita of the
Graduate School of Frontier Biosciences, Osaka Univer-
sity. Up to the weaning period, mortality of the mice was
high, as reported elsewhere [13]. However, technical
improvement of our handling and feeding methods suc-
cessfully reduced mortality at 50 days after birth from 93
to 80 %, which enabled us to study the phenotypes of adult
mutant mice [14]. Genotyping of mice was performed by
PCR of mouse genomic DNA, by using a combination of
primers specific for the wild-type allele and for the targeted
allele. The forward and reverse primers for the wild-type
allele were 5-GTGTGGCACTCTGCCTTCAAG-3' and
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5'-CATGGTGCCACACAGGACTC-3', respectively. The
reverse primer for the targeted allele was 5'-AGCG-
GATCTCAAACTCTCCTC-3'. In this study, 8-week-old
female mice were used. The mRNA expression levels of
ezrin in the gastric corpus and pyloric antrum segments of
Vil2*“* mice were 2.1 and 4.4 %, respectively, compared
with those of wild-type mice (supplementary Fig. 1).

Antibodies

Monoclonal anti-ezrin (3C12), anti-Ki67 (ab16667) anti-
bodies, and a rabbit polyclonal anti-gastric intrinsic factor
(GIF) (ab91322) were purchased from Abcam (Cambridge,
UK). Monoclonal anti-gastric proton pump o-subunit
(1H9) and B-subunit (2B6) antibodies were purchased from
Medical and Biological Laboratories (Nagoya, Japan). A
rabbit polyclonal anti-pepsin C (H-56) antibody was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). A monoclonal anti-OxPhos Complex IV subunit I
(1D6E1AS) antibody was purchased from Invitrogen (Ca-
marillo, CA, USA).

Measurement of serum gastrin levels

Mice were starved for 16 h before blood sampling. Blood
was collected from the mouse hearts, coagulated, and
centrifuged at 2000x g for 20 min to obtain serum. Serum
gastrin levels were determined by radioimmunoassay.

Histochemical studies with antibodies and lectin

Mouse stomachs were excised along the greater curvature
and dissected into three segments; fundus, corpus, and
pyloric antrum. For immunohistochemistry, mouse tissue
samples were fixed in a paraformaldehyde-based fixing
solution, overnight at 4 °C, embedded in paraffin, and cut
into sections 4-pum-thick. Deparaffined and rehydrated slices
were subjected to antigen retrieval by boiling for 45 min in
Immunosaver (Nisshin EM, Tokyo, Japan), then treatment
with 3 % H,0O, in methanol for 20 min at room temperature.
Slides were washed in phosphate-buffered saline (PBS), and
then sections were incubated overnight at 4 °C with primary
antibodies. Slides were washed in PBS, then incubated for
30 min at room temperature with a horseradish peroxidase-
conjugated goat anti-mouse or anti-rabbit IgG (Nichirei
Bioscience, Tokyo, Japan). After washing with PBS, anti-
body binding was detected by use of 3,3’-diaminobenzidine
solution (Nichirei Bioscience, Tokyo, Japan). The tissue
sections were counterstained with hematoxylin. To reveal
mucin, tissue sections were stained with periodic acid—Schiff
(PAS) or Concanavalin A (Con A).

For lectin staining, slides were incubated for 30 min at
room temperature with a biotin-conjugated Griffonia
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simplicifolia lectin (GS-1I; EY Laboratories, San Mateo,
USA) instead of primary antibodies. They were washed in
PBS then incubated for 30 min at room temperature with
horseradish peroxidase-conjugated streptoavidin (Nichirei
Bioscience). After washing with PBS, slides were incu-
bated with 3,3’-diaminobenzidine solution (Nichirei Bio-
science, Tokyo, Japan).

Immunofluorescence microscopy

Mouse tissue samples were prepared, fixed, embedded,
sliced, and deparaffined as reported in the section on his-
tochemical studies. Deparaffined and rehydrated slices
were subjected to antigen retrieval by boiling for 45 min in
Immunosaver (Nisshin EM) then treatment with 10 % goat
serum for 30 min at room temperature. Slides were washed
in PBS, then sections were incubated with primary anti-
bodies overnight at 4 °C. Slides were washed with PBS
containing 0.03 % Tween 20 (PBS-T) then incubated with
Alexa Fluor 488-labeled goat anti-mouse IgG (H+L),
Alexa Fluor 594-labeled goat anti-rabbit IgG (H+L), and
1 pg/ml DAPI at room temperature for 1 h. After washing
with PBS-T, the sections were mounted with fluorescent
mounting medium (Vectashield, Vector Laboratories, CA,
USA) and examined by use of a confocal laser scanning
microscope (FV-1000D IX-81; Olympus, Tokyo, Japan).

RNA preparation and quantitative RT-PCR

Total RNA samples from mouse tissues were prepared by
use of an Isogen (Nippon Gene, Tokyo, Japan), in accor-
dance with the manufacturer’s instructions. Total RNA
samples were reverse-transcribed, by use of an oligo d(T)e
primer, to prepare cDNA samples with an Omniscript RT
kit (Qiagen). The cDNA samples were used as templates
for quantitative RT-PCR.

Quantitative RT-PCR for mouse gastric proton pump o
and P subunits (ATP4a and ATP4b), gastric intrinsic factor
(GIF), pepsinogen I, anion exchanger AE2, SP/TFF2,
MUC6, COX-2, TNF-o, IL-1B, and glyceroaldehyde-
phosphate dehydrogenase (GAPDH) was performed by use
of the SYBR Premix Ex Taq (Takara Bio); the gene-
specific primers used are listed in Table 1. The expression
level of each mRNA was normalized to the expression
level of GAPDH. Identities of amplified PCR products
were confirmed by use of agarose or polyacrylamide gel
electrophoresis.

Electron microscopy
Samples were fixed with 2 % paraformaldehyde and 2 %

glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 (PB) at
4 °C overnight. After the samples had been washed three

Table 1 PCR primers for quantitative RT-PCR

Gastric proton pump o-subunit (ATP4a)

Forward primer, 5'-AGATGTCCTCATCCGCAAGACAC-3’

Reverse primer, 5'-CAGCCAATGCAGACCTGGAA-3
Gastric proton pump B-subunit (ATP4b)

Forward primer, 5'-TGGCACCTTCAGTCTCCACTATTTC-3’

Reverse primer, 5'-ATCTTGCACACGATGCTGACTTG-3’
Anion exchanger 2 (AE2)

Forward primer, 5'-CACCACCCAGATGTCACCTATGTC-3'

Reverse primer, 5'-CCAGGCAGAGCAACTGCAAG-3'
Gastric intrinsic factor (GIF)

Forward primer, 5'-CATCCTGATTGCCATGAACCTG-3’

Reverse primer, 5-GCCATAACGGTGAGGGCAAG-3’
Pepsinogen C

Forward primer, 5'-ACCCAGGAGCTTTACTGGCAGA-3'

Reverse primer, 5'-CAGGTACTGGGCAGGCATGA-3'
Mucin 6 (MUC6)

Forward primer, 5'-TTCCTGAGCCGCAGCACTT-3'

Reverse primer, 5'-CAGAAACCCTGGCAACGAGTTAG-3
TFF2

Forward primer, 5'-TTGATCTTGGATGCTGCTTTGAC-3'

Reverse primer, 5-GCGAGCTGACACTTCCATGAC-3’
COX2

Forward primer, 5'-TGGTTACAAAAGCTGGGAAGC-3’

Reverse primer, 5'-ATGGGAGTTGGGCAGTCATC-3'
TNF-a

Forward primer, 5'-GACTAGCCAGGAGGGAGAACAGA-3'

Reverse primer, 5-CCTGGTTGGCTGCTTGCTT-3’
IL-1B

Forward primer, 5'-TCCAGGATGAGGACATGAGCAC-3’

Reverse primer, 5'-GAACGTCACACACCAGCAGGTTA-3'
Glyceraldehyde-phosphate dehydrogenase (GAPDH)

Forward primer, 5'-TGTGTCCGTCGTGGATCTGA-3'

Reverse primer, 5-TTGCTGTTGAAGTCGCAGGAG-3’

times with 0.1 M PB, they were post-fixed with 2 %
osmium tetraoxide in 0.1 M PB at 4 °C for 2 h. The post-
fixed samples were successively dehydrated in 50, 70, 90,
and 100 % ethanol, infiltrated twice with propylene oxide
(PO), and placed in a 70:30 mixture of PO and resin
(Quetol-812; Nisshin EM) for 1 h. PO was volatilized
overnight. The samples were transferred to a fresh 100 %
resin, and polymerized at 60 °C for 2 days. The polymer-
ized resins were ultra-thin sectioned at 70 nm, and the
sections were mounted on copper grids. They were stained
with 2 % uranyl acetate at room temperature for 15 min,
and then washed with distilled water followed by sec-
ondary staining with lead stain solution (Sigma—Aldrich,
Tokyo, Japan) at room temperature for 3 min. The grids
were observed by transmission electron microscopy (JEM-
1400Plus; Jeol, Tokyo, Japan).
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Results
Expression of ezrin in the gastric mucosa

In wild-type gastric mucosa, ezrin was expressed in the
corpus and pyloric antrum segments (Fig. 1a). In the gas-
tric corpus, ezrin was mainly expressed in parietal cells
which can be stained with an anti-proton pump o-subunit
antibody (Fig. 1b, c). Ezrin also seems to be expressed in
the surface mucous cells which line the surface and the
gastric pits, although its expression level was much lower
than that in parietal cells. In the pyloric antrum segments,
ezrin was also expressed in the pyloric gland where the
gastric proton pump o-subunit was apparently absent
(Fig. 1a). In this work, we studied the structure of the
gastric epithelia of Vil2**! mice.

Phenotypes of Vil2*Y%? mice

As reported elsewhere, growth of Vil2"¥*? mice was
severely retarded; the body weight of 8-week-old Vil2-¥
mice was 20 % less than that of their wild-type litter mates
(144 £ 0.5 g for Vil2*¥*d mice, and 17.8 + 0.5 g for
wild-type mice). Grown-up Vil2"¥*® mice suffered from
achlorhydria because of impairment of secretagogue-stim-
ulated membrane fusion of gastric intracellular
tubulovesicles with the apical plasma membrane [13]. The
mice also had abnormalities of phosphate and calcium
handling, because of reduced membrane expression of
Nat/P; co-transporters (Npt2a) in the renal proximal
tubules and TRPV6 channel in the duodenum [14]. Very
recently we reported that the mice developed severe
intrahepatic cholestasis because of impairment of cell
surface expression of cystic fibrosis transmembrane regu-
lator (CFTR), anion exchanger (AE2), and aquaporin
(AQP1) in cholangiocytes [15].

Serum gastrin of Vil2*Y*? mice

The peptide hormone gastrin is important in the regulation
of acid secretion, and in the proliferation and differentia-
tion of gastric mucosa [16]. Ezrin has been identified as a
major target of gastrin in immature gastric parietal cells
[17]. Plasma concentrations of gastrin were elevated (hy-
pergastrinemia) in several mouse models of achlorhydria
[18-21]. In this study we measured serum gastrin con-
centrations to compare levels in Vil2*¥*! and wild-type
mice. Serum gastrin concentrations of Vil2*¥* mice were
2.8-times higher than those of wild-type mice (wild-type,
98 + 48 pg/ml (N = 4); Vil2*¥%d 277 4+ 103 pg/ml
(N = 5)). Therefore, Vil2**! mice had both hypergas-
trinemia and achlorhydria, as was found for mice with
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Fig. 1 Expression of ezrin and gastric proton pump o-subunit in the p
gastric corpus and pyloric antrum segments. a Sections of gastric
corpus and pyloric antrum segments of wild-type mice were stained
with the anti-ezrin and anti-gastric proton pump a-subunit antibodies,
respectively. The patterns were shown by staining with DAB. Scale
bar 100 pm. b, ¢ Immunofluoresence observation of the gastric
corpus of wild-type and Vil2"¥*! mice with the anti-ezrin (red), anti-
gastric proton pump o-subunit antibodies (green) and DAPI (blue),
respectively at low (b) and high (¢) magnification. Immunofluores-
ence of the bottom part of the gastric corpus is shown in (c). Scale
bars 100 pm (b, ¢)

targeted disruption of the gastric proton pump [19, 20],
NHE2 [18] and KCNE2 [21].

Enlarged gastric epithelial region and dilation
of gastric glands in Vil2*Y*? mice

Vil2*¥4 mice had markedly enlarged stomachs although
their total body weight was 20 % less than that of their
litter mates. Stomach weight of Vil2"*? mice was
approximately 60 % larger than that of wild-type mice:
026 £00lg (N=4) and 0.16 £003g (N=4),
respectively. Therefore, the stomach weight relative to total
body weight for Vil2*"*! mice was twice as large as that
for wild-type mice, as reported for gene targeting of Atp4a
(gastric proton pump o subunit) and Kcne2 [21, 22]. Fig-
ures 2a, b show hematoxylin and eosin staining patterns of
the gastric corpus of wild-type and Vil2*“*! mice. The
thickness of the gastric epithelial region of Vil2*¥*! mice
(471 £ 14 pm; N = 4 animals) was larger than that of
their wild-type litter mates (320 &+ 4 pm; N = 3 animals)
at the age of 8 weeks. This was mainly because of a
marked increase in number of surface mucous cells, as a
result of foveolar hyperplasia. In fact, many more surface
cells were stained with PAS in the Vil2*¥*! mice (Fig. 2c,
d). The fundic gland was dilated, and the number of cells in
the gland was increased. Foveolar hyperplasia in the Vil2*¥
k4 stomach was accompanied by a significant increase in
the number of cells stained with an antibody against a
proliferative nuclear marker, Ki67, especially in the isth-
mus region (progenitor zone) [23]. Ki-67-positive cells
were also sporadically found in the base of the gland of
Vil2*% mice. (Fig 3).

Reduced percentage of parietal, chief cells
and increased percentage of neck cells in Vil2
mice

kd/kd

The fundic gland is composed of several types of cell:
parietal cells, chief (zymogenic) cells, and mucous
secreting (neck) cells. The proportions of these types of
cell in the gastric gland were compared for wild-type and
Vil2*Y%d mice (Table 2). Parietal cells were stained with an
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Ezrin

Gastric
proton pump o

B Gastric proton
pump o Merge

Ezrin

Vil 2kd/kd

antibody against proton pump o subunit (HK-o) (Fig. 4a,
b). Chief cells were stained with an antibody against pepsin
C (Fig. 4c, d). Mucous neck cells were stained with lectin

GSII (Fig. 4e, f) [24, 25]. These cells can be also stained
with Con A (supplementary Fig. S2). The percentage of
parietal cells per gastric fundic gland was significantly
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C Gastric proton
pump o

Ezrin

Vil Dkd/kd

Fig. 1 continued

reduced in Vil2"¥*® mice compared with wild-type mice
(Table 2). Percentage of chief cells per fundic gland was
also significantly reduced in Vil2*“*! mice compared with
wild-type mice. In contrast, the number of mucous neck
cells was significantly increased in Vil2*¥*® mice com-
pared with wild-type mice. It should be noted that the
parietal cells of Vil2**% mice had irregular (small and
condensed) shapes (Fig. 4a, b).

We also measured the mRNA expression levels of
marker proteins for parietal and chief cells to compare the
levels for Vil2*¥*? and wild-type mice. mRNA expression
levels of gastric proton pump o and B subunits in the
stomach of Vil2"¥*® mice decreased to 57 £ 10 and
45 £+ 11 %, respectively, compared with those found in
their wild-type litter mates (Fig. 5). We also measured the
mRNA levels of the anion exchanger AE2, a transporter
directly involved in gastric acid secretion in parietal cells,
again to compare levels for Vil2*¥*! and wild-type mice,
because targeted disruption of AE2 in mice also impaired
gastric acid secretion [26]. The mRNA expression level of
AE2 in the stomach of Vil2*¥*! mice also decreased to
48 £ 11 % of the level for their wild-type litter mates
(Fig. 5). mRNA expression levels of pepsinogen and GIF
in the stomach of Vil2*"* mice also decreased to 25 + 3
and 43 £+ 7 %, respectively, of the levels in their wild-type
litter mates (Fig. 5). These results are in good agreement
with decreased percentages of parietal and chief cells in
fundic glands.
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The loss of functional parietal cells has been reported to
lead to changes in cell lineages in the gastric mucosa,
including foveolar hyperplasia, mucous cell metaplasia,
and spasmolytic polypeptide (SP)-expressing metaplasia
(SPEM) [27]. SPEM is indicative of metaplastic glands in
the fundus with a phenotype similar to that of antral or
pyloric glands [28]. Trefoil factor family peptides 2 (TFF2)
and a mucin glycoprotein, MUC6, which are co-localized
in the deep antral glands of stomach [29], are regarded as
markers of SPEM [27]. However, mRNA expression levels
of SP/TFF2 and MUCS6 in the gastric fundic region of
Vil2*“*! mice were unchanged or slightly lower (89 + 10
and 93 £ 17 %, respectively) compared with the levels in
their wild-type litter mates (Fig. 5). These results suggest
that the gastric mucosa of Vil2*¥*! mice is not indicative of
SPEM.

Inflammation markers were not up-regulated
in the Vil2*¥% stomach

There was, apparently, no infiltration of inflammatory cells
in the Vil2"¥* stomach (data not shown). We also exam-
ined the expression of a variety of inflammation markers in
the Vil2*¥*4 stomach. mRNA levels of COX-2, TNF-a., and
IL-1B in the gastric corpus were measured to compare the
results for Vil2*¥* and wild-type mice. Expression levels
of COX-2, TNF-o, and IL-1f were significantly lower
(35 £ 15, 49 £ 10, and 38 £ 19 %, respectively) than
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WT Vil de/kd

Fig. 2 Foveolar hyperplasia was found in the gastric corpus of Vil2*¥* mice. Sections of the gastric corpus of wild-type (a, ¢) and Vil2*¥*¢ mice

(b, d) were stained with H.E. (a, b) and PAS (¢, d). Scale bar 100 pm

WT I/l 12 kd/kd

2kd/kd

Fig. 3 Expression of Ki-67 in the gastric corpus of wild-type and Vil [2kd/kd

(b) mice were stained with the anti-Ki-67 antibody. Scale bar 100 pm

mice. Sections of gastric corpus of wild-type (a) and Vi
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Table 2 Epithelial cell populations of gastric glands

Wild-type Vi[2kd/kd
Parietal cells (%) 40 + 2 29 + 1
Chief cells (%) 23+ 2 14 +2
Mucous neck cells (%) 19+2 35+3
Others (%) 18+ 2 22+2

All values are mean + SE and are the percentages of the specific cell
population of all the cell populations in the glands. N = 7 for wild-
type, and N = 8 for Vil2"¥*d mice

those in their wild-type litter mates (Fig. 6). The reason for
the down-regulation of these genes cannot yet be
explained. These results suggest there is no inflammation in
the gastric corpus of Vil2*¥** mice.

Secretory membranes of parietal cells were
perturbed in Vil2*¥* mice

Ezrin is phosphorylated by protein kinase A when parietal
cells are treated with histamine, and is involved in mem-
brane fusion between gastric tubulovesicles and apical
plasma membranes [10]. In this process of membrane
fusion, ezrin interacts with an Arf-GTPase-activating pro-
tein, ACAP4 [30]. Here we focused on and compared the
ultrastructure of parietal cells between wild-type and
Vil2*%d mice. In wild-type parietal cells there were
numerous mitochondria and tubulovesicles adjacent to the
canaliculi (Fig. 7a, c, e). In contrast, Vilpkdkd parietal cells
lacked typical tubulovesicles, and subsets of these cells
contained abnormal vacuoles and mitochondria (Fig. 7b, d,
f). This result was in good agreements with the finding that
labeling with the anti-OxPhos antibody, which binds to
active mitochondria in viable cells [31], was down-regu-
lated in Vil2*Y* parietal cells (Fig. 8). These severe per-
turbations of the secretory membranes of parietal cells have
also been observed in mice with knockout of gastric proton
pump o subunit, Azp4a—'~ [20]. It should be noted that
abnormal multilamellar structures, which were similar to
autophagosomes, were found in the subsets of parietal cells
of Vil2*¥* mice (Fig. 7g, h).

Discussion

It has been reported that ezrin is expressed in parietal cells
and chief cells of the fundic glands of the mouse stomach
[7]. Here we also discovered that ezrin was predominantly
expressed in parietal cells stained with anti-gastric proton
pump o-subunit antibody (Fig. 1). It was also expressed in
the surface mucous cells and at the base of glands, although
the expression level was very low. Expression of ezrin at
the base of glands was sporadic and partly overlapped

@ Springer

expression of pepsin C in chief cells (supplementary
Fig. S3). It has been reported that in rabbit gastric glands
another ERM protein, moesin, rather than ezrin, was
expressed on the apical membrane of chief cells [25].
However, we could not detect such expression of moesin
specific for chief cells in mice. It has been reported that
ERM proteins share common structural and functional
properties, and have functional redundancy [3]. However,
moesin was not expressed to compensate the loss of ezrin
in the Vil2*¥* parietal cells (supplementary Fig. S4).

As reported elsewhere, Vil2"Y%4 mice suffered from
achlorhydria because of impairment of membrane fusion
between intracellular tubulovesicles containing gastric pro-
ton pumps and the canalicular membrane at the apical sur-
face of parietal cells [13]. In this work we studied, for the first
time, the effect of knockdown of ezrin expression on the
structure of gastric epithelia. Several structural changes were
observed, not only in parietal cells but also in the whole
fundic region of the gastric mucosa of Vil2*¥*® mice: fove-
olar hyperplasia, dilation of glands, a decrease in the per-
centages of parietal and chief cells, and an increase in the
percentage of neck cells. Development of foveolar hyper-
plasia has been reported in many kinds of knockout mice
with achlorhydria [21, 22] and in normal rats treated with the
proton pump inhibitor omeprazole [32]. Therefore, the
foveolar hyperplasia found in the Vil2*¥*¢ mouse stomach
should be a secondary effect of achlorhydria. However, the
structural changes were also found in adult Vil2*¥*¢ mice
(17 weeks old) drinking diluted acetic acid (pH 3.0) instead
of water ad libitum for one week (data not shown). Nomura
et al. [33] reported that gastrin was required for induction of
foveolar hyperplasia, on the basis that neither foveolar
hyperplasia nor proliferative response was observed for
gastrin knockout mice. Hypergastrinemia has also been
observed for Vi[2k¥kd mice, and may result in foveolar
hyperplasia. The magnitude of the increase in serum gastrin
level found in this study was smaller (2.8 fold higher than for
wild-type mice) than that found in similar knockout studies
(three to sixfold higher than for wild-type mice) [18-21] but
comparable with that found for Huntingtin interacting pro-
tein-related (Hip1r) knockout mice (2.7 fold higher than for
wild-type mice) [34].

Here we also observed a decrease in the percentage of
parietal and chief cells and an increase in the percentage
of neck cells in Vil2*¥* mice. Similar changes in the
structure and development of gastric epithelia have been
reported—SP/TFF2 and MUC6 were up-regulated,
indicative of SPEM. The SPEM cell lineage was origi-
nally differentiated from mucous neck cells at the base
region of the fundic glands in the absence of parietal cells.
SPEM develops after loss of parietal cells as a result of
chronic Helicobacter infection and oxyntic atrophy
inflammation [35], transgenic expression of the cholera
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WT

Vil de/kd

Fig. 4 Expression of gastric proton pump o-subunit, pepsin C, and
GSII lectin-positive carbohydrate in the gastric corpus of wild-type
and Vil2*"* mice. Sections of the gastric corpus of wild-type (a, ¢,
e) and Vif2kd/kd (b, d, f) mice were stained with the anti-gastric proton
pump o-subunit (a, b) and pepsin C (c, d) antibodies, respectively.

toxin A1 subunit in parietal cells [36], and treatment with
DMP-777, which acts as a toxic protonophore for the
parietal cell secretory membrane [37]. However, in the

The sections were also stained with GSII (e, f). Scale bar 100 pm.
The numbers of proton pump a-subunit, pepsin C, and GSII-positive
cells were counted in the gastric gland; their percentages are listed in
Table 2

fundic region of Vi[2*¥/%4

and MUCG6 was not observed, suggesting that the Vil
stomach is not indicative of SPEM. This may be because

mice, up-regulation of SP/TFF2
Hkd/kd
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Fig. 5 mRNA expression 100+ 100+
levels of gastric proton pump o
and P subunits, AE2,
pepsinogen I, GIF, TFF2, and
MUCS6 in the gastric corpus
were compared between wild-
type and Vil2*¥*4 mice. The
mRNA expression levels were
normalized to the level of
expression of GAPDH, and
values are shown as percentages
of the expression levels in the
wild-type. All values are

mean + SE, N = 3, for wild-
type and Vil2*¥* mice.

*P < 0.05 and **P < 0.01
versus wild-type
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Fig. 6 mRNA expression 100 = 100 = 100 =
levels of COX-2, TNF-a, and
IL-1P in the gastric corpus were
compared between wild-type
and Vil2“*** mice. The mRNA
expression levels were
normalized to the expression
level of GAPDH, and values are
shown as percentages of the
expression levels in the wild-
type. All values are mean £ SE,
N = 3, for wild-type and Vil2*¥
X mice. *P < 0.05 and

**P < 0.01 versus wild-type
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the decrease in the number of parietal cells was not large  contained abnormal vacuoles and abnormal round-shaped
in the Vil2*¥ mice. In addition, Vi[2k¥x4 parietal cells mitochondria (Fig. 7). Abnormal ultrastructure of parietal
lacked typical tubulovesicles, and subsets of these cells  cells after targeted disruption of genes for gastric proton
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Fig. 7 Ultrastructure of parietal
cells of wild-type (a, ¢, e) and
Vil2*¥d (b, d, f) mice at
different magnifications. a,

b Low magnifications (x3610)
of parietal cells. c—f Higher
magnifications of parietal cells
(c, d x9300; e, f x31,800). g,
h Abnormal multilamellar
structures (arrows) were
observed in the parietal cells of
Vil2*¥%d mice at low (x9300)
(g) and high (x31,800)

(h) magnification. N nucleus,
M mitochondrion, TV
tubulovesicle, V vacuolar
structure

pump o and B subunits and KCNE2 has been reported
elsewhere [19-21].

It should be noted that abnormal multilamellar struc-
tures, which were similar to autophagosomes, were found
in the subsets of parietal cells (Fig. 7g, h). Autophagy is
up-regulated when cells need to generate intracellular
nutrients under starvation and rid themselves of damaging
cytoplasmic compartments [38]. Autophagy of ER

membranes has, in fact, been induced by agents that pro-
mote ER stress [39]. Selective degradation of peroxisomes
by autophagy has also been observed in hepatocytes iso-
lated from clofibrate-treated rats [40]. In our study,
autophagy may be up-regulated to remove abnormal
vesicular structures or mitochondria in the parietal cells of
Vil2*¥*4 mice. Further study is necessary to precisely

led’kd

identify these structures in Vi mouse parietal cells.

@ Springer



64

J Physiol Sci (2016) 66:53-65

Fig. 8 Expression of
mitochondrial complex IV
subunit I in the gastric corpus of
wild-type (a) and Vi[2"¥kd

(b) mice. Sections of the gastric
corpus of wild-type and Vil2*¥
* mice were stained with the
anti-OxPhos Complex IV
subunit I (1ID6E1AS) antibody.
Scale bar 100 pm

In conclusion, foveolar hyperplasia, dilation of the
fundic gland, decrease in the percentage of chief and
parietal cells, and an increase in the percentage of neck
cells were observed in the Vil2*¥*? mouse stomach. These
changes may be a secondary effect of achlorhydria. In the
parietal cell of Vil2*V*! mice, severe perturbations in the
secretory membranes were observed. Therefore, ezrin
expressed in parietal cells is involved not only in the nor-
mal structure of the secretory membranes of the parietal
cell but also in the normal structure of gastric epithelia.
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